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Figure 5. Leachabilities (%) of the elements Zn, Se, Cd, Sn, Pb and Hg from the coal gangue over 90 h
in the four experiments.

3.2.3. Sample Amount

The effects of leaching time and pH values on the leaching behavior of the elements had previously
been investigated [4,6,34]. However, the amount of samples was one of the impact factors for the
leaching behavior of the elements, especially in column leaching tests. Therefore, the effect of sample
amount was further discussed in this study. In the column leaching tests, sample amount should
be considered and determined before leaching. Experiment III (30-g of sample) and Experiment IV
(45-g of sample), under the same pH of solutions, were performed to evaluate the role of the mass of
coal gangue samples in terms of leaching behavior of the elements, including leached concentrations,
leachability, Lay, and Lyy,.

All of the selected elements showed much higher leached concentrations with higher sample
mass than those with less mass over 90 h, except for As, Cd, Sn and Hg (Tables 4-7). These four
elements were found at almost the same leached concentrations in the two experiments. The leached
concentrations reached maximum values in the 0-3-h phase in Experiment IV, with the exception of Sn.
For Experiment III, there were four exceptions for the maximum leached concentration, namely As
(27-30h), V (12-25 h), Zn (24-27 h) and Cd (30-33 h).

According to the information displayed above, the sample amount showed little impact on
the change trends of the element concentration over time, but a remarkable effect on the analytical
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concentrations of the elements in the resulting leachates. In terms of the changes in leachability of
the elements from coal gangue over the leaching time, most of the elements showed little difference
between Experiments III and IV (Figures 4 and 5). However, for Cd and Sn, the characteristics of
the leachability trends differed significantly between the two experiments (Figure 5). Cd displayed a
slow rise followed by a sharp rise and then a sudden wave curve under the condition of less sample
mass. However, it showed a sharp initial drop followed by a steadily decreasing wave curve with
higher sample mass. Sn exhibited adverse drastic fluctuations, beginning with a sharp decrease
(30 g of sample) and increase (45 g of sample) in the two leaching tests (Figure 5). Furthermore,
it also exhibited an obvious inverse leachability trend in the latter phase of leaching (45-90 h) for the
element of As (Figure 5), which fluctuated with a general decrease in Experiment III and fluctuated
with a general increase in Experiment IV. In this study, the L, and L, of coal gangue showed no
significant effect of sample mass in the leaching tests (Table 6). The L,;; of most elements remained
invariant, whereas the elements of V, Zn and Hg present a slight decrease with increasing sample
mass (Table 9). This indicated that the sample amount perhaps affected the leaching behavior of some
environment-sensitive elements.

3.3. Environmental and Ecological Risk Assessment

3.3.1. Environmental Impact

In comparison with the Clarke values, the concentrations of the trace elements As, Co, Se and
Pb were considerably higher in the coal gangue of the Wulantuga open-cast coal mine area (Table 3).
The EF values for As and Se were 4.86 and 7.41, respectively, indicating a high pollution degree due to
their high concentration levels (EF > 2).

The Ly, values of the selected trace elements provided information of the maximum potential
environmental effect of the elements. The results indicated that all of the selected trace elements from
coal gangue in the study area had no potential risk to soils and vegetation, based on comparing the Lg;
values with the corresponding concentrations of the elements defined by the environmental quality
standard for soils and limits of contaminants in foods (Tables 9 and 10). In contrast, the elements could
perhaps have high potential impacts on the groundwater according to the comparison of L, with
the corresponding concentration in the quality standard for groundwater (Tables 9 and 10). When
compared to the quality standard for groundwater, the concentrations of the elements from the water
samples were all at an acceptable level. All of the concentrations fell into Grade I (less than the natural
background level) for the listing elements in the standard, except for element As, which fell into
Grade II (natural background level) (Tables 9 and 10). According to the standard, water in Grade I
and Grade II could be used for all kinds of purposes, including those of drinking water. For the
concentrations of soil samples, elements Ni, Pb and Hg were found in Level 1 (natural background
level), and As, Cr, Cu, Zn and Cd fell into Level 2 (no pollution to vegetation and the environment)
(Tables 3 and 10). However, in terms of the vegetation samples, almost all of the element concentrations
were higher than those defined in the limits of contaminants in foods (Tables 3 and 10).

