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The Rietveld method based on X-ray diffraction (XRD) technology has been commonly applied for
the quantitative analysis of crystalline minerals in organic-rich rocks. The presence of organic matter,
however, has interference in varying degree to the quantitative result. In this work, the mixed samples
of organic matter and crystalline minerals at given proportions were prepared to investigate the effect
of organic matter on the Rietveld quantitative analysis of crystalline minerals in coal gangue. The rel-
ative standard deviation (RSD) and absolute error (AE) were used to evaluate the precision and accu-
racy of the quantitative result. The results showed that the presence of organic matter led to a reduction
in the precision and accuracy. It was attributed in part to the presence of organic matter, which can
produce a background noise in the XRD pattern, especially in the region of 5-30° (26). Further results
showed that the interference in this region increased with the increase in the organic matter content.
The RSD and AE were within the range of 10% and 2%, respectively, when the organic matter content
is <30 wt%. Based on this, an approximate method for the Rietveld quantitative analysis of crystalline

minerals in coal gangue was established. © 2016 International Centre for Diffraction Data.

[doi:10.1017/S088571561600018X]
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I. INTRODUCTION

Coal gangue (CG) produced from coal mining and coal
processing is one of the largest amounts of industrial solid
wastes in China (Liu and Liu, 2010). More than 700 million
tons of CG is generated annually in China and its resource uti-
lization attracts many researchers’ attention (Bian et al., 2009;
National Development and Reform Commission, 2014).
Currently, CG has been widely used in landfill, paving, power
generation, etc. (Querol et al., 2008; Bian et al., 2009; Liu
and Liu, 2010). The utilization efficiency, however, is only
about 65% owing to the limited utilization technology (Guo
et al., 2014a, 2014b; National Development and Reform
Commission, 2014). It is of great importance to develop the
new utilization ways to increase the utilization efficiency of CG.

CG is a heterogeneous mixture with various crystalline
minerals and organic matter (Vassilev and Vassileva, 1996;
Jabtoniska, 2012). As one of the main compositions, crystal-
line minerals in CG can be used to produce high value-added
products, such as architectural and chemical materials (Liu
and Liu, 2010; Guo et al., 2014a, 2014b; Tian et al., 2014).
Comprehensive understanding of the crystalline minerals in
CG plays an important role in its added-value utilization.
Generally, the crystalline minerals in CG mainly include
quartz, clay minerals (kaolinite, illite, montmorillonite, chlo-
rite, and feldspar), carbonate (calcite, siderite, and dolomite),
etc. (Palmer and Lyons, 1996; Vassilev and Tascén, 2003;
Chakravarty et al., 2015). In addition to the qualitative analy-
sis of the crystalline minerals, the high added-value utilization
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also depends on the relative contents of each crystalline min-
eral in CG. Therefore, the quantitative analysis of crystalline
minerals in CG is absolutely critical for its high added-value
utilization (Ward, 2002).

The polycrystalline diffraction full-pattern-fitting method,
commonly referred as the Rietveld method, based on X-ray
diffraction (XRD) technology can be used to determine the
relative contents of each crystalline mineral in mineralogical
mixture (Rietveld, 1967, 1969). It is a pattern modeling proce-
dure in which the Rietveld parameters causing the variation of
diffraction intensity in the XRD pattern are adjusted theoreti-
cally, by non-linear least squares, in order to fit a calculated
pattern to the corresponding measured pattern. The Rietveld
parameters include structural parameters (i.e. space group,
atomic positions, site occupancies, and lattice parameters),
pattern background function coefficients, profile parameters
(peak widths and shape), crystallite size and microstrain,
etc. (Izumi and Yong, 1993; Gan et al., 2013). Compared
with the other quantitative analysis methods, the Rietveld
method has long been established as a definitive method for
the quantitative analysis of crystalline minerals in geological
materials, especially for those containing significant propor-
tion of clay minerals.

