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Abstract

Shungite is a Precambrian carbon-rich metamorphic rock from the Lake Onega region (Karelia, Russia), consisting of fuller-
ene-like polyhedral carbon within a silicate matrix. Its high carbon content and extended conjugation confer notable sorptive
and catalytic behavior. We evaluated its multifunctional potential for water purification targeting organic, inorganic, and
microbial contaminants. Two grades (Type I, Type III) were characterized by X-ray diffraction, Scanning Electron Microscopy
combined with Energy Dispersive X-ray Spectroscopy, and Raman spectroscopy, and tested under batch conditions within
a metric framework combining removal efficiency and distribution coefficient. After 7 days (Type I), removals were: 32.5%
for Mercury, 14.9% for Lead, 20.8% for Cadmium, 32.7% for Arsenic, 13.6% for Zinc, and 21.0% for Aluminium. Microbial
counts decreased by up to 0.24 log,, for total coliforms and 0.18 log,,, for Escherichia coli and Enterococcus. Corresponding
distribution coefficient values for Type I ranged from 15 to 1300 L/kg, consistently exceeding Type III for cationic metals
(notably Mercury), while Arsenic(V) responses depended on pH/speciation. Organic-load indicators (Chemical Oxygen
Demand, Biochemical Oxygen Demand (5 days), Total Organic Carbon) increased by 10-16%, consistent with Chemi-
cal Oxygen Demand leaching; mitigation (e.g., pre-washing or hybridization with activated carbon) is discussed. Overall,
results support Shungite as a versatile sorbent/reactive medium, particularly for cationic metals and microbial indicators.
The proposed metrics enable direct comparison with conventional carbons and mineral adsorbents under similar conditions.

Keywords Shungite rock - Natural sorbent - Heavy metal removal - Pathogen reduction

Introduction Shungite is a Precambrian, carbon-rich
metamorphic rock first identified in the village of Shunga
in the Karelia region of northwest Russia. Estimated to be
over two billion years old, Shungite is primarily composed
of amorphous carbon and is known to contain fullerene
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spherical carbon nanostructures composed of 60 or more
atoms (Kroto et al. 1985; Buseck et al. 1992; Kratschmer
et al. 1990; Kovalevski et al. 1994; Mosin and Ignatov
2013). Depending on its type, the carbon content of Shungite
ranges from 10% to 98%, with the highest purity form
Type 1, or ’Elite Shungite’ comprising up to 98% carbon.
The fullerenes within Shungite contribute to its unique
physicochemical properties, including potent antioxidant
activity, antimicrobial behavior, and high adsorption
capacity. These characteristics support its applications in
water purification, environmental remediation, and emerging
nanotechnologies (Efremova 2006; Jurgelane and Locs
2021).

Despite its high carbon content, the term "Shungite" has
evolved to describe a variety of carbon-bearing rocks and
products containing variable concentrations of the mineral.
Geologically, Shungite occurs in stratified sedimentary
and volcanic formations, appearing in dispersed and con-
centrated forms, and often as fillers for fracture veins. It
is traditionally classified into five types on the basis of its
carbon content.

Type I (Elite): >98% of C;

Type II: 35-98% of C;

Type II: 20-35% of C;

Type IV: 10-20% of C;

Type V: around 10% (often regarded as carbonaceous
slate).

The origin of Shungite deposits remains debated. One
hypothesis suggests the accumulation of organic matter in
an ancient oceanic environment located in today’s northwest
Russia (Melezhik et al. 2004; Strauss et al. 2013; Davey
et al. 2020). An alternative hypothesis proposes an extra-
terrestrial origin through a high-carbon meteorite impact,
supported by the unusual concentration and structure of the
mineral (Becker et al. 2000).

Historically, the properties of Shungite were recognized
as early as the 16™ century. Tsar Peter the Great promoted
its use for therapeutic purposes, founding the Martial Waters
sanatorium near Shunga in 1719. A decree of the same year
documented the use of Shungite-rich springs to treat a vari-
ety of diseases, including scurvy and gastrointestinal condi-
tions. Shungite was also used by Russian soldiers for water
purification, due to its presumed antiseptic properties.

The modern relevance of Shungite lies in its ability to
purify water by removing organic and inorganic contami-
nants and pathogenic microorganisms (Shankar and Shanker
2014). This is particularly significant given the escalating
global water crisis. Although surface water covers approxi-
mately 70% of the Earth, only about 2.5% of it is fresh-
water, and an even smaller fraction is suitable for human
consumption.