3.3.2. Ecological Risk

ERL and ERM values were employed to evaluate the biological toxicity of the selected trace
elements. According to Table 3, it could be found that Ni was in the probable biological effects category
(>ERMs value) for 50% of the coal gangue samples from the Wulantuga open-cast coal mine area. For
As, Cr and Zn, 50% of samples were in the middle range, i.e., occasional adverse biological effects
(>ERL and <ERM) predicted. Therefore, the 12 sensitive environmental trace elements from coal
gangue in the study produced moderate to high ecological hazard to the environment.
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4. Discussion

4.1. Leaching Behavior and Experimental Procedures

The leaching behavior of the elements from the coal gangue is affected by various factors. Leaching
time, pH values and sample amount were discussed to evaluate their roles in terms of the leaching
behavior of the elements of the resulting leachates from the coal gangue in the Wulantuga open-cast
coal mine area. The results of this study show that leaching time and sample mass have relatively
obvious effects on the concentrations, leached amounts and leachability of elements. This result is
consistent with the conclusions of other research [4,17,19,44,45].

Many previous studies suggested that the leaching behavior of the elements was closely associated
with pH values in the leaching solutions [4,19,20,45]. However, it shows little role in the current study.
Considering the natural conditions of rainfall, pH varies from 6.60-8.19 in the study area, and the
pH values applied to evaluate its effect are 6.0, 7.0 and 8.0. These three values are consistent with the
natural conditions, but could not demonstrate the effect of solution acidity or alkalinity. In this study,
leaching behavior is considered to include the leached concentrations of the elements, leached amount,
leachability, Ly, and Ly,. Fraction profiles of the elements could further assess the potential risks
posed by the elements from coal gangue [6,46]. In future research, the fraction profiles, water-leachable,
ion-changeable, carbonate-bound, organic-bound, silicate-bound and sulfide-bound particles of the
selected 12 elements will be investigated.

4.2. Quantitative Analysis of Environmental Impacts

The assessment of the impact of trace elements from coal gangue on vegetation indicates that
little potential risk exists to the plants around the open-cast coal mine area based on comparing Lg,
values of the elements to corresponding concentrations in the limits of contaminants in foods, which
could indirectly provide information of the impacts on human health. However, the trace element
concentrations of the vegetation samples are higher than those of the limits for all of the selected
elements (As, Cr, Ni, Cd, Pb and Hg) listed in the limits of contaminants in foods, except for Sn. This
suggests that coal gangue contributed little to the concentrations of trace elements in vegetation in the
study area, which are obviously not suitable for food consumption.

In addition to the method of contrasting standards, EF values, Ly, Ly, ERL and ERM values
were also applied to assess the trace element potential environmental and ecological hazards. These
methods could be defined as semi-quantitative analyses for the trace element potential environmental
and ecological impacts. Furthermore, the spatial extent and levels of pollution exposed by the trace
element dispersal from coal gangue in coal mines are critical in determining the best measures and
techniques for preventing environmental pollution and reclamation. The trace element transport
pathways and the extent of potential environmental pollution should be identified by in situ sampling
and analysis with the help of GIS in future research. Based on a large number of studies, a quantitative
model of the trace element leaching behavior could be developed to evaluate environmental and
ecological potential risks.

5. Conclusions

The changes of concentrations, leached amount, leachability, Lsy, and Ly, of the selected 12 trace
elements from coal gangue in the Wulantuga open-cast coal mine area, Inner Mongolia, China, were
investigated in this study. Based on the results of leaching behavior, the potential environmental and
ecological hazards were also evaluated through different methods.