The Rietveld method has been commonly applied for the
quantitative analysis of crystalline minerals in organic-rich
rocks, such as coal and oil shale. A generalized flow-sheet is
shown in Figure 1. During the analysis process, the organic
matter is normally removed before the Rietveld quantitative
analysis of crystalline minerals, because the organic matter
produces a background noise, or named “organic hump” in
the XRD pattern (Mandile and Hutton, 1995). Many research-
ers have tried to eliminate or weaken the “organic hump” in
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Figure 1. A generalized flow-sheet for the Rietveld quantitative analysis of
crystalline minerals in organic-rich rocks.

the Rietveld quantitative analysis of crystalline minerals in
organic-rich rocks (Mandile and Hutton, 1995; Ward et al.,
2001; Ruan and Ward, 2002; Ural, 2007). Ward et al. com-
pared the XRD patterns of low-temperature ash (LTA), coal
ash prepared at 370 °C, and the raw Argonne Premium coal
(North American) using an interactive data processing system
(SIROQUANT™) based on the Rietveld method. Although
the “organic hump” in the XRD pattern can be eliminated
by heating the coal to 370 °C, the effect could also be distin-
guished, compared with the raw coal or the LTA, through
changes in components such as pyrite and clay minerals
(Ward et al., 2001). The low-temperature oxygen-plasma ash-
ing procedure, by contrast, can be regarded as a useful method
to isolate crystalline minerals, which are intimately distributed
in organic-rich rocks. However, it is a tedious and time-
consuming process (Tian et al., 2014). The decrease of oper-
ation steps and the increase of analysis efficiency are both
important for the Rietveld quantitative analysis of crystalline
minerals in organic-rich rocks. In another study, Mandile
and Hutton introduced a method to directly determine the rel-
ative contents of organic matter and each crystalline mineral in
Tertiary Duaringa oil shale (Queensland, Australia). The or-
ganic matter could be quantified by the different size of “or-
ganic hump” area in the XRD patterns and the crystalline
minerals could be quantified by the Rietveld method. The in-
fluence of organic matter on the Rietveld quantitative result
can be partly overcome through an “organic hump” correction
coefficient (Mandile and Hutton, 1995). However, this meth-
od cannot be directly used for the quantitative analysis of crys-
talline minerals in CG since the size of “organic hump” area is
dependent on the type of organic matter. And the type of or-
ganic matter in CG is different from that in oil shale (Li and
Xu, 2008). Hence, it is necessary to investigate the effect of
organic matter on the Rietveld quantitative analysis of crystal-
line minerals in CG.
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In this work, the mixed samples of organic matter and
crystalline minerals at given proportions were prepared to in-
vestigate the effect of organic matter. The effect of organic
matter on the precision and accuracy of the Rietveld quantita-
tive analysis of crystalline minerals in CG was discussed in de-
tail. This work is hopeful to provide an approximate and
efficient method for the Rietveld quantitative analysis of crys-
talline minerals in CG.

Il. EXPERIMENTAL
A. Materials and reagents

CG samples in the present study were collected from
Qinshui coalfield in Shanxi Province, China. The bulk sam-
ples were air-dried and ground to fine powder (<75 um)
using a planetary ball mill (Instrument Plant of Nanjing
University, QM-3SP2). The pulverized samples were stored
in ziplock bag and labeled as Samples 1, 2, 3, 4, and 5.

Zinc oxide, as an internal standard, was an analytical re-
agent purchased from Beichen Reagent Factory, Tianjin, China.

B. Samples preparation

The low-temperature oxygen-plasma ashing procedure
was implemented to obtain relatively unaltered crystalline
minerals which are intimately distributed in CG (Winburn
et al., 2000; Ma et al., 2013; Tian et al., 2014). The ashing
procedure was performed using a K1050X low-temperature
oxygen-plasma asher (Quorum Technologies Ltd.) and the
residue was named as LTA. About 1 g of the pulverized sam-
ple in a corundum crucible was put in the low-temperature
oxygen-plasma asher, and the radiofrequency powder was
set at 70 W. After ashing at 120-150 °C for about 1 h, the co-
rundum crucible was taken out, and then the sample was
stirred to make a new surface. The previous step was repeated
for several times until the weight loss after the run was negli-
gible. The total ashing time for 1 g sample was typically
6-8 h. About 5 g of LTA was needed for one of the samples,
to provide sufficient material for the follow-up study.

