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Abstract

Graphite, one of the polymorphic forms of carbon, has become a versatile industrial material of nowadays due to its particular
attributes. It is used mainly in the automobile industry, metal extractive industry and in the high-tech industry. Moreover,
it is also included in the list of critical raw materials for the EU. Our aim was to prove the presence of graphite by thermal
analysis beyond X-ray powder diffraction (XRD) and Raman spectroscopy. Thermogravimetry yields comparable results
with quantitative XRD. The formation conditions are described by Raman spectrometry and microscopy examinations of
drill core samples from Szendrdlad (Szendré Mts, NE-Hungary; (Szendr6lad Limestone Formation, middle-late Devonian,
shelf-basin facies). Polished rock slabs were made for optical microscopy, scanning electron microscopy with energy disper-
sive spectrometry (SEM-EDS) and Raman spectroscopy. X-ray powder diffraction (XRD) and thermal analysis (DTA-TG)
measurements were made on powders. Based on our results, the graphite is epigenetic; its quantity varies between 1.5-3
mass% in the samples. It was developed in 20-50 pum sized flakes, which are often arranged in> 300 pm sized aggregates.
Graphite was formed during regional metamorphism from the organic matter-rich shales. The average formation temperature,
calculated from the results of Raman spectroscopy, is around 410 °C (30 °C). The Raman measurements also indicated
the presence of a partially graphitized (disordered graphite) material beside graphite.
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Introduction

Besides diamond and fullerenes, graphite is one of the most
common forms of crystalline carbon in nature [1]. It crystal-
lizes with hexagonal or trigonal crystal symmetry, both poly-
types (2H and 3R) have layered structure [2]. Due to its par-
ticular physical-chemical attributes, it has become a widely
used raw material of nowadays [1, 3, 4]. Recent research is
in important part focused on investigating new applications
of graphite, like the usage in thermal energy storage systems
[5, 6]. Being a base raw material in many high-tech applica-
tions, it is also included in the list of critical raw materials
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for the European Union [7], and thus, research on new or
less known occurrences is timely. Although for most appli-
cations, the petrol coke-based synthetic graphite is used, the
demand for natural raw graphite is continuous [8].

There are many ways to indicate the presence and qualify
the graphite in the samples, for example, maximum reflec-
tance measurements (%R,,,), X-ray diffraction investiga-
tions and transmission electron microscopy (TEM) [9].
However, each of these methods has serious limitations, like
grain size (> 5 pm for %R ,,,), crystallites size (>20-30 nm
for XRD) or sample preparation for TEM. Additional infor-
mation can be acquired from scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy (FTIR), dif-
ferential thermal analysis (DTA) and Raman spectroscopy
[10, 11]. For an acceptably accurate graphite survey, the
combination of the above methods is a best choice.

In NE-Hungary several graphite-bearing geological for-
mations, mainly black schists, are documented in the Uppony
Mts. [12, 13] and [14, 15] or [16] for the Szendrd Mts. Char-
acteristic graphitic samples were recovered and examined in
detail from drill cores of the Szendr6lad-6 borehole, from
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278-295 m segment (Szendré Mts, NE-Hungary). Usually,
the graphitic schists were investigated with ore microscopy
(reflected light mode) and powder XRD methods. Our previ-
ous measurements support these two methods as basic iden-
tification tools. However, scanning electron microscopy with
energy dispersive spectrometry (SEM-EDS) is required to
identify the submicrometric textural emplacement of the
graphite among rock-forming minerals. Raman spectroscopy
[10, 11] and differential thermal analysis (DTA) [17] were
also used to characterize graphite and get more information
about the formation conditions. Raman spectroscopy can be
applied with the scope of inferring the temperature of meta-
morphism using the geothermometer formula of Beyssac
et al. [18]. DTA characteristics are also useful in relative
grain size approximation and degree of crystallinity [17].
Additionally, both of these methods allow for the discrimi-
nation between inorganic partially (incipiently) graphitized
carbon material and different crystalline forms of graphite.

The scope of our work is to establish the precision and
reliability of the different analytical methods in graphitic
rock analysis, by using thermoanalytical measurements as a
fundamental control.