Leaching time and sample mass play important roles in determining the trace element
concentrations, the leached amounts and leachabilities. pH values do not exhibit an obvious effect
on the leaching behavior in this study. The coal gangue is enriched in As, Co, Se and Pb, and the EF
values of As and Se indicate higher environmental pollution levels. All of the selected trace elements,
namely, As, V, Cr, Co, Ni, Cu, Zn, Se, Cd, Sn, Pb and Hg, show no potential risk to soils and vegetation,
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but high potential risk to groundwater, based on the analysis of L,;; values. Simultaneously, according
to the ERL and ERM values in the SQGs, Ni from the coal gangue is inclined to have high biological
toxicity, and As, Cr and Zn show moderate ecological risk to the environment. Further research
of the environment-sensitive trace element leaching behavior should be investigated through more
quantitative methods with the aid of GIS to identify environmental pollution and effectively make
decisions regarding prevention and reclamation.
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Abstract: In this study, soil samples were collected from a large-scale open-cast coal mine area in
Inner Mongolia, China. Arsenic (As), cadmium (Cd), beryllium (Be) and nickel (Ni) in soil samples
were detected using novel collision/reaction cell technology (CCT) with inductively-coupled plasma
mass spectrometry (ICP-MS; collectively ICP-CCT-MS) after closed-vessel microwave digestion.
Human health risk from As, Cd, Be and Ni was assessed via three exposure pathways—inhalation,
skin contact and soil particle ingestion. The comprehensive carcinogenic risk from As in Wulantuga
open-cast coal mine soil is 6.29-87.70-times the acceptable risk, and the highest total hazard quotient
of As in soils in this area can reach 4.53-times acceptable risk levels. The carcinogenic risk and
hazard quotient of Cd, Be and Ni are acceptable. The main exposure route of As from open-cast coal
mine soils is soil particle ingestion, accounting for 76.64% of the total carcinogenic risk. Considering
different control values for each exposure pathway, the minimum control value (1.59 mg/kg) could
be selected as the strict reference safety threshold for As in the soil environment of coal-chemical
industry areas. However, acceptable levels of carcinogenic risk are not unanimous; thus, the safety
threshold identified here, calculated under a 1.00 x 10~ acceptable carcinogenic risk level, needs
further consideration.

Keywords: carcinogenic risk; hazard quotient; open-cast coal mine; arsenic; soil; safety threshold;
harmful trace elements

1. Introduction

Coal will continue to play an important role in the global energy supply, especially in China, for a
long time to come [1], and will make significant contributions to the development of human society and
the standards of living. However, some harmful trace elements, such as arsenic (As), cadmium (Cd),
beryllium (Be) and nickel (Ni) are enriched in coal [2,3] with the accompanying minerals. Researchers
observed that As and Hg (mercury) was hosted in pyrite, Be and U (uranium) adsorbed in clay
minerals and, meanwhile, F (fluorine) enriched with kaolinite [4-6], through the effect of sedimentary
diagenesis, microbial action, tectonism, magmatic hydrothermal activity or groundwater activity [7-9].
These trace harmful elements, in various forms may migrate into soil, groundwater, air and other
environmental media [10] and negatively affect human health, through natural activities, such as
hydrothermal activity, or human activities, like coal gasification or coal coking processes.

Chemicals, such as heavy metals, have been shown to cause human cancers [11]. As, Cd, Be, Ni
and other harmful trace compounds found in coal, which conspicuously cause toxicity in humans,
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were documented and suggested by the U.S. Environmental Protection Agency (U.S. EPA) [12], as well
as by the Ministry of Environmental Protection of the People’s Republic of China [13]. Studies on the
level of their risk to human health and corresponding risk control in the mining process are important
for the safety and health of workers and residents in mining areas.

Health risk assessment [14] is a comprehensive evaluation method that links environmental
pollution and human health [15]. Environmental risk assessment in China was started in the 1980s, and
human health risk evaluation studies were developed in the 1990s. Based on the assessing processes
and models used in different countries, software was developed for the assessment of health and
the environmental risks of contaminated sites in China, named the Health and Environmental Risk
Assessment (HERA) [16], and this software was applied to the assessment of contaminated sites, such
as the areas surrounding oilfields or other chemical plants. In recent years, the human health risk
caused by As, Cd, Be and other toxic trace elements in some sites was quantitatively evaluated using
different methods of health risk assessment. Juhasz et al. [17] evaluated the human health risk of As
in rice; the results indicated that different forms of As could cause different levels of risk to human
health. Zhuang et al. [18] assessed the human health risk of Pb and Cd in the Huayuan mining area in
China, and results indicated that Pb and Cd accumulated in vegetables had severe potential risks for
human health. Ren et al. [19] evaluated the potential risk of Pb in the soil environment for children in
Shenyang city, and Li et al. [20] calculated the health risk level caused by Cd, Cu and Se in rice grain in
the Nanjing area.

Although there were several models and standards for human health risk assessment, both in
China and globally, and several health risk assessments were carried out, research on health risk
assessment of harmful trace elements in open-cast coal mines is still very limited. Considering the
ecological system properties of the open-cast mining area in the northwest of China and the complex
contamination characteristics of multiple trace elements, this study could be a useful complement in
this field. Furthermore, this study aims to propose safety thresholds for harmful trace elements (As,
Cd, Be and Ni) in the coal mine area, which has implications for the protection of workers and industry
health. We comprehensively compared mainstream evaluation models and methods, such as CLEA
(Contaminated Land Exposure Assessment [21,22]), RBCA (Risk-Based Corrective Action [23,24]) and
HERA (Health and Environmental Risk Assessment [16]). This study used Chinese standard technical
guidelines for risk assessment of contaminated sites (HJ25.3-2014) [25] to carry out human health risk
assessment of harmful trace elements in the Wulantuga open-cast coal mine area.