To investigate the effect of organic matter on the Rietveld
method, the mixed samples of organic matter and crystalline
minerals (organic—mineral mixtures) at given proportions
were prepared. The demineralization procedure in accordance
with the Chinese Standard Method GB/T 7560-2001 (2001)
was applied to obtain organic matter, during which most crys-
talline minerals, such as quartz, clay minerals, and carbonate
in CG are removed (Starck et al., 2004; Liu et al., 2011,
2014). Approximately 10 g of the pulverized sample and 80
ml of 5 mol/L. hydrochloric acid (HCI) solution were placed
in a glass beaker, and then the mixture was stirred and heated
to 60 °C for 60 min. The mixtures were filtered through a me-
dium porosity sand-core funnel. The filter residue was trans-
ferred to a Teflon beaker, and 80 ml of 33 mol/L
hydrofluoric acid (HF) solution was added. The mixtures
were stirred and heated to 60 °C for 60 min again. The mix-
tures were diluted, filtered, and washed with warm distilled
water, and then dried to a constant weight. The HCI/HF
washed residue was known as organic matter in this study.
The obtained LTA and organic matter were mixed in an
agate mortar for 30 min at various proportions as shown in
Table I.
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TABLE I. Blending proportions of LTA and organic matter in
organic—mineral mixtures (wt.%).

Samples LTA Organic matter
Org0% 90 10
Orgzo9 80 20
Orgzo9 70 30
Orguo% 60 40
Orgsoq, 50 50
Orgso9 40 60
Org70% 30 70
TABLE II. Instrumental parameters for Bragg—Brentano system.
Instrument parameters Value
Generator settings Cu: 30 Kv/10 mA
Divergence slit 1.0 mm

Primary and secondary axial Soller slits 2.5 and 2.5°

Anti-scatter slit 8.0 mm
Monochromatisation Ni-Kp-filter

Receiving slit 0.1 mm

Detector Linear detector LYNXEYE

C. Experimental methods

All samples (CG, LTA, and organic—mineral mixtures)
were carefully homogenized with 10 wt.% zinc oxide in an
agate mortar for 30 min (Ibafiez et al., 2013). The XRD patterns
of the homogenized samples were recorded using a Bruker D2
Advance X-ray diffractometer. The instrumental parameters for
the Bragg—Brentano system were listed in Table II. The fine
powder was packed into a sample holder having a circular
shape with an area of 3.14 cm” and a depth of 1 mm. The sur-
face of the packed powder was pressed and smoothed with a
piece of flat glass. The weight of loaded sample was kept be-
tween 0.40 and 0.45 g, which was sufficient to make a com-
pact sample with correct height and smooth surface. This
sample holder was rotated at a rate of 1 rpm to avoid preferen-
tial orientation effects. The scans were performed between 5—
80° and 5-130° (260) with a 0.01° step size and a counting
time of 0.1s step7l (Chen et al., 1995).

Using Bruker Diffrac™ EVA software in combination
with ICDD Powder Diffraction File (PDF2 2004 edition),
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Figure 2. The XRD pattern of LTA obtained from CG. (a) quartz, (b)
kaolinite, (c) illite, (d) chlorite, (e) muscovite, (f) siderite, (g) pyrite, (h)
anatase, (i) calcite, (j) dolomite.

the crystalline minerals in LTA, CG, and organic—mineral
mixtures were identified. Then the Rietveld quantitative anal-
ysis was carried out with Bruker TOPAS program (2003—
2009). The detailed fitting procedures about this software
were described elsewhere (Izumi and Yong, 1993; Gan
et al., 2013). The crystal structures of the analyzed crystalline
minerals were extracted from the FIZ Karlsruhe Inorganic
Crystal Structure Database (ICSD 2009/2) in the form of crys-
tallographic information files (.cif).