* @ Springer

According to the World Resources Institute (2022),'
more than a billion people depend on endangered sources
of drinking water and an estimated 2.5 billion lack adequate
sanitation. Each year, contaminated water is responsible for
the death of more than 700,000 children under the age of 5
years, and an additional 1.7 million deaths due to waterborne
diseases. Water demand has increased by 600% in the past
century and is projected to increase by another 55% by 2050,
driven largely by agricultural needs. Current water treatment
technologies vary widely in complexity and cost, often scal-
ing with the degree of pollution in the source water (Pizzi
2011). Only about 30% of water for human use requires
minimal treatment, while the remainder demands advanced
purification systems, which are often resource-intensive and
location-dependent.

In light of these challenges, this study explores the effi-
cacy of a low-cost, easily deployable filtration and purifi-
cation system using Shungite. The emphasis is placed on
its ability to reduce the concentrations of organic and inor-
ganic pollutants and microbial contaminants, offering a
potentially scalable solution to address global potable water
shortages. This work aims to quantify the water-purification
performance of Shungite sampled from Zazhoginsky deposit
(Russia, Type I) and form Bakyrchik deposit (Kazakhstan,
Type III) in 2021. The water sample was collected in 2023
from watercourse in the Sannio area (Southern Italy). We
benchmark Type I versus Type III across inorganic targets
(As, Cd, Pb, Hg, Zn, Al), microbial indicators (Escherichia
coli, Enterococcus, and total coliforms), and organic-load
metrics (Total Organic Carbon (TOC), Biochemical Oxy-
gen Demand (BODjs), Chemical Oxygen Demand (COD)),
reporting removal efficiency (R) and distribution coefficients
(k;) (Smedley and Kinniburgh 2002).

The paper is structured as follows: Section 2 presents the
materials and methods supporting this research, Section 3
describes and discusses the results obtained, and Sect. 4 out-
lines the conclusions and future directions.

Materials and methods

In 2023, a water sample was collected in the Sannio area
(Southern Italy) and subsequently divided into 1-liter sub-
samples. The first subsample was left untreated and used as
an analytical reference; its composition is shown in Table 1.

The Shungite samples, collected in 2021 and used in
this study, are of two distinct types. Type I Shungite (Elite
Shungite), sourced from the Zazhoginsky deposit in Russia,
is designated as Z. Type III Shungite, obtained from the
Bakyrchik deposit in Kazakhstan, is designated as B (Mosin

! https://www.globalwaterwatch.earth
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Table 1 Characterization of untreated water sample

Physical parameters

T 16.7 °C
K 574.1 uS/cm
pH 7.2
Inorganic content [ ug/1]

Al 406.3
As 5.5
Cd 7.2
Cr,, 39.5
Cu 25.6
Fe 98.6
Hg 400.0
Ni 25.9
Pb 342
Zn 30.1
Organic content [mg/1]

COD 27.9
BODg 14.3
TOC 8.7
Microbiological content [UFC/100 ml]

Total coliforms 14

E. Coli 9
Enterococcus 3

and Ignatov 2013). The two types of Shungite are already
morphologically different. Type I is shiny, glassy, compact,
hard and smooth to the touch, while Type III is powdery,
opaque, grainy to the touch and easily crushed, similar to
graphite.

The mineral composition of two types of Shungite
rocks from the Zazhoginsky and Bakyrchik deposits
was determined using inductively coupled plasma mass
spectrometry (Analytik Jena, ICP MS - PlasmaQuant MS),
the results are shown in Fig. 1.

To avoid contamination, the Shungite Z and B fragments
were previously washed with sterile, pyrogen-free, and
deionized water. 100 gs of Shungite, in fragments measuring
10-20 mm, were placed in each of two conical funnels,
which had been previously washed and sterilized. The first
funnel contained Type I Shungite, while Type III was placed
in the second funnel. Subsequently, one liter of water was
poured into each funnel and allowed to remain in contact
with the Shungite for 1, 3, 5, and 7 days (Fig. 2).

After each period, the aqueous sample was taken through
the tap below the funnel, stored in a sterile container, and
then analyzed using atomic absorption spectrometry
(Thermo Fisher Scientific iCE3500 AAS). Then each funnel
was refilled with water for the next period, and so on until
the end of the experiment. A total of eight samples were
obtained in this way:

e Water exposed to Shungite Type [ and III for 1 day (Z,,,,
Blday);

e Water exposed to Shungite Type I and III for 3 days
(ZSday’ B3day);

e Water exposed to Shungite Type I and III for 5 days
(ZSday’ BSday);

e Water exposed to Shungite Type I and III for 7 days
(Z7day’ B7day)'

After being exposed to the two types of Shungite for 1,
3, 5, and 7 days, the samples were analyzed to determine
the residual levels of inorganic, organic, and pathogenic
components.

