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Abstract HN-1# is the first fully working coring well of the Taiyuan Formation (Ty) in the Huinan Coalfield and
exploration studies are currently underway on the associated resources of the coal-bearing strata. The HN-1# well is located
in the Fufeng thrust nappe structural belt in the south of the Huainan Coalfield. Three coal samples from the Ty were
collected from HN-1# and inductively-coupled plasma mass spectrometry and inductively-coupled plasma atomic emission
spectrometry were used to determine the Ge content of each sample. Based on proximate and ultimate analyses, micro-
scopy data, and analyses of the ash products, some important findings were made. The Ty coal samples had a relatively
high total sulfur (S, 4) content (4.24%), thus the coal was considered to be a lower ranked coal (high volatility bituminous
coal), which also had a low coal ash composition index (k, 1.87). Collodetrinite was the main submaceral of the Ty coal.
Small amounts of pyrite particles were found in the coal seams of the Ty, while the contents of pyrite and algae in the top
and bottom sections of the coal seam were relatively high, which meant that the swampy peat conditions which existed
during the formation of the coal seams were affected by seawater; also the degree of mineralization of the coal seam was
relatively high, which is consistent with reducing conditions in a coastal environment setting. Atomic force microscopy
(AFM) experiments showed that the modes of occurrence of Ge in the Ty coal were mainly those for organic-bound and
adsorbed Ge species. The organic carbon isotope values for the Ty coal ranged from — 24.1%o0 to — 23.8%0, with an
average value of — 24.0%o, which is equivalent to the value for terrestrial plants (average value — 24.0%o). The Ge content
of the Ty coal was 13.57 mg/kg. The Ge content was negatively correlated with volatile matter and the ash yield.

Keywords Germanium - Modes of occurrence - Chemical species - ICP spectrometry - Taiyuan coal formation - Fufeng
thrust nappe structural belt - Huainan Coalfield
1 Introduction

Exploration studies on mineral resources in coal basins and
coal measures continue at pace given the increasing eco-
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those in coal measures (Shao et al. 2020). In particular, the
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and barrier properties of coal can act to enrich some
metallic elements (rare earth elements and precious metals)
in coal under specific geological conditions (Dai and Ren
2007). Among these elements, germanium (Ge) is a rare
metallic element. With the emergence of high purity Ge, a
large number of Ge semiconductor devices have been
developed, and this has stimulated rapid development of
the modern electronics industry. At present, Ge is not only
used as a key semiconductor component in computers,
missiles, and space technology, but is also widely used in
new technical fields (Zhang et al. 2006). Up to now, no
single Ge ore body has been found to satisfy the worldwide
demand for this strategic element. Coal is known to contain
a considerable amount of Ge, and is currently an important
source for Ge processing and utilization (Hower et al.
2013).

Among the trace elements associated with coal, Ge is
one of the most important in terms of its scope for devel-
opment and utilization (Goldschmidt 1937). Goldschmidt
first discovered the presence of Ge in coal in 1930 and
pointed out that Ge only exists in the primary ash of coal,
and relative to high-ash coal, low-ash coal tends to be
enriched in Ge (Goldschmidt 1935). The contents of Ge in
coal and coal ash are different. In general, the content of
Ge in coal is relatively high, and the content of Ge in ash is
also high but with the content in ash being several times to
dozens of times higher than that of raw coal. In the
hydrothermal vents of the mid-ocean ridge in the South
Pacific Ocean, Ge and silicon dioxide are positively cor-
related (Mortlock et al. 1993), and this association is a
reflection of the clear pro-silicon properties of Ge.

Generally, it is believed that Ge in coal does not form
discrete minerals but is contained within the macro-
molecular composition of coal. However, the specific
organic bonding form of Ge in coal has been a topic of
debate for some time. Many researchers believe that Ge
exists in the coal matrix in various chemical forms and at
various locations. For example, Ge is considered to be
present on the surface of organic matter present in coal that
was formed via a surface redox reaction and surface
adsorption (Swaine 1990); in the form of a single organic
compound (Seredin 2003); being linked to different func-
tional groups of macromolecules in coal, which are bonded
or chelated with humic acid via Ge-C bonds (Seredin et al.
2006); and in the form of O-Ge-O and O-Ge-C bonds
(Yakushevich et al. 2013). Given that Ge is readily enri-
ched in low rank coals and has well-developed side chains
and functional groups with a low degree of order, China’s
large and oversized Ge-containing coal deposits typically
consist of lignite with a relatively low degree of coalifi-
cation. Germanium present in coal can be adsorbed by both
organic matter and the clay minerals. Also, trace amounts
of Ge may be detected in sulfide and silicate minerals.

Several researchers have studied the occurrence of Ge in
coal, and it has been shown that Ge in combination with
organic species are the main forms of Ge in coal (Wang
1999; Yudovich 2003). This is a common consensus based
on the results of various tests and chemical analyses (e.g.,
electrodialysis, chemical extraction, correlation between
Ge content and coal particle size grade, specific gravity
grade, molecular analyses of coal and rock, and mineral
content).