The elemental compositions of LTA were measured using
an Inductively Coupled Plasma-Optical Emission Spectro-
scopy (ICP-OES, Optima 7000DV, Perkin-Elmer). The instru-
mental parameters and operating conditions were optimized to
ensure sufficient precision and accuracy. The chosen wave-
lengths of Al, Si, Fe, K, Ca, Mg, and Ti were 308.2, 251.6,
259.9, 766.4, 317.9, 285.2, and 336.1 nm, respectively (Low
and Zhang, 2012).

D. Statistical methods

Statistical parameters including the average (AVG), stan-
dard dispersion (SD), relative standard deviation (RSD), and
absolute error (AE) were used to describe the Rietveld
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TABLE III. ~ Stoichiometric compositions of crystalline minerals in LTA.

Crystalline minerals

Chemical formulae

Molecular mass (g mol™ 1)

Quartz SiO, 60.1
Illite* Ko.75[Mg,Felo 25Al, 75[S13 5Alo 5010)(OH), 392.4
Kaolinite Al,[Si,05](OH)4 258.1
Chlorite® [Mg.Fels 75Al1 25(Siz.75A11 25010)(OH)s 631.1
Muscovite KAlz[AlShOm] (OH)2 398.3
Siderite FeCO; 1159
Pyrite FeS 87.9
Anatase TiO, 79.9
Calcite CaCOs 100.1
Dolomite® [Ca,Mg] CO; 92.2

*The dolomite, illite, and chlorite were assumed to have equal atomic proportions of Ca/Mg or Mg/Fe, to facilitate the aspect in this study.

TABLE IV. Elemental compositions of LTA determined from the Riveted
method and ICP-OES method (wt.%).

Methods Al Si Fe K Ca Mg Ti
Rietveld 11.7 24.1 2.0 3.7 0.1 0.6 1.4
ICP-OES 11.8 26.0 3.1 2.1 0.2 0.3 0.8

quantitative result. All these statistical parameters were calcu-
lated according to the results of three parallel measurements.
The AVG = SD represents the average content of each crystal-
line mineral and its variable range among different parallel
measurements. The calculation and notation for AVG + SD
are as follows:

AVG = Z%
i=1

n 2
b= [y T
i=1

where x; is the Rietveld measured content of each individual
measurement, and » is the number of parallel measurements.
The RSD, calculated from SD divided by AVG and then mul-
tiplied by 100%), is a simple metric for assessing the precision
of the Rietveld quantitative result. The AE, which is equal to
the absolute difference between the measured content and the
real content, is used to evaluate the accuracy of the Rietveld
quantitative result.

lll. RESULTS AND DISCUSSION
A. Analysis of crystalline minerals in LTA

The results of qualitative and quantitative analysis of crys-
talline minerals in LTA were used as a reference in this study.
Figure 2 showed that the crystalline minerals in LTA were

TABLE V. Statistical parameters of each crystalline mineral in LTA and organic—minerals mixtures with different organic matter contents (wt.%).