For the determination of metals, an ICP-MS was used
according to APAT CNR IRSA 3020 Man 29 2003. The
concentration of these elements was assessed using the
calibration curve method obtained using pure standards for
each analyte. The presence of organic contaminants was
determined through the concentrations of Chemical Oxygen
Demand (COD), Biochemical Oxygen Demand (BODs) and
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Fig. 1 Chemical composition of Shungites from Zazhoginsky (Type I) and Bakyrchik (Type III) deposits, in % (w/w)
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Fig.2 Water treatment with Shungite I and III after 1-day a, 3-days b, 5-days ¢, and 7-days d

Total Organic Carbon (TOC), key indicators for the detec-
tion of organic pollution in surface waters; COD, and TOC
were measured using a Daruifuno RS485 multi-paramet-
ric analyser equipped with a COD DUC?2 probe, while an
Intellical LBOD101 Hach optical probe was used for BODj
measurement. Finally, microbiological analysis was carried
out on the eight samples to assess the presence of patho-
genic microorganisms potentially hazardous to health (fotal
coliforms, E. coli, and Enterococcus). The analysis was car-
ried out following the membrane filtration method, which
allows the concentration of colony-forming units (CFU) to
be determined on a membrane placed on an agarised cul-
ture medium, as specified by the UNI EN ISO 9308-1:2002
standard.

To better contextualize the observed removal of con-
taminants by Shungite, we have modelled the system using
classical sorption and retardation formulations commonly
employed in environmental geochemistry. Assuming a sorb-
ent mass of 100 g per litre of contaminated water, a bulk
density (pb) of 1800 kg/m?, and an effective porosity (ne)
of 0.25, typical for compact carbonaceous lithologies, we
applied the relations 1 and 2. Specifically, the distribution
coefficient k,; (L/kg) was calculated as reported in Eq. 1

G —-C
) M
Mory
where C,, is the initial concentration (ug/L), C, the final con-
centration (ug/L) after 7 days, and m_,,, the sorbent mass
in kg.

* @ Springer

The retardation factor R (see Eq. 2) were calculated
based on the residual concentrations measured after 7 days
of treatment.

b
R=1+2%, 2

ne

X-ray diffraction

X-Ray Diffraction (XRD) analysis was performed on bulk
samples (randomly oriented powders) using a Seifert—-GE
ID 3003 diffractometer equipped with CuKa radiation (4
= 1.5406 10%) and a Ni filter. The instrument was operated
at 40 kV and 30 mA. Data were collected over the 20 range
of 3°-80°, with a step size of 0.02° and a counting time of
10 s per step. Data acquisition and processing were per-
formed using the RayfleX software package (GE Inspection
Technologies).

Electron microscopy combined
with energy-dispersive X-ray spectroscopy

A powerful material analysis technique that combines
Scanning Electron Microscopy (SEM) for high-resolution
surface imaging with Energy-Dispersive X-ray Spectroscopy
(EDS) for elemental composition determination (SEM-EDS)
analyzes were performed using a JEOL JSM-5310 scanning
electron microscope equipped with an Oxford Instruments
INCA X-stream EDS pulse processor and INCA software
(version 4.08, ETAS Group) for data acquisition and spectral
interpretation. The instrument was operated under the
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following conditions: accelerating voltage of 15 kV, filament
current ranging from 50 to 100 ¢A, variable spot size, and a
working distance of 20 mm.

Results and discussion

Shungite rock represents a unique carbonaceous material
exhibiting an advanced degree of metamorphism and carbon-
ization. Its mineralogical architecture is dominated by fuller-
enic carbon structures, spheroidal nanostructures composed
of pentagonal, hexagonal, and heptagonal carbon rings, with
the archetypal Cg, configuration being most prominent (Kroto
et al. 1985; Volkova and Bogdanova 1986). These molecu-
lar arrangements, embedded within an amorphous carbon
matrix interspersed with silicate phases (Zaidenberg et al.
1996), underpin the extraordinary chemical reactivity and
physicochemical resilience of the rock. Shungite’s unique
physicochemical properties, including high adsorption capac-
ity and catalytic reactivity, are directly attributable to its hier-
archical structure, large surface area, and multicomponent
composition (Mastinu et al. 2019). Integration of fullerene-
like carbon domains with silicate matrices improves electron
delocalization and promotes adsorption through physical and
chemical interactions (Rafienko and Belimenko 2019). Fur-
thermore, Shungite’s ability to form carbonate, sulfate, and
sulfide salts facilitates the complexation and immobilization
of metal cations (Rafienko and Belimenko 2019), rendering
it highly suitable for the treatment of aqueous systems con-
taminated with inorganic pollutants. Experimental findings
from this study support these mechanistic insights. The pro-
gressive reduction of heavy metal concentrations in aqueous
samples treated with Shungite was particularly pronounced
in the early stages of exposure and more effective in Type I
Shungite from the Zazhoginsky deposit compared to Type III
Shungite from the Bakyrchik deposit.