Much research has been undertaken on the modes of
aggregation for Ge and the sources of Ge in coal. Gold-
schmidt (1933) believed that the origin of Ge in coal was
connected to the uptake of Ge by plants during the plant
growth period. Residual enrichment of the more soluble
trace elements occurs after leaching from the soil. Thus,
after the coal seam was buried, it became enriched in trace
elements due to the selective reaction between the Ge
contained in the groundwater and carbon in the coal seam.
Published data would seem to indicate that Paleozoic coal
may contains less Ge than Mesozoic and Tertiary coal. It
may be surmised that the Paleozoic climate was warm and
the root length of plants was relatively short, such that only
certain elements were absorbed from the soil surface.
Moreover, the more luxuriant the plants were, the more
serious was the phenomenon of “competition and absorp-
tion” between plants, such that the Ge content of the plants
was lowered. However, in the Mesozoic, the plants grew
tall and were woody, and, accordingly, their roots were
deep. Therefore, under such conditions, the elements in
question could be absorbed not only from the surface
leaching zone but also from the groundwater circulation
zone. Therefore, it is inferred that the increase in the
content of some trace elements in the Mesozoic reflects an
increase in element availability. The above phenomenon is
quite consistent with the “contact enrichment” phe-
nomenon of Ge in coal seams (Dai et al. 2007); that is,
many trace elements are uniformly distributed in a direc-
tion perpendicular to the coal seam, but Ge tends to be
concentrated in the top or bottom sections of the coal seam.

Zhuang et al. (2006) proposed that the presence of Ge in
coal was related directly to the distribution of sulfides in
coal, thus coal with a high sulfide content is generally
believed to contain higher amounts of Ge. Hu et al. (2006)
found that the coal-bearing strata in the study area (Huinan
Coalfield) were sandwiched in the middle volcanic rock
series based on an in-depth study of the geological condi-
tions of the wood-based coal producing areas. The coal-
bearing strata are lacustrine deposits and are characterized
by the presence of rich volcanic material. It is surmised that
the enrichment of Ge in coal was linked to the surrounding
volcanic activity. Experimental and thermodynamic studies
(Pokrovski and Schott 1998) demonstrated that the solu-
bility of GeO, increased with temperature over the range

@ Springer



664

D. Wu et al.

25-250 °C, and maximum solubility was reached for near
neutral conditions. It was proposed that only a hot liquid
system can transport Ge in large quantities.

At present, the coal-type Ge deposits that have been
successfully exploited and utilized in China include the
medium and super-large Ge deposits in the Lincang
Coalfield of Yunnan Province (Hu and Ye 1996; Hu et al.
2006), and the Ge deposits that coexist with coal in the
Waulantuga and Shengli Coalfields of Inner Mongolia (Qing
2001; Qi et al. 2004, 2007a, b). The aforementioned
researchers believe that the main chemical forms of Ge in
the two extra-large Ge-containing coal deposits are basi-
cally the same, and both chemical forms are organic in
nature. The source of supply and the enrichment mode for
Ge are basically the same and involve hydrothermal fluids.

The Huainan Coalfield is an important base for coal
production, processing, and utilization in eastern China. It
is rich in coal resources and has played a huge role in
economic activity and construction for the region. The
coal-bearing strata in the Huainan Coalfield are the Car-
boniferous-Permian coal measures. The main coal-bearing
strata are the Permian Upper Shihezi Formation, the Lower
Shihezi Formation, and the Shanxi Formation. The Car-
boniferous strata basically do not contain minable coal
seams. In view of the inherent coal-bearing formation
pattern in the Huainan Coalfield, a large amount of geo-
logical prospecting work in the past was mainly concen-
trated on the Permian coal measures strata which had good
coal bearing properties.

According to the available data, research on Ge in the
Permian coal in the Huainan Coalfield started in the 1980s.
Qian (1988) studied the Ge content of Permian coal using
spectrophotometry and determined the average values for
Ge in the different coal seams; the maximum value of Ge
was 5.0 mg/kg, the minimum value was 0.2 mg/kg, and the
average value was 2.25 mg/kg. Of the results, the average
value for Ge in the No. 13 coal seam of the Upper Shihezi
Formation was 0.2 mg/kg, 2.5 mg/kg in No. 12; for the
Lower Shihezi Formation, the average value in the No. 11
coal seam was 2.5 mg/kg, 3.0 mg/kg in No. 10, 2.6 mg/kg
in No. 9, 1.6 mg/kg in No. 8, 1.6 mg/kg in No. 7, 0.8 mg/
kg in No. 6, 2.5 mg/kg in No. 5, and 2.3 mg/kg in No. 4
coal seam. For comparison purposes, the average Ge con-
tent of the Shanxi Formation for the No. 3 coal seam was
2.5 mg/kg, and 5.0 mg/kg for the No. 1 coal seam.

In the early twenty-first century, Zhao et al. (2002)
reported that the range of the Ge content in Permian coal in
north China was 1-10 mg/kg (n = 927) with an average
value of 5.0 mg/kg based on a study of the abundance of
trace elements in Chinese coal. Tang (2002) reported that
the range of the Ge content in Permian coal in Huaibei,
Anhui Province was 1.2-4.3 mg/kg (n = 12) with a mean
value of 2.42 mg/kg. According to geology reports
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concerning many (13) large-scale production mines and
major exploration areas (7), including the Kouziji explo-
ration area, the Banji exploration area, the Laomiao-
Yangcun exploration area, the Liu Zhuang deep explo-
ration area, the Daxing exploration area, the Luoyuan-
Liantangli exploration area and the Panji deep exploration
area, the contents of Ge in Permian coal were determined
to be 1.0-5.0 mg/kg. Based on the above research data, it is
clear that Ge is not enriched in Permian coal in the Huainan
Coalfield and belongs to the low Ge coal category.