Quartz Kaolinite Tllite Muscovite
Samples AVG+SD RSD Real values AVG+SD RSD Real values AVG+SD RSD Real values AVG+SD RSD Real values
(AE) (AE) (AE) (AE)
LTA 18.7+£0.2 1.1 18.7 (0.0) 17.9+0.4 22 17.9(0.0) 35.5+0.6 1.7 35.5 (0.0) 10.7+0.2 1.9 10.7 (0.0)
Org o9 17.6 £0.4 2.3 16.9 (0.7) 16.5+0.6 36 16.2(0.3) 324+1.2 3.7 31.9 (0.5) 9.9+0.6 6.1 9.6 (0.3)
Orgz0% 16.4+0.5 3.0 15.0 (1.4) 14.9+0.6 40 14405 293+1.9 6.5 28.4 (0.9) 9.3+0.7 7.5 8.5(0.8)
Orgzoq 14.9+0.5 34 13.1 (1.8) 13.7+1.2 8.8 12.6(1.1) 26.5+£2.0 7.5 24.8 (1.7) 8.6+0.7 8.1 7.5 (1.1)
Org4o9 13.3+£0.5 3.8 11.2 2.1) 127+19 150 10.8(1.9) 23.8+3.2 13.4 21.3 (2.5) 7.7+0.8 10.4 6.4 (1.3)
Orgso% 11.5+£0.8 7.0 9.4 (2.1) 11.8+3.3 28.0 9.0 (2.8) 209+4.7 224 17.7 3.2) 6.8+1.0 14.7 5.3(1.5)
Orgso9 95+1.0 105 7.5 (2.0) 109.6+5.9 54 7.2(1024) 21.4+x4.1 19.2 14.2 (7.2) 57+1.7 298 43 (14)
Org7o9 7.8+0.9 11.5 5.6 (2.2) 128.8+9.9 7.7 54 (123.4) 16.8+4.0 23.8 10.6 (6.2) 47+20 426 3.2 (1.5)
Chlorite Anatase Siderite Dolomite Calcite Pyrite

AVG+SD RSD AVG +=SD RSD AVG+SD RSD AVG £ SD RSD AVG = SD RSD AVG+SD RSD
LTA 2.6+0.3 11.5 24+0.3 12.5 1.4+0.1 7.1 1.3+0.1 7.7 0.5+0.1 20.0 0.3+0.1 33.3
Orgi0% 24+0.5 20.8 25+04 16.0 1.3+0.2 15.4 1.0+£0.1 10.0 0.5+0.1 20.0 0.2+0.1 50.0
Orgsoq, 2.2+0.6 27.3 25+04 16.0 1.2+0.8 66.6 0.6+0.2 333 04+0.1 25.0 0.2+0.1 50.0
Orgso9 1.9+£0.8 42.1 2.5+0.4 16.0 1.2+0.5 41.7 04+0.2 50.0 - — - -
Org40% 1.6+0.8 50.0 2.5+0.3 12.0 1.1£0.6 54.5 0.5+0.3 60.0 - - - -
Orgsog, 1.1+£0.7 63.6 25+04 16.0 1.1£0.5 45.5 - - - - - -
Orgeo9 2.5+2.0 80.0 22+04 18.2 1.0+04 40.0 - - - - - -
Org70% 14+09 64.3 22+0.5 22.7 1.0+0.5 50.0 - - - - - -
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quartz, kaolinite, illite, chlorite, muscovite, siderite, pyritic,
anatase, calcite, and dolomite. The relative contents of each
crystalline mineral can be quantitatively measured by the
Rietveld-based TOPAS software and the results were present-
ed in Figure 3. Three parts were observed from the TOPAS
output: measured and calculated XRD patterns (top), differ-
ence plot between them (middle), and diffraction peak posi-
tions of each crystalline mineral (bottom). The measured
and calculated patterns showed a good agreement, observed
in the difference plot and low-weighted profile (Ryp,=
13.10). The Rietveld quantitative result showed that the illite
(35.5 wt.%), quartz (18.7 wt.%), kaolinite (17.9 wt.%), and
muscovite (10.7 wt.%) were the major crystalline minerals in
LTA. In addition, the LTA also contained some minor crystal-
line minerals, such as chlorite (2.6 wt.%), anatase (2.4 wt.%),
siderite (1.4 wt.%), dolomite (1.3 wt.%), calcite (0.5 wt.%),
pyrite (0.3 wt.%), etc.