2. Experimental Section

2.1. Sample Collection

Soil samples were collected from the Wulantuga coal mine area, which is located in Xilinhaote in
Inner Mongolia (north latitude 43°56'57.86" and east longitude 115°5437.36"" in China) in July 2014.
Soil samples were collected using a geotome for a 0-15-cm depth of each layer, and in each layer,
three sampling points were set. The soil samples were stored in plastic sealing bags and stored in a
portable freezer until they were returned to the laboratory. The Wulantuga open-cast coal mine is still
in operation; the area where the coal mine is located has an annual average temperature of 0-3 °C.
The average annual rainfall was less than 300 mm, with a perennial southwest wind. Proven coal
reserves were 760 million tons; the annual output is 7.3 million tons, and 337 staff work here. Many
scholars have studied the geochemistry and mineralogy of the coal deposit in this coal mine [26-29].
The open-cast coal mine and the sampling sites are illustrated in Figure 1, and the distribution of
sampling points and soil profile information is shown in Figure 2. Background soil samples were taken
from a grassland, which was about 15 km away from Xilinhaote city in the northeast direction.
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Figure 2. The distribution of sampling points and sections in the mining area.

2.2. Sample Handling and Detection

After drying the soil samples in an oven for 8 h at 105 °C [30], they were crushed to 200 mesh. The
samples were digested in an UltraCLAVE microwave high-pressure reactor (Milestone, Milano, Italy)
for 175 min [31]. Next, 50 mg of the soil sample were digested in 5 mL 40% HEF, 2 mL 65% HNO3 and
1 mL 30% HyO;. Initial nitrogen pressure was set at 50 bars. The heating process is: 12 min to 60 °C,
20 min to 125 °C, 8 min to 160 °C, 15 min to 240 °C, 60 min to 240 °C. [31]. Inductively-coupled plasma
mass spectrometry (ICP-MS, ThermoScientific Xseries 2, Thermo Fisher Scientific, Waltham, MA, USA)
was used to determine the amounts of the trace elements (plasma RF power set to 1400 W, sampling
depth set to 130 steps, peristaltic pump speed set to 30 RPM, collision gas flow set to 4 mL/min, dwell
time set to 10 ms, peak jumping acquisition mode, nebulizer gas flow set to 1.00 L/min, auxiliary
gas flow set to 0.80 L/min, cool gas flow set to 13.00 L/min). The linearity of the calibration curves
was considered acceptable in the range 0-100 pg/L with a determination coefficient 2 > 0.9999. The
method detection limit (MDL) of these elements was about 0.02 ug/L. As was determined using
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ICP-MS with collision cell technology (CCT) due to its volatility. Polyfluoroalkoxy volumetric flasks
were used without drying on an electric hot plate to avoid volatile loss. A laser particle size analyzer
was used to determine the texture of the soil samples.

2.3. Health Risk Assessment Methods

2.3.1. Exposure Assessment

During the preliminary stage of this study, Co (cobalt), Hg, Cu (copper), Zn (zinc), Se (selenium)
and U concentrations were found to be low and not considered to be potential human health risks,
and there were no effective toxicity parameters of Cr (chromium) and Pb (plumbum). Therefore, we
selected As, Cd, Be and Ni as the major elements to evaluate. Different land use patterns define the
land type, for example residential, cultural and school land are defined as sensitive sites. Industrial
lands are defined as non-sensitive sites. As the experimental site is a typical non-sensitive site, the
ways in which human health could be influenced in this coal mining area were identified according to
the recommended guidelines for human health risk assessment of contaminated sites [25]. Considering
that there was no surface water in the area surrounding the mine, the groundwater was not used for
drinking and based on published reports [32-35], three routes of exposure—inhalation of particles,
skin contact and ingestion of soil particles—were selected to evaluate the human health risk of this
mining area. The formulas by which corresponding soil exposure doses of the three exposure ways
were calculated are listed in Table 1.

Table 1. Calculating models of soil exposure dose in three soil exposure pathways.