In recent years, with ongoing application of new theo-
ries and methods for coalfield exploration and the contin-
uous development of exploration, the degree of geological
control in the Huainan Coalfield has been continuously
improved, and the understanding of the accumulation rules
for coal-bearing strata with associated mineral resources
and the structural control rules for the coalfield have
expanded (Tang et al. 2020). Combined with a develop-
ment strategy of geological prospecting at depth, the coal-
bearing series of the Taiyuan Formation (Ty) in the in situ
system under the Fufeng thrust nappe structural belt in the
southern Huainan Coalfield has become an important new
prospecting location for the exploration and development
of coal-bearing series mineral resources.

In this study, rope coring technology was used to
completely core the Ty strata in the in situ system under the
Fufeng thrust nappe structural belt via surface drilling in
the southern area of the Huainan Coalfield with three Ty
coal samples being collected. Inductively-coupled plasma
mass spectrometry (ICP-MS) and inductively-coupled
plasma atomic emission spectrometry (ICP-AES) were
used to determine Ge in the coal samples based on per-
forming two repeat analyses (duplicate analyses) of each
coal sample collected. The precision and of the two
methods were compared. Then, the Ge content of each coal
sample was calculated using the ICP-MS data. The corre-
lations between the Ge content and the geological factors
(coal seam thickness and coal quality index) were exam-
ined, and the geological conditions and significance of the
formation of coal of high Ge content in the Ty are
discussed.

2 Geological background

The Huainan Coalfield is located in the southern part of the
Huainan-Huaibei plain in Anhui Province, extending into
the Chuxian area in the east and near Fuyang city in the
west. It is about 180 km long from east to west, 20—30 km
wide from south to north, and covers an area of about
3654 km?. It is a Carboniferous-Permian coal accumula-
tion basin which developed in the southeast of the north
China plate. The Liufu deep fault in the north of the
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coalfield is adjacent to the Bengbu uplift, and the Ying-
shang-Dingyuan fault in the south is connected to the Hefei
Basin through the Fuyang deep fault, the Xinchengkou-
Changfeng fault in the east, and the Zhoukou basin in the
west (Fig. 1).

The Huainan Coalfield is affected by the different
periods of the structural belts in the surrounding area. It is
characterized in terms of having different levels, different
orientations, and different structural tectonic deformation
characteristics; it exhibits a complex tectonic pattern with
multiple structural styles such as extrusion, extension,
reversion, slippage and strike-slip. This coalfield, as a
whole, presents as an NWW-oriented offset fault-fold
structural belt with the Fufeng thrust nappe structural belt
in the south, a gravity slip structural belt in the north and a
syncline structural belt in the middle.

From bottom to top, the strata in the Huainan Coalfield
cover a large area and are developed from the Archean
Wuhe Group, the Middle-Neoproterozoic Qingbaikou
System, the Sinian System, the Paleozoic Cambrian Sys-
tem, the Middle-Lower Ordovician System, the Carbonif-
erous System, the Permian System and the Lower Triassic
System, the Mesozoic Upper Jurassic System, the Creta-
ceous System, the Cenozoic Paleogene System and the
Neogene-Quaternary System. The Late Paleozoic Car-
boniferous-Permian coal measure strata have a total
thickness of 1100 m. By contrast, the Mesozoic and Pale-
ogene strata are scattered and have limited thickness. The
Archean-Early Paleozoic ancient strata are exposed in

some low mountain areas such as the Bagong Mountains,
the Shungeng Mountains, and the Shangyao Mountains.
Most other areas with coal measures are buried directly
under the Neogene-Quaternary loose strata and have a total
thickness of less than 500 m.

The Ty strata in the Huainan Coalfield are integrated or
pseudo-integrated in the underlying Benxi Formation
strata. The lithology of this group is stable and its thickness
alters little, generally being around 90-130 m. The lithol-
ogy reflects mainly the deposition of a series of platform-
multiple barrier island composite systems with regular
alternation of clear water and muddy water on the surface
of the land and sea, resulting in regular phase cycles in the
vertical direction with a clear pattern. The lithology of this
group consists mainly of dark gray—gray limestone, sand-
stone, siltstone, mudstone, carbonaceous shale, and a thin
coal seam.

3 Sampling and experimental

In view of the fact that the Ty coal measures strata are not
in an area known for normal coal exploration, conventional
surface exploration drilling is usually carried out in the
final hole of the underlying strata of the Shanxi Formation,
and coring work for the Ty was not performed. In addition,
to ensure the safe mining for the coal seam of the Shanxi
Formation No. 1 coal, it is necessary to drain and depres-
surize the underlying Ty strata; hence this work also does
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not involve drilling to obtain cores for the Ty strata;
therefore, it is very difficult to obtain cores for the Ty in all
layers, especially for thin coal seams (which often occur at
great depth under the action of high ground stress, and
where the sample if taken from depth to the surface
explodes to form pulverized coal).

In August 2017, the first oil and gas well HN-1# was
constructed in the Huainan Coalfield. The well is located in
the Fufeng thrust nappe structural belt. The well passes
through the Archean Gneiss Formation and the Cambrian
Formation to the Carboniferous-Permian Formation in the
in situ system and ends up in the weathering crust of the
Majiagou Formation in the Middle Ordovician. Using rope
coring technology, the core samples have been taken from
the well for all strata of the Ty, including three thin coal
seam samples, which were recorded as Tyl, Ty2 and Ty3,
respectively. The sampling information and lithological
descriptions for the samples are given in Fig. 2.