Based on the Rietveld quantitative result, the elemental
compositions of LTA were calculated according to the relative
contents and stoichiometric compositions of each crystalline
mineral (Ward ef al., 2001).The stoichiometric compositions
of the related crystalline minerals were listed in Table III.
The elemental compositions of LTA calculated from the
Rietveld quantitative result were showed in Table IV. For
comparison, the relative contents of each element measured
by ICP-OES were also showed in Table IV. The results ob-
tained from these two methods were consistent, which

Organic matter
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
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Figure 4. The XRD patterns of organic matter, LTA and CG with 10 wt.%
ZnO. The inset showed an expanded view of the corresponding samples in
260 =5-30°. (a) quartz, (b) kaolinite, (c) illite, (¢) muscovite, (h) anatase, (k)
zinc oxide.
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Figure 5. (Color online) The XRD patterns of organic-minerals mixtures

with different organic matter contents in 26 = 5-30°.

indicated that the Rietveld quantitative analysis had a high
credibility on the assessment of crystalline mineral contents
in LTA.

B. Effect of organic matter on the Rietveld quantitative
analysis

1. Precision and accuracy

Both the precision and accuracy are important for the
Rietveld quantitative analysis of crystalline minerals in CG.
The high precision requires that the results of multiple parallel
measurements are relatively close; and the high accuracy re-
quires that the difference between measured value and real
value is small. In general, the RSD and AE were used to eval-
uate the precision and accuracy of quantitative analysis result.
The RSD within the range of 10% may be acceptable for a
semi-quantitative method and the AE should be small as pos-
sible (Kidd et al., 1993). It should be specially explained that
the real values of each crystalline mineral in organic—minerals
mixtures were calculated according to the contents of each
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Figure 6. The area ratios of “organic hump” in LTA and organic-minerals
mixtures.
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TABLE VI

Relative contents of major crystalline minerals in CG and the corresponding LTA (wt.%).

Illite Quartz Kaolinite Muscovite
Samples LTA CG AE LTA CG AE LTA CG AE LTA CG AE Organic matter content
1 355 34.8 0.7 18.7 18.2 0.5 17.9 17.5 0.4 10.7 10.2 0.5 14.5
2 324 31.2 1.2 21.0 20.5 0.5 14.1 13.7 0.4 139 13.0 0.9 15.8
3 31.2 29.8 14 20.2 18.8 14 16.5 14.9 1.6 12.9 11.7 1.2 21.5
4 26.6 16.5 10.1 234 14.9 8.5 23.0 11.9 11.1 10.8 6.6 42 454
5 24.7 12.9 11.8 20.7 12.7 8.0 254 14.7 10.7 13.8 7.1 6.7 47.8

crystalline mineral in LTA (as shown in Section III Part A) and
the added organic matter contents in organic—mineral
mixtures.

Table V showed the statistical parameters of each crystal-
line mineral in LTA and organic—minerals mixtures with dif-
ferent organic matter contents. The RSD of minor crystalline
minerals, such as chlorite, siderite, pyrite, anatase, calcite,
and dolomite, in LTA were about 10%, which indicated that
the variation of multiple parallel measurements of these crys-
talline minerals in LTA was unremarkable. The RSD of these
minor crystalline minerals in organic—minerals mixtures, by
contrast, were significantly higher than that in LTA. It implied
that the determined contents of these minor crystalline miner-
als were negatively affected by the presence of organic matter.
For the major crystalline minerals, the RSD of kaolinite, illite,
muscovite, and quartz increased with the increasing of organic
matter content. The RSD of major crystalline minerals
were less than 10% when the organic matter content is within
the range of 30%. However, the RSD of these major crystal-
line minerals were more than 10% when the organic matter
content is beyond the range of 30%. The RSD of kaolinite
even were more than 100% when the organic matter content
is higher than 60 wt.%. The significant loss of precision
might be attributed to the presence of organic matter in organ-
ic—minerals mixtures (Mandile and Hutton, 1995). On the pre-
mise that the precision was acceptable, the accuracy of the
Rietveld quantitative analysis of major crystalline minerals
can be further investigated. The AE of kaolinite, illite, musco-
vite, and quartz were within the range of 2% when the organic
matter content is <30 wt.%. Hence, it can be concluded that
the RSD and AE were within the range of 10% and 2% respec-
tively when the organic matter content is <30 wt%. That is, the
Rietveld quantitative analysis of major crystalline minerals in
organic—mineral mixtures were credible to a certain extent
when the organic matter content is <30 wt.%.