The element-specific removal dynamics for Al, Hg, and
other trace metals is presented in Fig. 4, which highlights
the high performance of Type I Shungite (Z, ;) over Type III
(B,,), particularly in the early stages of contact. A detailed
examination of the temporal trends for each individual
element further clarifies the differential removal behavior
observed between the two Shungite types. The 7-day sum-
maries of the distribution coefficient (k;) and retardation fac-
tor (R) (Fig. 8) quantitatively capture these trends, revealing
a distinct Type I/Type III advantage for Hg, Pb and A/, while
As and Cd show more limited separations, consistent with
pH/speciation and ion-competition effects.

The observations reported in this section derive directly
from the time-series of removal efficiency R for each ana-
lyte, computed from measured concentrations at 1-3-5-7
days. No additional modeling or mechanistic inference is
introduced here.

The retention capacity is attributed to chelation by dis-
solved or surface-bound organic groups and to surface incor-
poration or precipitation as insoluble salt phases.

A less marked reduction in Fe concentration was
recorded. Iron is also structurally integrated within
the Shungite matrix (mainly as Fe**/Fe*), which can
potentially remain in equilibrium with the solid phase, thus
limiting the effectiveness of its removal from the solution.

A markedly sharp decrease of Hg was observed in Z,,
within the first 24 h, whereas the reduction was much less
pronounced in B, ;. This behavior supports a specific affin-
ity of structurally ordered carbon for Hg?*, likely mediated
by z-complexation or physical adsorption on hydrophobic
domains.

This difference is attributed to the substantially higher
fullerene carbon content in Type I (33.4 % w/w) compared
to Type III (16.3 % w/w), which directly correlates with the
observed adsorption kinetics and capacity. The temporal sta-
bilization of metal removal efficiency indicates saturation of
active binding sites, consistent with a molecular sieve—like
behavior of the fullerene framework. Beyond adsorption, the
observed reduction in heavy metal concentrations is likely
enhanced by the release of low—molecular—weight organic
compounds from Shungite, which act as ligands, facilitating
metal chelation and complexation (Khokhotva and Waara
2010; Andrievsky et al. 2009).

The progressive elevation in COD, BOD;, and TOC val-
ues in treated water samples, especially those exposed to
Type I Shungite, is consistent with literature describing the
leaching of organic matter from Shungite matrices (Anto-
niadis and Alloway 2002; Khokhotva and Waara 2010;
Muszynska et al. 2023). These organics appear to play a
dual role: they contribute to the overall organic load but also
facilitate the binding and immobilization of metal ions via
complexation mechanisms (Janowska et al. 2023).

In addition to its efficacy against chemical pollutants,
Shungite demonstrated a measurable bactericidal effect.
A reduction of approximately 43% in fotal coliforms was
observed, with lesser yet notable declines in E. coli and
Enterococcus populations (Khelladi et al. 2021). Type I
Shungite again outperformed Type III, likely due to a greater
propensity for reactive oxygen species (ROS) generation,
particularly atomic oxygen with high oxidative potential
(Torre et al. 2004).

This antimicrobial action is further intensified by the
increasing mineralization of the aqueous medium due to
salt formation. The resultant hypertonic environment pro-
motes plasmolysis in microbial cells—osmotic dehydration
and membrane collapse—particularly affecting bacteria with
weaker cell walls (Shields et al. 2003). This dual oxidative-
osmotic mechanism offers a plausible explanation for the
observed microbial inactivation.

* @ Springer
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The progressive reduction of organic load parameters
and microbial indicators is illustrated in Fig. 5, confirming
the superior performance of Type I Shungite in removing
COD, BODs, TOC, and pathogenic bacteria such as total
coliforms, E. coli, and Enterococcus (Ghorbani and Salem
2021).

The environmental parameters were carefully controlled
throughout the study. The sample temperatures increased
modestly from 16.7°C to 18°C, a variation deemed insuffi-
cient to affect the adsorption dynamics. Conductivity meas-
urements, starting at 574.1 uS/cm, increased steadily during
Shungite treatment. This trend reflects the release of cations
such as Ca>*, Mg**, Fe*™, and Fe*, and is likely driven
by catalytic processes, including the oxidative conversion
of organic matter to CO, and the concurrent precipitation
of insoluble metal salts (Turkayeva et al. 2017; Rafienko

and Belimenko 2019). Finally, the observed decline in pH
from 7.2 to 5.8 during the treatment period can contribute to
bactericidal efficacy by creating an acid microenvironment
unfavorable to microbial survival. The coinciding increase in
solubilized metals, such as A** and ionic salts, may further
enhance antimicrobial effects, strengthening the utility of
Shungite as a multifunctional purification medium (Londono
et al. 2017; Gudkov et al. 2022).