Bulk samples were air-dried, sealed in polyethylene
bags to prevent contamination and oxidation, and ground
through a 200-mesh sieve for chemical analysis. The
proximate analyses (volatile matter (Vy,¢), moisture (M,q),
ash yield (A4) and fixed carbon (FCy)) were completed
according to ASTM D3172-1989. The ultimate analysis
(carbon (Cgu¢), hydrogen (Hg,r) and nitrogen (Ngup) was
carried out according to ASTM D5373-2008. Total sulfur
(Si.a) was determined using ASTM D2492-2002. Oxygen
(Ogar) was calculated by the difference method.

C}lronostratigraphy Macro lithologic

description

Lithology

System | Series | Formation

The formation thickness ranges
from 1130 m to 1236 m.

Black, block-shaped, mixed with
[powder, crushed and granular,
mainly bright coal, containing dark
| coal, with weak glass luster,
belonging to semi-bright briquette.

Black, mainly in broken grains,
/containing lumps and powders,
| mainly in bright coal, containing dark
coal, with weak glass luster,
\belonging to semi-bright briquette.

Lower Series
Taiyuan formation

\

h]ack, powdery, broken and
| granular, with a small amount of
lumps, mainly bright coal, containing
\dark coal, with weak glass luster,
belonging to semi-bright briquette.

Carboniferous system

Layer thickness/m b

Sample number

Fig. 2 Histogram of coal-bearing strata of the Taiyuan Formation
from HN-1#
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The collected raw coal samples were dried and crushed
to a powder of particle size less than 1 mm. Approximately
8.9 g of powdered coal was added to a polyethylene sample
container; 2.7 mL of hardening agent was mixed with 28 g
of resin to prepare a binder; a small amount of binder was
then added to each coal sample and after rapid stirring and
mixing, the binder was fully stirred, the coal particles and
the resin binder were fully mixed, and then the mixture was
placed in an oven at 50 °C for approximately 2 to 3 h. On
completion of the reaction, the polished sheet was rubbed,
in turn, with 0.05 pm polishing paper (rough polishing) and
aluminum mud (fine polishing), respectively, in a slitting
machine. The final optical sheet was observed under an
optical microscope with an amplification factor of x 500.
The main microscopic components were identified and
classified by oil-immersed reflected monopolarized light
based on photography and counting at several points.

To determine the ash content of samples, 100 g of
pulverized coal samples were heated at 550 °C to remove
organic matter and weighed to constant weight before
determination of the major element oxides in the ash. The
results were recalculated based of the weight of the coal
sample taken. The oxides of major elements in the powder
sample, including SiO,, Al,O3, Fe;03;, MnO, TiO,, CaO,
K0, SO3, P,Os, NayO, and MgO, were determined by
X-ray fluorescence spectrometry (XRF, model XRF-1800).

The vitrinite reflectance values of the coal samples were
measured using the CRAIC CoalPro III vitrinite reflectance
instrument. The 50/0.85 resolution was used as an oil
immersion object. To obtain the average vitrinite reflec-
tance of coal samples at different temperatures, at least 15
vitrinite particles in each sample were selected for reflec-
tance measurements.

About 100 g of split samples were manually crushed in
a quartz mortar using a manual grinding rod. Then, the
portion of the homogenized sample which passed through
the 200-mesh sieve was subsampled in quadruplicate and
dried in an oven (25 °C) for 12 h. Using an acid mixture
(HNO;:HCL:HF = 3:1:1), an 0.2 to 0.4 g aliquot of pow-
dered sample was subjected to microwave-assisted diges-
tion (Multiwave 3000, Anton Paar). The acids used for
digestion were high purity HNO; and HCI (double dis-
tilled) and ultra-pure concentrated HF.

To determine the Ge content of the coal samples,
replicate (in duplicate) analyses of each coal sample digest
were performed using ICP-MS and ICP-AES. The ICP-
AES instrument, an Optima 7300 DV (Perkin-Elmer
Cooperation), afforded a resolution of 0.003 nm, detection
limits of 0.2—4 ng/mL and a coefficient of variation (CV) of
< 0.5% for measurement of a 1 mg/mL mixed multi-ele-
ment solution. The ICP-MS instrument was an X Series 2
model(Thermo Fisher Scientific) and afforded elemental
determinations at unit mass resolution over the mass range
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2-255. The limits of detection and CV value of ICP-MS for
analysis 1 mg/L standard solution is 0.1 mg/g.

The ICP-MS and ICP-AES instruments were calibrated
with the certified reference material NIST-1632b (coal)
before determination of the Ge contents in the coal sam-
ples. This CRM has a certified value for Ge of5.20 mg/g.
There was good consistency between the measured values
(ICP-AES and ICP-MS) and the certified value, the devi-
ations being within £ 10%.

The carbon isotopic compositions of the coal samples
were determined by elemental analysis-stable isotope mass
spectrometry (SIMS model MAT253; Thermo Fisher
Company). The main instrumental parameters were: mass
range 1-150 Dalton, acceleration voltage 10 V, resolution
m/Am = 200 (10% valley), and amplifier output range 0-
50 V. The detailed procedure was as follows: each portion
of the this study coalsample was sifted and divided into a
series of partial samples. After grinding, the samples were
screened using a 100-mesh sieve. Then 5 g of sample was
removed, and reacted with excess HCI (4 mol/L) at room
temperature for 24 h. With deionized water (adjust to
(neutral pH) with deionized water), the samples were dried
at 60 °C in an oven, weighed to constant weight, and
ground into a powder, before passage through a 60-mesh
sieve. About 10 mg of powdered sample was weighed
accurately. The powdered sample was placed into the
sample loading vial, which was then inserted into the
automatic sample loading tray. After that, the sample
combustion, injection of reference gas, mass spectrometry
analysis and data processing were performed by the on-
board computer. The 513Corg values for the coal samples
were calculated using Eq. (1).