2. Influencing mechanism

To clarify the effect of organic matter on the Rietveld
quantitative method, the XRD patterns of organic matter,
LTA, and CG were compared in Figure 4. It can be seen
that the peak intensities of crystalline minerals in CG were
weaker than that in LTA, especially in the region of 5-30°
(26). The presence of organic matter, as an amorphous mate-
rial, caused the appearance of “organic hump” in the XRD pat-
tern. Figure 5 further showed that the “organic hump” area
increased with the increasing of organic matter content. The
same phenomenon was found in the research of oil shale by
Mandile and Hutton (1995). This phenomenon explained
why the precision and accuracy of the Rietveld quantitative
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analysis of crystalline minerals in organic—minerals mixtures
declined with the increasing content of organic matter.
Because the organic—minerals mixtures with different organic
matter contents can produce varied areas of “organic hump” in
XRD patterns. A correlated curve between the organic matter
content and “organic hump” area was shown in Figure 6. The
interference degree of organic matter to the XRD pattern was
effectively reflected in the area ratio of “organic hump” be-
tween which in LTA and organic—minerals mixtures. It can
be seen that the area ratio of “organic hump” was lower than
1.23 when the organic matter content is <30 wt.%. As a result,
the effect of organic matter on the XRD pattern was unapparent
and the Rietveld quantitative result of crystalline minerals were
credible to a certain extent when the organic matter content is
<30 wt.%.

C. An approximate method for quantitative analysis of
crystalline minerals in CG

From Section III Part B, an approximate method for quan-
titative analysis of crystalline minerals in CG without the sep-
arating of organic matter and crystalline minerals can be
proposed when the organic matter content is <30 wt.%. To
verify the reliability and applicability of this method, it was
performed in other CG samples with different organic matter
contents. As a reference, the relative contents of crystalline
minerals in the corresponding LTA were also measured by
the Rietveld method.

As shown in Table VI, the AE of major crystalline miner-
als, such as quartz, illite, kaolinite, and muscovite, were within
the range of 2% when the organic matter content is <30 wt.%
(such as Samples 1, 2, and 3). The AE of these major crystalline
minerals were beyond the range of 2% when the organic matter
content is >30 wt.% (such as Samples 4 and 5). It reinforced
the fact that the Rietveld method without the separating
of organic matter and crystalline minerals could be used to the
quantitative analysis of major crystalline minerals in CG when
the organic matter content is <30 wt.%. In fact, in many cases,
the CG with a relatively large component of organic matter
would be used in combustion to generate electricity. The high
added-value utilization always would choose the CG with
more crystalline minerals and less organic matter. Hence, this
method can be mostly used for the quantitative analysis of crys-
talline minerals in CG during its high added-value utilization.

IV. CONCLUSION

The Rietveld quantitative analysis of crystalline minerals
in CG was affected by the presence of organic matter. For the
minor crystalline minerals, the presence of organic matter led
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to a significant loss of precision and accuracy of the Rietveld
quantitative result. With respect to the major crystalline min-
erals, the precision and accuracy of the Rietveld quantitative
result declined with the increase in the organic matter content.
The decrease of precision and accuracy can be attributed in
part to the presence of organic matter, which can produce an
increased background noise in the XRD pattern, especially ap-
peared in the region of 5-30° (26).

The effect of organic matter on the Rietveld quantitative
analysis of major crystalline minerals was unremarkable to a
certain extent when the organic matter content is <30 wt%.
The RSD and AE were within the range of 10% and 2%, re-
spectively. As a result, an approximate and efficient method for
the quantitative analysis of crystalline minerals in CG was estab-
lished without the separating of organic matter and crystalline
minerals when the organic matter content in CG is <30 wt.%.
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