Fig.1 Schematic geologi-

cal map from the investigated
area with the indication of the
Szendr6lad-6 borehole (after
Gyalog and Sikhegyi [19])

.~ Eluvial-diluvial sediment
Proluvial-diluvial sediment
[ ] Diluvial sediment

[ ] Fluvial sediment

[ Bikhegy marble fm.

B Abod limestone fm.

Edelény variegated clay fm.
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Experimental
Materials

Drill core samples are examined from 278-295 m depth
from the Szendr6lad-6 borehole (Fig. 1; Mészéget6-valley,
Szendré Mts, NE-Hungary; WGS84 ¢ =48° 20’ 39.55521",
WGS84 A=20°43"19.38040", WGS84 h=265.70 m, depth:
300 m; based on data of MBFSZ [20]). Sample number-
ing 369 means sample from 278-295 m depth, 371 is from
288 m depth and 373 is from 291 m depth. The graphite
bearing rocks are black schists of the Szendr6lad Lime-
stone Formation (middle-late Devonian, shelf-basin facies
with epizonal metamorphism of greenschist facies [12],
300-450 °C and 250-300 MPa [21]).

Methods

Polished rock slabs were made for ore microscopy,
SEM-EDS and Raman spectroscopy measurements, while
bulk powder samples were prepared for XRD and DTA-TG.

For ore microscopy (reflected light mode) examinations
a Zeiss Axio.Imager A2.m polarizing petrographic and ore
microscope was used with Zeiss AxioCam MRc5 camera.
The SEM-EDS analysis was carried out on a JEOL JXA-
8600 Superprobe instrument in high vacuum at 20 kV, with
beam current of 20 nA (on Faraday cup), with 60 s dwell

[ ] Urban area

[[T] Szendrs phyliite fm.

I Szendrélad limestone fm.
Cserehat rhyolite tuff fm.
[ ] Galgavolgy rhyolite tuff fm.

. Bretka fm.
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time for point analysis. Detection limit of the EDS system
is 0.1 mass% for light elements and 0.05 mass% for heavy
elements, the limit of measurement error is 5 relative%.

For Raman spectroscopy, Thermo Scientific DXR Raman
microscope was used with 532 nm wavelength (green) laser,
2 mW laser power, 3x 15 s exposure time and~4 cm™!
spectral resolution. The spectra were obtained from point
measurement of graphite and graphitic flakes in the polished
sections. Fityk 1.3.1 software was used for decomposition
of Raman spectra with pseudoVoigt function, to extract the
individual peaks for band characterization. By Raman spec-
troscopy, a characteristic spectrum of the graphitic carbona-
ceous matter can be obtained. For us, the most important is
the first-order spectrum, which consists of the well-ordered
graphite band at 1580 cm™' (G band) and the disordered
graphite bands at 1350 cm™! (D1 band), 1620 cm™! (D2
band) and 1500 cm™" (D3 band).

Bulk mineralogy on powder samples was measured with
X-ray powder diffraction (XRD) (Bruker D8 Advance, Cu
K-alfa radiation, 40 kV, 40 mA, parallel beam geometry
with Gobel mirror, Vantec-1 PSD detector with 1° opening,
0.007°26/24 s counting time). Identification of crystalline
phases was done by Search/Match algorithm in DiffracPlus
EVA on ICDD PDF2 (2005) database. Rietveld refinement
was performed in TOPAS4 software with empirical instru-
ment parameterization on NIST SRM640d Si standard, and
crystal structure data for calculations were obtained from
AMCSD [22] database. XRD measurements were carried
out in the 3DLab Fine Structure Analysis laboratory of the
University of Miskolc.

Simultaneous thermal analysis was done by differential
thermal analysis, thermogravimetry and derivative thermo-
gravimetry (DTA-TG-DTG), performed on a computer-con-
trolled MOM Derivatograph-C instrument at a linear heating
rate of 10 °C min~! to up to 1000 °C in corundum crucible in
air. Samples with similar volume were loaded in the crucible
in < 100 mg amount, to assure the total oxidation of carbona-
ceous material. The TG sensitivity range was set to 100 mg.