Changes in temperature, pH and electrical conductivity
were monitored throughout the experimental timeline
(Fig. 3). The temperature remained largely constant,
suggesting a minimal thermal contribution to the observed
effects. In particular, pH values decreased more sharply in
samples treated with Type I Shungite, likely because of the
acidification caused by ion release and oxidative processes.
Meanwhile, electrical conductivity increased progressively,
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more so in Z samples, indicating ongoing mineral dissolution
and ion exchange activity, consistent with the presence of
catalytically active phases. These interpretations are further
corroborated by the mineralogical and microstructural
characterization performed via X-ray diffraction (XRD)
and scanning electron microscopy (SEM-EDS). The XRD
analysis of Shungite Type I (Elite) revealed a dominant
peak at 260 = 26°, consistent with the (002) reflection of
turbostratically disordered graphite or reduced graphene
oxide (rGO), indicative of a partially ordered carbonaceous
matrix. Additional features included a broad hump at low
angles (10°-20° 20), confirming the presence of amorphous
or semicrystalline phases, and a minor peak near 43°,
potentially corresponding to the (100) or (110) planes of
disordered graphite. This pattern supports the interpretation
of Shungite Type I as a highly carbonized material with
limited but significant graphitic order, reinforcing its high
adsorption capacity due to extended = — 7 conjugation and
nanoporosity (Jehlicka et al. 2005; Konkov et al. 1994).
In contrast, the XRD profile of Shungite Type III was
dominated by sharp, well-defined reflections associated with
muscovite, quartz, and pyrite (Obradovic et al. 2019). The
intense peaks at 20 =~ 8.9° and 17.8° confirmed the lamellar
structure of muscovite, while the 26.6° peak was indicative
of quartz. Pyrite signals were identified in the 33°-55° range,
albeit at lower intensities. The crystalline and heterogeneous

nature of this sample, coupled with the absence of significant
amorphous carbon phases, underscores its inferior
adsorptive performance compared to Type I. The dominance
of phyllosilicates and aluminosilicate phases suggests a more
geologically immature matrix, with limited contribution to
redox or surface-mediated catalysis (Kovalevski et al. 2020).
SEM-EDS imaging further validated these distinctions.
Shungite Type I presented a highly heterogeneous microtex-
ture, with carbon-rich domains displaying minimal oxygen
content evidence of a nearly pure, graphitized matrix (Kova-
levski and Moshnikov 2016). Accessory minerals such as
quartz, sphalerite (ZnS), and pyrite (FeS,) were embedded
within this carbonaceous framework, suggesting a metaso-
matic overprint or hydrothermal alteration. These inclusions
may serve as auxiliary sites for metal capture or catalytic
activity (Konchits et al. 2014; Buseck and Huang 1985).
On the other hand, the SEM micrographs of Shungite Type
III displayed a more fragmented and heterogeneous mosaic,
composed of detrital and metamorphic minerals. EDS analy-
sis revealed abundant illite-muscovite mica, apatite, quartz,
pyrite (including arsenian varieties), and feldspars, embed-
ded within a relatively disordered carbon matrix. The min-
eral assemblage supports a sedimentary diagenetic origin
and a reduced sorptive performance, both in terms of surface
reactivity and catalytic potential (Charykova et al. 2006).
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Collectively, these structural and compositional findings
confirm the superior physicochemical functionality of
Shungite Type I. Its partially ordered carbon architecture and
reduced mineral interference enable enhanced adsorption,
ion exchange, and redox interactions mechanisms directly
observable in the experimental removal rates of heavy
metals and microorganisms. In contrast, the mineralogical
complexity and lower carbon content of Type III impose
greater limitations on its water treatment efficacy.

Collectively, these findings underscore the potential of
Shungite, particularly high-carbon Type I, as a scalable, low-
cost, and effective material for integrated water treatment
targeting both chemical and biological contaminants.

XRD analyses

The XRD pattern, shown in Fig. 6a, reveals three distinct
features. First, a broad and asymmetric reflection is observed
at low angles (approximately 10°-20° 26), with decreasing
intensity, indicative of an amorphous or semicrystalline
phase, likely related to disordered or organic matter (Jehlicka
et al. 2005; Ferrari and Robertson 2000). Second, a sharp
and intense peak centered at ~26° 26 exceeds 1000 counts,
and is attributed to the (002) reflection of graphitic carbon.
This suggests the presence of turbostratically disordered
graphite or reduced graphene oxide (rGO), both of which
exhibit partial stacking order along the c-axis (Dahn et al.
1993; Zhu et al. 2010). A third, minor peak is detected near
43° 26, potentially corresponding to the (100) or (110)
planes of the same graphitic system (Tuinstra and Koenig
1970). This reflection is characteristic of heterogeneous
samples containing poorly ordered or low-abundance
crystalline domains. The overall diffraction profile confirms
the presence of a dominant crystalline carbonaceous phase,
accompanied by a significant amorphous background. The
relative peak intensities suggest a moderate to high degree of

1000
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local structural ordering, albeit within a matrix that retains
a substantial disordered component.