R ]3C 12C0r
3 Cog (%) = {ml} x 1000 (1)
In Eq. (1), R(*3C/"Cyppg) is the ratio of the carbon
isotope abundance of the international standard VPDB
(IAEA, Vienna). The analysis precision for measurement
of 513Corg was 0.2%o. The analytical values for the organic
carbon isotopes of the coal samples are listed in Table 1.
A NanoScope atomic force microscope (AFM) (Digital
Company, model SPA-300HV, Chiba, Japan) was used to

provide insights into the morphological characteristics of
the coal samples. The maximum scanning range was
30 pm x 30 pm x 2 pm. The automatic scanning surface
groove setting was 1800/mm, which can afford good res-
olution of the topography of the coal surface. Details on
sample preparation and the experimental conditions have
been reported in a previous study (Wu et al. 2014). The
scanning images at different temperatures were interpreted
using NanoScope Analysis software (ver. 1.40).

In an attempt to analyze comprehensively the oxidizing
and reducing environments that existed during the coal
formation process, the fluorescence of the organic matter in
the coal seam roof and floor (such as mudstone and bio-
clastic limestone) was recorded. The MT/T 595-1996
standard method was used as the test method, and a Nikon
fluorescence microscope (model LVIOON POL) was used
as the test instrument. These studies were undertaken at
room temperature.

The experimental flow chart for the study is given in
Fig. 3.

4 Results and discussion

4.1 Basic properties of coal from the Taiyuan
Formation

The analytical results for the basic properties of the three
coal samples from the Ty are shown in Table 1. The data
show that the analysis indexes for the three samples are
slightly different. According to the classification table for
the coal rank index changes during coalification as pro-
posed by Stach (1982), based on the Vg,r and Cy,r values,
the coal rank for the Ty corresponds to that between a sub-
bituminous coal A and a high volatility bituminous coal A.

The sulfur (S) content of a coal seam depends mainly on
the formation conditions of the coal and the strata of the
roof. The change in S content reflects the change in the
deposition conditions during peat formation. The Ty coal
has a high S content (Table 1), and the S;4 values are
generally between 3% and 4%, which is basically 5-6
times that of Permian coal (S content 0.57%-0.68%; Hu

Table 1 Results for the basic properties of the Taiyuan Formation coal samples

Sample Proximate analysis (%) Ultimate analysis (%) Macerals (%) Vitrinite reflectance (%)
Vdal' Mad Ad FCd Cdaf Hdaf Odaf Ndaf Sl,d V 1 E Ro

Tyl 43.99 0.80 11.01 49.85 81.77 5.28 7.78 1.45 3.31 87.5 9.8 2.7 1.16

Ty2 45.60 0.91 15.50 50.93 81.48 5.55 7.36 1.36 3.59 80.8 12.1 7.1 1.17

Ty3 44.49 0.96 11.58 49.08 82.67 5.58 5.58 1.37 4.24 82.2 11.2 6.7 1.18

V Vitrinite, I Inertinite, E Exinite, daf dry ash-free basis, ad air dried basis, d dry basis

@ Springer



668

D. Wu et al.

First step
Analysis on the Basic
Properties of Ty Coal

Proximate anlysis

Ultimate analysis
.

Taiyuan Formation
coal

Third step
Preparation and Macroscopic
Structure Observation of Coal

Thin Section

A

Powdered coal

[ Polarizing microscope observation ]
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Second step
Elements characteristics of Ty Coal

ICP-AES

Joint Ge content in

analysis coal

Organic
carbon
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isotope in
coal

Oxide
XRE content in
coal ash

Fig. 3 Experimental flow chart for characterization studies of the Taiyuan Formation coal samples

et al. (2018)) in the Huainan Coalfield. Clearly, the Ty coal
has had a close association with seawater for a long time
during the peat formation process, thus its S content is
relatively high. The vitrinite reflectance values of the coal
samples were between 1.16% and 1.18% with an average
value of 1.17%, which corresponds to a low metamorphic
bituminous coal. In addition, compositional analysis of the
coal ash can also be used to identify the coal phase. As can
be seen from Table 2, the SO5 content of the Ty coal is
generally above 4.5% with a maximum value of 4.98%.
Huang et al. (2001) studied in a systematic manner the ash
composition of different coals in the Huainan Coalfield.
The results showed that the average value of SO; in Per-
mian coals was 2.09% and the maximum value of 3.90%
was found in the No. 1 coal seam. From this it can be
deduced that the Ty coal has been strongly affected by
seawater, while the other coal seams, in general, have had
less of an association with seawater. In the area of the

lower delta plain where there are tributaries, some coal
seams (e.g., No. 1 coal seam) may also have a slightly
higher S content due to an spasmodic ingress of seawater.