Results
Petrography and mineralogy of the samples

The matrix of the samples is built up by V-bearing trioc-
tahedral mica plates (muscovite, muscovite with Na and
phengite), embedded in calcite, with largely variable quartz
content. Graphite flakes, rarely with low S content, are
observed in 20-50 pm size and often arranged in>300 pm
lamellar aggregates (Fig. 2). Graphitic material sometimes
also forms aggregates as graphite-TiO,-mica mixtures. All
samples have metamorphic texture with intense microfolds,
related mainly to the graphitic parts.

As accessory minerals, mostly sulfides (pyrite, chalco-
pyrite, sphalerite, galena, molybdenite and Pb-sulphosalts),
phosphates (fluorapatite and monazite), carbonates (siderite,
ankerite, dolomite and REE-carbonates — bastnésite-parisite
mixed phases) can be identified beside oxides (Fe-oxide and
TiO, — anatase and rutile, both with Nb and V content) and
silicates (zircon, illite, kaolinite, chlorite and rarely albite).

X-ray powder diffraction and Rietveld refinement

XRD results show calcite and muscovite-rich composi-
tions with varying quartz content. Trace amounts of pyrite,
rutile, anatase and chlorite are also detected, without direct
evidence of graphite due to its low amount, nanocrys-
talline nature and heavy peak overlapping with quartz
peaks (Fig. 3). Graphite peak of (hkl)=(002) (between
26°-27°(20)) overlaps with (hkl)=(101) and (hkl)=(110)
peaks of quartz. However, deconvolution-based evaluation,
like Rietveld refinement allows its direct observation and
quantification. The method is based on the modeling of crys-
talline phases by calculating patterns from the crystal struc-
ture to overlap with measured pattern to obtain deconvolute
difference curve. Nanocrystalline graphite peaks will be
detected on the difference curve, because deconvolute inten-
sities are crystal structure based and overlapping peaks will
be resolved. Table 1 shows the detailed quantitative results
of the investigated samples calculated by Rietveld refine-
ment. By the deconvolution, a more exact peak position for
calcite is made possible and a peak shift for hkl =(104) is
observed, indicating Mg (less probably Fe) substitution, the-
oretical d(104) =0.3033 nm, while for sample 3609, this value
is d(104y=0.30291 nm, for sample 371 is d;(4,=0.30292 nm
and for sample 373 d;(4)=0.30286 nm. These peak shifts
were fitted together with preferred orientation correction and
cation occupancy, resulting in Ca=0.9 and Mg=0.1 cation
ratios.

Raman spectroscopy

The first-order Raman spectra indicate two sharp bands
at~1584 cm™! (G band) and at~ 1350 cm™! (D1 band), rep-
resenting at the same time the presence of graphite with high
degree of atomic ordering and a graphitized material, which
did not reach the graphite crystallinity grade [14]. Figure 4
shows one decomposed Raman spectrum indicating the first-
order and second-order Raman spectra of graphite beside
the peaks of rutile.

By Raman spectroscopy, the formation temperature (the
maximum temperature of metamorphism, without account-
ing for any existing strain, which would reveal pressure val-
ues) can be estimated by the formula of Beyssac et al. [18]
through the equation: T (°C)= —445*R2+ 641 (+30 °C);

@ Springer



3420 L. Majoros et al.

BSE Mag: 1500x
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Fig.2 a Optical image of graphitic microfolds in calcite matrix, (b) BSE image from the area indicated with white rectangular on figure part (a),
(c) EDS spectrum of graphite-muscovite mixture, (d) Element map showing C content of the BSE image on figure part (b)
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Fig. 3 XRD patterns of the drill core samples (Ccl—clinochlore, Ms—muscovite, Q—quartz, Cc—calcite, Rt—rutile)

where R2=D1/(G+D1+D2); G=G band area, D1 =D1 temperatures from 385 to 448 °C (30 °C). In average, the

band area, D2 =D?2 band area. R2 peak area ratio is 0.53, and thus, the formation tempera-
According to our calculations shown in Table 2, the R2 ture is~410 °C (30 °C) [14].