In Fig. 6b, several main mineral phases can be identified,
including muscovite (pink), quartz (red) and pyrite (green).
Regarding mica, a strong match was observed between
the theoretical reflections (in pink) and the experimental
peaks. In particular, the intense reflections at 26 ~ 8.9°
and 260 ~ 17.8° are characteristic of the lamellar structure
of mica, confirming that muscovite represents one of the
dominant phases within the sample. For quartz (Si0O,), the
characteristic reflection at 20 =~ 26.6° is clearly visible and
corresponds to one of the most intense features in the pat-
tern. Additional minor peaks also align with known quartz
reflections, supporting its significant presence in the sam-
ple. With regard to pyrite (FeS,), green-marked theoretical
reflections align well with several secondary peaks, particu-
larly in the 26 range between 33° and 55°. Pyrite is present
in lower quantities, likely as an accessory phase, compared
to muscovite and quartz. Overall, the diffraction pattern
reflects a high degree of crystallinity, as evidenced by the
sharpness and intensity of the peaks. Phase identification,
performed through comparison with standard reference pat-
terns, confirmed the predominance of muscovite, along with
significant amounts of quartz and minor pyrite (Obradovic
et al. 2019). The data suggest a metamorphic or sedimen-
tary origin, consistent with geological environments rich in
phyllosilicates and iron-bearing silicates. The absence of a
notable amorphous background further indicates a lack of
disordered or glassy phases. When compared to the XRD
pattern of Shungite Type I, which displays a broad, amor-
phous profile with features typical of disordered carbon or
graphite, this sample (Shungite Type III) reveals markedly
higher crystallinity and a completely different mineralogical
composition, suggesting distinct origins and functional roles
(Konchits et al. 2014).
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Fig.6 X-ray diffraction (XRD) pattern of Shungite Type I (Elite) from the Zazhoginsky deposit (a) and Shungite Type III from the Bakyrchik

deposit (b)
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SEM-EDS analyses

Further characterization of the Shungite Type I Elite
sample was conducted by SEM-EDS to investigate the
microchemical distribution of the mineral phases and their
textural associations.

In Fig. 7a, the micrograph shows a representative area
of the sample with selected regions analyzed by point EDS.
The results confirm the heterogeneous nature of the material,

revealing the presence of at least four distinct mineralogical
phases:

e Carbon (C): The upper-left region displays a dominant
carbon peak with minimal oxygen traces, consistent
with a highly graphitized Shungite matrix (Buseck and
Huang 1985). This is in agreement with the known
characteristics of Type I Shungite, which typically

200pm

a Shungite |

sio, (Quartz)

b__ Shungite I

Feldspar

Fig.7 SEM micrograph of sample Shungite Elite Type I (a) and Shungite Type III (b)
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contains more than 98 wt% carbon, predominantly in a
nearly amorphous or partially ordered form;

e Silica (SiO,): The upper-right area shows strong Si and
O signals, confirming the presence of quartz as an acces-
sory phase. The coexistence of quartz and carbon sug-
gests a sedimentary and/or metasomatic origin of the
sample;

e Sphalerite (ZnS): The lower-left spectrum reveals simul-
taneous detection of zinc and sulfur, along with minor
amounts of iron. This indicates the presence of sphal-
erite, a zinc sulfide mineral commonly associated with
hydrothermal mineralization (Krasnovyd et al. 2015).
Sphalerite may occur as a secondary mineralizing phase
embedded within the carbonaceous matrix;

e Pyrite (FeS,): Finally, the lower-right spectrum shows
prominent peaks of iron and sulfur, with an atomic ratio
consistent with pyrite, a well-known iron sulfide fre-
quently found in anoxic or diagenetic environments.