The change in the k value of the coal ash composition
index also clearly reflects the change of the geochemical
environment and the paleogeographic environment of the
swampy peat. It is generally believed that the ash compo-
sition of coal which was formed in the high-level peat
swamps with a low phreatic surface and, which relied
mainly on atmospheric precipitation for the supply of
water, consisted mostly of SiO, and Al,0Os3, i.e., the k value
is high, On the one hand, this reflects the fact that SiO, and
Al,Oj3 originated mainly from airborne dust; on the other
hand, the supply of SiO, and Al,O; indicates that these
components were controlled by the supply of continental
debris.

It is known that the Fe,O3; + CaO + MgO (FCM)
content of coals is relatively high in low-level peat

Table 2 Elemental composition of the ash of the Taiyuan Formation coal

Element composition (%)

Sample  Si0,  ALO; Fe,0; MnO TiO, CaO K,0 SO; P,0s Na,O MgO FCM  SA k

Tyl 5192 7.63 2652 240 023 473 026 492 028 007 056 3181 59.55  1.87
Ty2 53.73  8.18 243 238 029 414 058 498 022 024 046 2890 6191 2.14
Ty3 53.82 827 2479 231 022 424 051 460 030 014 052 2955 6209 2.10

FCM = Fe,05 + CaO + MgO; SA = SiO, + ALOs; k = (SiO; + Al,O3)/(Fe,05 + CaO + MgO)
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swamps, which may be caused by the presence of excess
surface water and groundwater. The coastal brackish
waters and saline peat swamps, which are strongly affected
by sea water, contain abundant electrolytes, so on
encountering such swamps, the dynamic potential of the
Fe(OH); colloids would be close to 0, and the diffusion
layer would tend to disappear, thus precipitate. As for Ca®"
and Mg2+, these ions are enriched in seawater, so the
k value is naturally low. The k values for the Ty coal
samples found in this work are approximately 2.0 (Table 2)
with a minimum value of 1.87 (Tyl). The k values of
Permian coal are between 4.87 and 9.34, with an average
value of 6.89 (Huang et al. (2001)). Thus, it can be inferred
that the Ty coal was formed in a strongly reducing envi-
ronment (Table 3).

The microscopic coal petrology and the statistical
analysis of the macerals of the three coal samples (Table 1
and Fig. 4) indicate that the content of exinite is not high,
is generally between 3% and 7% with an average value
below 7%; however, the content of exinite in Tyl is less
than that of Ty2 and Ty3. The macerals of exinite are
mainly resinite and cutinite. The content of inertinite is
about 10%, with little change between samples. The mac-
erals of inertinite are mainly fusinite and semifusinite. The
macerals in the three Taiyuan coals are mainly vitrinite,
and vitrinite is characterized by the presence of telinite.
The submicroscopic composition is mainly collodetrinite
and this contains a certain amount of telocollinite, which
emits fluorescence. Some of the vitrinite shows a clear
transition from collodetrinite to asphaltene. In addition, a
small amount of agglomerated pyrite is found in the Ty
coal (Fig. 4).

4.2 Analysis of the coal forming environment

The degree of enrichment of Ge in coal is closely related to
the environment in which the coal had formed. According
to previous research, the enrichment of Ge in coal is related
to the content of organic matter and to the reducing envi-
ronment existing at the time of the coal-forming process.

As discussed earlier, a small amount of pyrite particles was
found in the coal seam of the Ty, while the contents of
pyrite and algae were relatively high in the roof and floor of
the coal seam. With reference to the fluorescence experi-
ment concerning the presence of organic matter and the
mineral components in the roof and floor of the Ty-1 coal
seam, for the bioclastic limestone of the Ty-1 roof, there
was a large amount of asphalt in the fissures and pores of
the carbonate rocks, and the asphaltene bodies and com-
mon algae bodies were well developed (Fig. 5a). The algae
bodies, which are hollow and emit yellow fluorescence and
are common organic inclusions in bioclastic and pyrite,
were well-developed (Fig. 5b); also in the floor of the coal
seam where silty mudstone was present, the organic matter
was composed mainly of microscopic components of vit-
rinite, a small amount of inert material, and a mineral
asphalt matrix, which emitted weak fluorescence (Fig. 6a)
and contained shell debris and pyrite (Fig. 6b). The above
analysis shows that the peat bog existing during the for-
mation of the Ty coal seam was strongly affected by sea
water, and the degree of mineralization of the coal seam
was relatively high; these conditions would have provided
a favorable setting for establishing a reducing environment
at the coastal site and for enrichment of Ge in the coal.
In the present study, two Ty coal samples (Ty1 and Ty3)
were analyzed by AFM and Nanoscope Analysis software
(ver. 1.40) was used for image interpretation. The purpose
of using AFM was to study the degree of development of
micro-nano pores (pore size, pore morphology, specific
surface area, etc.) in the coal samples. The surface structure
of the samples consisted of three main parts, that is, surface
minerals, the coal matrix and the nanoscale pore structure.
As can be seen from Fig. 7a, the nanoscale pores on the
surface of the Tyl sample are mainly round and oval in
shape, and the connectivity between pores is well-defined.
These pores can mainly be classified as belonging to the
thermogenic pores’ category. Germanium can occur in
organic matter which resides between mineral particles and
exists mainly as humic acid-Ge complexes and organo-Ge
compounds. The surface morphology of the Ty3 sample

Table 3 Measured and calculated values for Ge in Taiyuan Formation coal samples

Sample ICP-MS ICP-AES Results of precision CV (mg/kg)
comparison test
MV (mg/kg) Wi MV (mg/kg) Wi
Tyl 22.04 22.06 0.02 21.14 21.18 0.04 ICP-MS 22.05
Ty2 4.96 4.98 0.02 4.92 4.96 0.04 ICP-MS 4.97
Ty3 20.11 20.14 0.03 19.89 19.94 0.05 ICP-MS 20.13