peak area ratio ranges between 0.43-0.58, corresponding to
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Table 1 The detailed Quartz 369 371 373
quantitative results of the
drill core samples by Rietveld a b a b a b
refinement (mass%) (a—without
amorphous content, b—with 0.7 0.7 8.7 8.4 209 194
amorphous content) Phyllosilicates Muscovite 2M, 453 42,6 228 21.9 488 454
Muscovite IM - - - - 1.6 1.5
Clinochlore IIb 1.7 1.6 4.0 3.8 4.2 3.9
Carbonates Calcite (Mg) 44.7 42.0 57.5 55.2 17.2 16.0
Dolomite 1.6 1.5 1.3 1.2 - -
Siderite 0.9 0.8 0.9 0.9 0.7 0.7
TiO, Anatase 0.5 0.5 0.4 0.4 1.7 1.6
Rutile 1.3 1.2 0.9 0.9 2.0 1.9
Pyrite 1.9 1.8 1.5 1.4 - -
Graphite 3R 1.5 1.4 1.9 1.8 3.0 2.8
Amorphous - 6.0 - 4.0 - 7.0
Fig.4 Decomposed Raman .
spectrum of one measurement r 1000 1st order bands of graphlte
point D1 band = 1350 cm~t—
<«— G band = 1584 cm™!
- 800 _
2nd order bands of graphite
> | 600 2D bandf 2698 cm™!
g
s D+G band =
S [ 400 D2 band = 2942 cm™1
%’ Bands of rutile 1622 cm-1
o -1 611 cm™ 2D’ band =
E 200 440cm 2470 om-"
D DA . ,:‘ . \ .
0 1000 2000
F100 Raman shift/cm™1
Difference curve
[ —100
Legend: - - - - - Measured curve  ——— Fitted peaks Calculated curve

TG-DTA measurements

According to Foldvari [23], if the analysis is performed
in air, the exothermic reaction (oxidation) of graphite can
occur in a large range, from 600 °C to 1000 °C. As our ther-
mogravimetry analyzes were performed in air, the thermal
reaction of graphite can be observed on all curves (Fig. 5).
Table 3 (TG) and 4 (DTA) list the reactions and related min-
erals, in order to delimit graphite and graphitized material
oxidation, while Table 5 contains the details of graphite
oxidation, DTA peak temperature and associated mass% in
the sample. The DTG curves were used in delimiting the
different reactions, both for DTA and TG interpretation.
Besides graphite, all thermally active minerals identified by
XRD-Rietveld refinement are also detected on the simulta-
neous TG-DTA curves. A number of smaller DTA reactions

and TG steps are observed for all samples, which cannot be
connected to the phases identified by XRD or SEM-EDS.
However, we know that amorphous content of the samples
is not totally carbonaceous material, so the early H,O loss
(~70 °C) and endothermic peaks between 100 and 250 °C
can be attributed to X-ray amorphous smectite layers in the
mica structure (since no XRD peaks, other than clinochlore,
are detected around 0.14 nm), as a result of hydrothermal
alteration. This material is an alteration product of silicate
minerals for which dehydration indicates smectite type
composition, but XRD peaks are not observed due to the
small crystallite, size meaning X-ray amorphous nature.
Similarly, the reaction in the 500-560 °C region is attrib-
uted to illite, present as alteration in the mica structure.
The large endothermic preceding calcite decomposition is
another OH™ loss of mica structure, observed for the very

@ Springer



3422

L. Majoros et al.

Table2 R2 peak area ratio and temperature values for all samples
calculated by the formula of Beyssac et al. [18]

Sample R2 Temperature/°C
(+30°C)

369 Min 0.47 391
Max 0.56 434
Average 0.53 406
371 Min 0.43 385
Max 0.58 448
Average 0.50 420
373 Min 0.49 385
Max 0.57 421
Average 0.54 402
Total average for all Min 0.43 385
samples Max 0.58 448
Average 0.53 408

fine grained, “sericite” type appearance of low grade meta-
morphic or retrograde formations. This peak is overlapping
the decomposition of dolomite, observed in minor amount
by XRD.

Discussion

Based on our results, the presence of graphite in the samples
is proven by most methods independently, as it was identi-
fied directly by ore microscopy, Raman spectroscopy and
simultaneous TG—DTA measurements. Only indirect identi-
fication is possible by Rietveld refinement of XRD data, but
it has the advantage of bulk quantification. By SEM-EDS,
additional information and petrological-textural attributes
are obtained; however, the crystalline nature of carbona-
ceous material cannot be decided.