The SEM image shown in Fig. 7b is a representative field of
the sample, consisting of a mosaic of mineralized particles
embedded within a fine, dark matrix, likely composed of
disordered carbonaceous material (Rozhkova 2013). Point
EDS analyses, indicated by yellow arrows, reveal the pres-
ence of several accessory phases that are chemically and
mineralogically heterogeneous (Obradovic et al. 2019). The
following main phases were identified:

e Mica: the spectrum in the upper left shows intense peaks
of K, Al, Si, and Mg, consistent with the presence of an
illite—-muscovite type mica. This suggests the contribu-
tion of clayey and/or metamorphic—silicatic components
within the system;

e Apatite (Cas(PO,4);F/Cl/OH): identified in the lower
left region, with signals corresponding to P, Ca, F, and
traces of Cl. The occurrence of this phosphate mineral
is indicative of diagenetic environments with localized
phosphatization, potentially associated with biological
processes and P-enriched geochemical conditions;

e Quartz (Si0,): the EDS spectrum in the upper right
confirms the presence of quartz, as evidenced by the
detection of Si and O. Quartz is a common constituent
of siliciclastic matrices;

e Pyrite (FeS,): the spectrum in the mid-right region
shows prominent Fe and S peaks, along with traces of
As, consistent with arsenian pyrite, a sulfide phase typi-
cally associated with anoxic and reducing depositional
environments;

e Feldspar: the lower right spectrum reveals the presence
of Al, Si, K, and Na, indicative of alkali feldspars. Its
occurrence suggests a clastic and/or detrital input, likely
from the surrounding sedimentary matrix.

* @ Springer

Theoretical basis of geochemical filtration
in carbonaceous rocks

Contaminant retention in porous media results from com-
bined physical and geochemical processes. Here, Shungite’s
filtration behavior is examined in the context of contaminant
transport mechanisms typical of natural rocks.

The physical component is mainly influenced by poros-
ity and permeability. Porosity (n) represents the fraction of
the rock volume occupied by voids and affects the volu-
metric capacity of water and contaminants. Permeability, in
contrast, determines the ease with which fluids traverse the
rock through connected pores. Altought, Shungite typically
presents low macroporosity, it exhibits significant micro
and mesoporosity, particularly in its Type I variant, which
enhances its ability to host and retain dissolved species.

On the chemical side, the adsorption and ion exchange
capacity of a rock is driven by its mineralogical and surface
properties. Clay minerals, iron/manganese oxides, and car-
bonaceous phases contribute to high specific surface areas
and reactive functional groups (Gu et al. 1994). Shungite,
especially Type 1, is distinguished by a fullerene-like carbon
structure enriched with oxygenated functional groups (—OH,
—COOH), providing active sites for metal complexation,
electrostatic adsorption, and redox interactions (Kazanka-
pova et al. 2019; Yang et al. 2019). Three principal geo-
chemical mechanisms contribute to the filtration efficiency
(Sparks 2003):

e Non-specific adsorption: electrostatic attraction of cati-
ons (e.g., Pb**, Cd*") to negatively charged surfaces (Yu
et al. 2023);

e Specific adsorption: chemisorption via ligand exchange
or coordination, relevant for oxyanions such as As(V) and
Cr(VI) (Wilkie and Hering 1996);

e Surface precipitation/co-precipitation: formation of metal
hydroxides, carbonates, or phosphates on reactive min-
eral surfaces (Mamindy-Pajany et al. 2009).

These mechanisms are modulated by environmental param-
eters such as pH (which influences surface charge and metal
speciation) and redox potential (affecting the valence state of
redox-sensitive species) (Stumm and Morgan 1996).

Shungite’s functionality as a filtration medium thus arises
from its hybrid nature: a carbon dominated matrix with
embedded silicates and accessory minerals. Its microstruc-
tural features, combined with its redox and adsorptive reac-
tivity, place it between activated carbon and natural mineral
adsorbents such as bentonites or ferrihydrite (Gustafsson
and Antelo 2022).

These theoretical foundations justify the modeling
approach used in this study to quantify k,; and R values and
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validate the observed differential performance between
Shungite Type I and III (Babel and Kurniawan 2003).

Geochemical filtration efficiency and retention
modelling

The results (Fig. 8) demonstrate that Shungite Type I
(Zazhoginsky) consistently exhibited significantly higher
k,; and R values across all measured elements compared to
Type III (Bakyrchik), confirming its superior sorptive per-
formance. Particularly, aluminum showed extremely high
k, values (855 L/kg for Shungite Type I from the Zazhogin-
sky deposit), corresponding to R > 6 x 10%, indicating near
total immobilization in the presence of high-affinity surfaces
such as fullerene rich carbon domains. Similar behavior was
observed for Hg (k; = 1300 L/kg for Shungite Type I from
the Zazhoginsky deposit), Cr, Cu, and Pb. These results sup-
port a dominant removal mechanism governed by:

e High surface area and porosity at the micro and
nanoscale;

e Ion exchange with acidic functional groups (e.g.,
—COOH, —OH) present on carbonaceous matrices;

e Specific complexation and surface precipitation for
multivalent cations (e.g., Pb>*, Hg*");

e Surface redox reactivity, especially important for redox-
sensitive species such as Hg and Cr (Lopez-Gayarre et al.
2011).