MYV measured value, w;: difference between measured values, CV calculated value = arithmetic mean value after precision comparison
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50 pm

Fig. 4 Macerals types in Taiyuan Formation coal. a The left half is
collodetrinite, which serves as a matrix for cementation of fusinite,
semifusinite and cutinite. The long band in the middle is telocollinite.
b Collodetrinite, on which a mixture of fusinite, inertinite and
macrinite are cemented. ¢ The long band in the upper part is sporinite;
collodetrinite, cemented with semifusinite, fusinite and resinite, is in
the middle and where a small amount of pyrite development may be
observed

(scale 2 pm) is shown in Fig. 7b, and where it can be seen
that a few endogenous fissures are developed; also nanos-
cale pores on the surfaces of the coal organic matter and

@ Springer

minerals are well developed, and these pores facilitate the
adsorption of Ge on organic matter, clay minerals and
limonite. Based on our findings, it is speculated that the
relatively open pore spaces found in the Ty2 and Ty3 coal
samples facilitates enrichment and aggregation of Ge.

Carbon isotope analysis of coal is of great significance
for studying the primitive plant types, the accumulation
environment, and the degree of biochemical activity
experienced by the peat. As can be seen from Table 2, the
organic carbon isotope values for the Ty coal samples
ranged from — 24.1%o to — 23.8%o, with an average value
of — 24.0%o, which is equivalent to the carbon isotope
value of terrestrial plants (average of — 24.0%o). The coal
seam of the Ty was formed in a brackish or saline water
environment which was affected by seawater and the coal
seam contained low-grade algae fossils as evidenced by the
sample fluorescence (see Figs. 5, 6). Unstructured humic
bands and the coal matrix components were observed
under the polarizing microscope (see Fig. 4a). Collectively,
these findings indicate that Ty coal experienced strong
biochemical activity and exchange at the formation stage,
processes that would favor lighter 8'°C values.

4.3 The Ge content of the Taiyuan formation coal

In this study, two different analytical methods, ICP-MS and
ICP-AES, were used to determine (in duplicate) the Ge
content of the coal samples of the Ty with each sample
digest being measured repeatedly (n = 3) to obtain high-
precision values for Ge. The analytical results are presented
in Table 2. In terms of accuracy, the analytical values for
Ge in the three samples by the two analytical techniques
were quite similar, but for an assessment of the precision of
the two methods, the results for the paired comparison test
can be assessed. The specific steps are as follows:

If method A (e.g., ICP-MS) and method B (e.g., ICP-
AES) are used to perform duplicate measurements on each
of the M samples (in this case 3 samples), respectively, the
respective variances can be calculated according to the
following formulae:

M
WA,
AT M
M
W,
@2 =l )

where w; is the difference between the results of two repeat
determinations.
After that, the F-test is carried out:
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pyrite

Fig. 5 Fluorescence of limestone in the roof of the Tyl coal seam:
pyrite developed within or on the surface of asphaltene or algae (a);
bioclastic was metasomatized and made fluorescent by the presence
of pyrite (b)

F="4

2 2
s .
A or F = -2 (more variance as a numerator) (3)
s
B

SA

For a given level of significance o and the number of
degrees of freedom, the critical value (F,y, 5) is obtained
from the F table. If F < F,y s, there is no significant
difference in precision between the two methods. If
F > Fy5 5, the precision of the two methods is signifi-
cantly different, and the precision of the method on the
denominator is significantly better than that on the
numerator. The significance level for making this judgment
is 2o

In this study, the precisions of ICP-MS and ICP-AES
were compared by performing the above tests. From
Table 2, the variances of the two methods can be calcu-
lated as:

3
3 (0.02% + 0.022 + 0.03?)

S?CP—MS == 2% 3 = 0.000283 4)

3
57 (0.042 + 0.04% + 0.057)

i=

Sicr-aes = 53 =0.000950  (5)

weak yellow

fluorescence

Fig. 6 Fluorescence of silty mudstone in the floor of the Tyl coal
seam (weak yellow fluorescence of mineral asphalt matrix) (a),
containing shell debris, and more pyrite in matrix (b)

S%p ags _ 0.000950

F = > =
S2pys  0.000283

= 3.3529 (6)

According to the F table, Fy o590 = 3.18. Given that
F =3.3529 > 3.18, the precision of the two methods is
significantly different. The precision of ICP-MS is signif-
icantly better than that of ICP-AES (the significance level
is 0.10). On the basis of the above test, the analytical values
for Ge in each coal sample are the average values for
duplicate analyses by the ICP-MS method (Table 2),
namely, Tyl: 22.05 mg/kg, Ty2: 4.97 mg/kg and Ty3:
20.13 mg/kg.

According to the classification system for Ge in coal
(MT/T 967-2005), samples Tyl and Ty3 belong to a high
Ge coal category while sample Ty2 belongs to a low Ge
coal category. The thicknesses of the coal seam corre-
sponding to the three samples are 0.3 m (Ty1), 0.6 m (Ty2)
and 0.4 m (Ty3), respectively. According to the reserve
weighting method, the weighted average value of the Ge
content of the Ty coal is 13.57 mg/kg, which is much
higher than the arithmetic mean (2.25 mg/kg) and the
maximum value (5.0 mg/kg) for the Ge content in the
Permian coal of the Huainan Coalfield. These data indicate
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Fig. 7 Atomic force microscopy of Tyl and Ty3 coal samples
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that Ty coal has exploration potential with respect to the
associated Ge resources, especially the thinner coal seams.