According to the calculations of Rietveld refinement, the
quantity of graphite varies between 1.5-3 mass% in the sam-
ples. In all cases, 3R polytype of graphite was detected by
XRD. The polytype (3R or 2H) development depends on the
formation pressure, in the case of 3R polytype, hydrostatic
pressure-dominated conditions could facilitate its crystal-
lization [17]. In our samples, this is in accordance with the
observed accessory minerals, as sulfides and carbonates are
indicating a low temperature (below ~ 500 °C) hydrother-
mal process. From the minor extent of transformations and
small amount of developed minerals, the process happened
with limited fluid recharge, but which possibly influenced
the graphite crystallization, as well. Such a hydrothermal
alteration is in accordance also with the smectite, vermicu-
lite traces, as well as illite and “sericite” occurrence, low
temperature hydration may produce such phases. Compo-
sition and thermal behavior of calcite is signaling higher
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than normal crystallization temperatures, according to
its Mg-content. Theoretically, calcite has an endothermic
decomposition with reaction peak at 936 °C if the calcite is
well crystallized, its structure is not damaged by weathering
and contains no substitution [23]. By Rietveld refinement
and SEM-EDS, Mg-content of calcite was evidenced in the
samples and accordingly the theoretical calcite endother-
mic reaction shifted to lower temperature values (~ 830 °C)
on the simultaneous TG-DTA curves (Fig. 5 and Table 4).
However, due to the “sericite”” dehydroxylation and dolomite
decomposition estimation of Mg-content is not possible.

By Raman spectroscopy, besides graphite, the presence
of a graphitized material was also indicated, but this did
not reach the graphite crystallinity grade, termed “disor-
dered graphite” [14]. For such materials, the application of
thermogravimetry is useful in tracing the natural organic,
semi-organic matter, as there is a correlation between the
temperature of exothermal effects during the combustion
of the organic matter and the grade of maturation [23].
On the simultaneous TG-DTA curves, the partially gra-
phitized material also could be detected, Table 6 contains
the details of the oxidation, DTA peak temperature and asso-
ciated mass%. In summary, the well-crystallized graphite is
associated with carbonaceous material, below the graphite
crystallinity grade by Raman spectroscopy, the same mate-
rial which is partially graphitized according to DTA-TG.
Such a material could be X-ray amorphous, meaning such
small graphite layers, if any, that diffraction is not detected,
thus accounted for in the amorphous fraction also by our
measurements. From the results of XRD and thermoanalyti-
cal measurements, (Table 7) the graphite, graphitized mate-
rial and silicate amorphous contents of the samples can be
balanced with TG data. A note has to be taken on disordered,
X-ray amorphous or semi-graphite materials found in ref-
erences, with regard to XRD analysis. All these materials
could mean the same structural ordering, most probably a
carbon phase in higher state than metaantracite, but contain-
ing only few nm thick graphite sequences, thus not produc-
ing detectable diffraction peaks. Such a material is detected
by the amorphous hump method used in conjunction with
the Rietveld refinement.

Based on our results, graphite is epigenetic, and due to
the observed S content of graphite and V content observed
in muscovite and in TiO,, it has organic material associ-
ated origin. The samples have metamorphic textures with
the marks of shearing deformations, where graphite flakes
and graphitic mixtures are mainly enriched. Thus, graphite
was certainly formed in the shear zones during the regional
metamorphism of the organic matter rich shales.

According to Arkai [21], Paleozoic formations of the
Szendrd Mts went through on very low — lower middle grade
of metamorphism: 300450 °C and 250-300 MPa. Based on
the observed mineral assemblages and crystallinity degree
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Table 3 Thermal reactions observed on TG for the analyzed samples