In contrast, Shungite Type III exhibited markedly lower per-
formance, with R values two to five times lower depending
on the element. This behavior is consistent with its higher
silicate and phyllosilicate content, lower carbon fraction,
and reduced surface functionalization. The same trend was
consistently observed across all samples treated with Shun-
gite Type III (B). The application of geochemical retention
models provides a quantitative framework for interpreting
the observed contaminant reductions and reinforces the pro-
posed dual role of Shungite as both a physical and chemical
filtration medium. The exceptionally high R values obtained
for Shungite Type I further highlight its potential for use in
permeable reactive barriers and passive filtration systems
designed for multi-contaminant environments.

Distribution Coefficient (k;) of Elements After 7-Days Exposure
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Fig.8 k; (L/kg) and R values for selected potentially toxic elements after 7 day exposure to Shungite Type I (Zazhoginsky) and Type III

(Bakyrchik)
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Image-based assessment of surface evolution
in treated Shungite samples during conservation
time

To complement the chemical and structural characterization
of the Shungite materials, digital image analysis was con-
ducted to assess the temporal evolution of surface properties
under controlled conservation conditions. Images of selected
Shungite stones were captured on the 1st, 3rd, Sth, and 7th
days of treatment. At each time point, paired images were
acquired—one from the left side and one from the right—with
a defined region of interest (ROI) to ensure consistency
across measurements.

Figures 9a-h show the processed images and their
corresponding grayscale profiles. On the left side of each
figure, the visual output shows the ROI overlapping on the
stone surface; the right side presents the grayscale levels

50 100 150 200 250 300 350 400 450

pixels
(a) Stone on the left: first day

50 100 150 200 250 300 350 400 450

30 400 450
pixels. pixels.

(d) Stone on the right: third day

as a function of pixels. A progressive modification of the
grayscale distribution was observed, particularly a shift and
intensification of the peak grey levels around 180 - 200,
suggesting subtle changes in surface texture and reflectivity
associated with conservation time.

In particular, the grayscale values for the stones on the
left-side were consistently slightly higher than those of the
stones on the right-side at each time point, indicating possi-
ble microstructural or surface chemistry differences between
sample orientations or local heterogeneities. These image-
based findings supportevidence from SEM-EDS and visual
inspections, reinforcing the ability of Shungite surfaces to
undergo dynamic surface changes under ambient conditions,
which may reflect processes such as hydration, superficial
oxidation, or particle rearrangement (Lopez-Gayarre et al.
2011).

gray levels

S0 100 150 200 250 300 380 400 450 50
pixels pixels

(e) Stone on the left: fifth day

gray levels
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pixels pixels.

(f) Stone on the right: fifth day

e
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(g) Stone on the left: seventh day
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(h) Stone on the right: seventh day

Fig. 9 Grayscale image analysis of treated Shungite stones over 7 days. Panels a—h show stones on the left a, c, e, g and right b, d, f, h sides on

days 1, 3, 5, and 7, respectively
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Conclusion

This study highlights the high potential of natural Shungite,
particularly Type I from the Zazhoginsky deposit, as a
reactive geochemical medium for the removal of potentially
toxic elements from contaminated water (Sheka and
Rozhkova 2014). The dual role of Shungite, as both a
physical and chemical filter, is supported by its micro- and
mesoporous structure, high surface area, and the presence
of oxygenated functional groups that enhance its sorptive
capacity (Gabdullin et al. 2019). Quantitative modelling
of the experimental results based on the calculation of
distribution coefficients (K,) and retardation factors (R)
revealed greater retention efficiency for Type I Shungite
compared to Type III (Bakyrchik), particularly for Al, Hg,
Pb, and Cu. The high R values, exceeding 10° for some
elements, confirm that Shungite Type I can serve as an
effective immobilizing barrier in environmental remediation
applications. The geochemical filtration framework applied
here reinforces the interpretation of these findings and
elucidates the dominant retention mechanisms, including
non-specific and specific adsorption, ion exchange,
and surface precipitation. These processes are strongly
influenced by the redox and pH conditions of the aqueous
system, and are critically enhanced by the structural and
compositional features of carbon rich rocks (Ignatov and
Mosin 2015). Given its natural origin, compositional
complexity and reactivity, Shungite, particularly in its
high-carbon forms, represents an effective and sustainable
material for use in permeable reactive barriers, passive
filtration units or customised composite sorbents in
contaminated aquatic systems (Wu et al. 2021). Moreover,
considering its geological abundance, structural versatility
and low cost, high-purity Shungite is potentially to be
considered as viable and sustainable option for contaminated
water treatment technologies.
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