4.4 Relationship between Ge enrichment and Vg.¢
and A,q

To better understand the relationship between the Ge
content and coal quality in the Ty, regression analysis was
carried out on the Ge content values and the Vg, and A,q
values (Fig. 8). It can be seen from Fig. 8 that there is
significant negative correlation between the Ge content of
coal and the Vg4,¢ and A, values.

Previous studies have shown that, in general, the Ge
content of coal is inversely proportional to the ash yield
and directly proportional to the volatile components. On
this basis, the predominant forms of Ge in coal are mainly
organic in nature and tend to be concentrated in the lignite
of low rank coal. Low-rank lignite generally contains more
volatile matter and the content of organic matter is rela-
tively high, a situation which is conducive to chemical
reactions occurring between the Ge and organic matter in
coal to produce humic acid-Ge complexes and Ge-con-
taining organic compounds. This conclusion has also been
reached by other researchers. For example, the extra-large
Ge deposit in Lincang, Yunnan Province is a Ge-U coal
composite deposit with Ge being the primary constituent.
The coal in the deposit belongs to lignite of low rank. Dai
et al. (2015) undertook a comprehensive study on the
Lincang extra-large coal-bearing Ge deposit in Yunnan
Province using various test methods and demonstrated the
existence of various chemical forms of Ge; specifically, the
Ge in the deposit formed strong chemical bonds with
organic matter and mainly consisted of humic acid-Ge
complexes and organic compounds of Ge. Dai et al.

Downward trend

52 -

20 -

48

(%)

\Y%
daf
IS
S
I

40 -

0 5 10 15 20 25 0 5 10 15 20 25

Ge (mg/kg) Ge (mg/kg)

Fig. 8 Correlations between Ge and Vg, and A,y in Taiyuan
Formation Coal

(2012a, b) studied systematically the chemical forms of Ge
in the oversize Ge-bearing coal deposits in the Shengli
Coalfield, Inner Mongolia. The results confirmed that Ge in
the Ge deposit consisted mainly of humic acid complexes
formed by reaction of organic matter with Ge-containing
organic compounds. In the present study, however, the V¢
value for Ty2 was slightly higher (by 1.11%) than that for
Ty3, but the Ge content was much lower (by 15.16 mg/kg).
From inspection of the histogram for the HN-1# borehole
(Fig. 2), it can be seen that the interval between the two
coal seams is relatively small, which indicates that the two
seams may be formed in a parallel coal-forming environ-
ment (coal-forming plants, pH conditions of peat swamps
and Ge supply capacity of groundwater). Under suitable pH
conditions (7 < pH < 8.5), the Ge present in environ-
mental media can be estimated as the combination of Ge in
plants and that extracted from the groundwater, ultimately
forming a humic acid gelatum of Ge. This process is
similar to the capture of Ge by plants in the coal-forming
process. An analogous process should apply for Ty2 and
Ty3. The further enrichment of Ge to form Ge-containing
coal requires condensation of Ge-containing humic acid
gelatum during the coal formation process, which would
determine the degree of enrichment of Ge in the coal.
Therefore, it is speculated that the low Ge content in the
Ty2 sample is mainly due to the fact that the Ge-containing
organic compounds do not undergo deep condensation
during gelatification.

5 Conclusions

The enrichment characteristics for Ge in the Ty coal of the
Huainan Coalfield and the correlation of Ge content with
the coal quality indexes have been reported for the first
time. The main findings and conclusions are as follows:

(1) The rank of Ty coal is relatively low and the S 4
content is extremely high. The ash index (k) indicates
that Ty coal was formed in a strongly reducing
environment. The macerals in the coal are mainly
vitrinite, while the content of collodetrinite in the
submacerals is relatively high.

(2) By comparing the analytical values for the Ge
content of the coal samples using two independent
methods (ICP-MS and ICP-AES), the Ge contents
for the three coal samples, Tyl, Ty2 and Ty3, were
deemed to be 22.05, 4.97 and 20.13 mg/kg, respec-
tively. The weighted reserve value for the Ge content
of Ty coal was 13.57 mg/kg. Overall, the results
indicated that the Ge content in the thin coal seam
was relatively enriched compared to Permian coal in
the Huainan Coalfield.
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(3) Polarized light microscopic analysis of Ty coal and
fluorescence analysis of the limestone and mudstone
on the coal seam roof and floor suggested that the
peat bog existing during the formation of the Ty coal
seam was strongly affected by the presence of
seawater. Also, the degree of mineralization of the
coal seam was relatively high, which is indicative of
reducing conditions existing at the time of coal
formation in a coastal environment.

(4) AFM observations indicated that nano-scale pores
developed on the surfaces of organic matter and
minerals of the Ty coal, and these sites were
conducive to the adsorption of Ge on the organic
matter, clay minerals and limonite.

(5) The organic carbon isotope values for the Ty coal
samples ranged from — 24.1%o to — 23.8%o, with an
average value of — 24.0%o, and this is a reflection of
the strong biochemical activity experienced by the
Ty coal during formation, and the significant
exchange processes making the 8'°C values lighter.
The Ge content in Ty coal had negative correlations
with volatile matter and ash yield.
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