Table 5 Exothermic reaction of graphite with the associated mass

loss

Sample DTA peak/°C Temperature/°C Mass loss/%
369 641 563 - 722 -5.53

371 658 573 =759 -3.18

373 645 564 - 739 -6

Steps Temperature/ 369 371 373

"C (&5 °C) TGI%
1 118 - -0.59
2 130 -0.75 -1.57 -
3 233 - -2.14 -
4 269 - -2.38 -
5 300 -1.15 - -
6 375 - -2.92 -2.81
7 426 - -3.13 -3.07
8 466 - - -3.49
9 500 -2.01 - -
10 528 -2.13 - -
11 568 -2.99 =577 —-5.81
12 722 -8.52 - -
13 739 - - —11.81
14 760 -9.97 —-8.95 -
15 845 - - —-16.68
16 900 —22.57 - -
17 917 - -24.09 -
18 940 - -18.62

Table 4 Thermal reactions observed on DTA for the analyzed sam-
ples (°C, | endo, 1 exo, o.1. overlapped) [23]

Sample/ 369 371 373 Mineral phase

Reaction

1 64 70] 70]  X-ray amorphous smectite,
alteration

2 - 159 - X-ray amorphous smectite,
alteration

3 247 248 - traces of vermiculite

4 3671 - - altered pyrite

5 - - 396 | traces of vermiculite

6 3991 - - pyrite

7 - 410 | 421 | siderite calcination

8 - 4541 4431 Fe?* oxidation from siderite

9 4751 - - Fe?* oxidation from siderite

10 - 4951 5021 Partially graphitized material

11 522 - - illite packages in muscovite

12 543 | - - illite packages in muscovite

13 - 5501 - Partially graphitized material

14 o.l 588 | ol Quartz

15 6411 6581 6451 Graphite

16 754 | 741 | 769 | Muscovite, fine grained as
“sericite”

17 833 ] 855] 815] Mg-bearing calcite

of sericite, illite and graphite, the grade of metamorphism
is in the quartz-albite-muscovite-chlorite subfacies within
the greenschist facies. According to our calculations from

@ Springer

Table 6 Exothermic reaction of partially graphitized material with
the associated mass loss

Sample DTA peak/°C Temperature/°C ~ Mass loss/%
369 Reaction is not observed

371 495 426 - 573 -2.64

373 502 466 — 564 -2.32

Table 7 Graphite and graphitized material balancing with amorphous
content from XRD (*X-ray amorphous graphite, calculated as differ-
ence of graphite TG mass and XRD percentage; #difference of X-ray
amorphous graphite and graphitized material from XRD-based amor-
phous content)

Sam-  Graphite Gra- Amor-  Amorphous
ple - phitized phous
1XRD 2TG *=1-2 3TG 4 XRD #other than
C =4—(*4+3)
369 1.5 5.53 4.03 - 6 1.97
371 19 3.18 1.28 2.64 4 0.08
373 3.0 6 3 2.32 7 1.68

Raman spectroscopy results, the formation temperature, esti-
mated by the formula of Beyssac et al. [18], ranges between
385 and 448 °C (£ 30 °C). The average formation tempera-
ture, based on the average of 18 measurements, is around
410 °C (30 °C) [14]. This temperature value is in accord-
ance with the above- mentioned values of metamorphism,
this formula does not take into account any existing strain
in the system. Deduced field of graphite crystallization from
the thermoanalytical investigations in [17] is in the low pres-
sure (<50 MPa) medium temperature (450-500 °C) range.

Conclusions

Thermal analysis was a required method in extension of
XRD and Raman spectroscopy to fully characterize the type,
structural state and amount of carbon materials. On the other
hands, for correct interpretation of DTA peaks and related
TG values, Raman spectroscopy was useful in identifying
the non-crystalline fraction of carbon.
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All observations point to epigenetic graphite with
probable organic material origin, supported by S con-
tent. It was certainly formed in low intensity shear zones
(410-500 °C, < 50 MPa) during the regional metamorphism
of the organic matter-rich shales. Its amount is 1.5-3 mass%
in the samples calculated by Rietveld refinement, but consid-
ering the disordered =~ X-ray amorphous or ~ semi-graphite
fraction as total graphitic material — as seen by DTA —
then severe underestimation is observed compared to XRD-
based crystalline graphite. However, considering amorphous
fraction from XRD, very similar results are obtained by the
two methods.

Altogether, application of DTA-TG is a necessary method
to support and approve the compositional data on graphite
bearing low metamorphic grade black schists.
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