Exposure Routes Instruction Formula for Calculation of Exposure Dose Equation Number
Inhalation of Carcinogenic risk OISER, = W x 1076 (1)
particles Non-carcinogenic risk OISER;¢ = W x 1070 ?2)
Carcinogenic risk DCSER¢, = SAE, x SSARA};‘/\iFi 1?31 * By x ABSq x107° 3)

Skin contact

Non-carcinogenicrisk ~ DCSERpe = SAE, x SSAR XB\];::\ia XXAi]‘): x By x ABSq x 1076 4)
PISERc, = )
Ingestion of soil Carcinogenic risk PM;y x DAIR, x ED, XI;INAF xA(;spo x EFO, + fspi x EFI,) < 10-6 (5)
particles a X Alca
PISERpc =
Non-carcinogenicrisk ~ PMjg x DAIR, x ED, x PIAF x (fspo x EFO, + fspi x EFl,) « 106 (6)
BW, x ATpc

The main parameters of the contaminated site risk-assessment model include concentration
and toxicological parameters of the pollutants, site condition parameters and exposure parameters.
The values of each concentration of the target pollutants and the site condition parameters were
measured. The exposure factor parameters were applied without considering the exposure of children,
based on the non-sensitive properties of the coal mining area in this paper (Table 2).

2.3.2. Toxicological Evaluation

Based on the parameter value selection and the calculation of the various exposure routes,
the carcinogenic risk and hazard quotient were calculated using the formulas and parameters listed in
Tables 2 and 3. Then, the comprehensive human health risk was summed up with the individual risk
associated with each exposure route [25]. The specific level of human health risk for each sampling
point thus obtained was compared to the acceptable level of human carcinogenic risk (1.00 x 107°)
and hazard quotient (with the standard value of 1.00) [25,35].

CR,;s is the carcinogenic risk associated with the exposure route of the inhalation of particles
(dimensionless); CRyc is the carcinogenic risk associated with the exposure route of skin contact
(dimensionless); CRps is the carcinogenic risk associated with the exposure route of the ingestion

324



Minerals 2015, 5, 837-848

of soil particles (dimensionless); HQ,s represents the hazard quotient associated with the exposure
route of the ingestion of soil particles (dimensionless); HQqs is the hazard quotient associated with
the exposure route of skin contact (dimensionless); HQy;s is the hazard quotient associated with the
exposure route of the ingestion of soil particles (dimensionless). The remaining parameters are shown
in Table 2.

Table 2. Major parameters in the exposure dose calculation models.

Parameter Implication Value Unit
OSIR, Intake amount of soil per day 100.00 mg: day’1
ED, Exposure time 25.00 a
EF, Exposure rate 250.00 day-a~!
BW, Weight of an adult 56.80 kg
ABS, Absorption efficiency factor of inhaled particles 26,280.00 -
AT, Average carcinogenic effect time 26,280.00 day
AThpc Average non-carcinogenic effect time 91,280.00 day
SAE, Exposed skin area 2854.62 cm?
SSAR, Soil adhesion coefficient of skin surface 0.20 mg: cm 2
ABSy4 Absorption efficiency factor of skin contact 0.03 -
Ey Frequency of skin contact per day 1.00 time- day !
PMyg Concentration of inhalable suspended particulate matter 0.15 m3- day !
DAIR, Air intake per day 14.50 m?®- day~!
PIAF Retention ratio of inhalable soil particles in vivo 0.75 -
fspi Proportion of soil particles in indoor air 0.80 -
fspo Proportion of soil particles in outdoor air 0.50 -
EFI, Indoor exposure frequency 187.50 day-a~!
EFO, Outdoor exposure frequency 62.50 day-a~!
Csur Concentration of pollutants in the surface soil Table 6 mg: kg*l
SFy Oral intake slope factor of carcinogenic element 1.50 (mg/kg- day) ™!
SFq Skin contact slope factor of carcinogenic element 1.00 (mg/kg- day) !
SF; Breathing slope factor of carcinogenic element 4.30 (mg/kg- day)*1
SAF Reference dose distribution coefficient of soil exposure 0.20 -
RfDy Reference dose for ingestion 3.00 x 107 mg-kg~!-day~!
RfDy Reference dose for skin contact 3.00 x 107 mg-kg~!-day !
RfD; Reference dose for inhalation 3.83 x 107 mg: kg’l- day’1

Table 3. Formulas for the calculation of carcinogenic risk and the hazard quotient.

Cancer Risk or Hazard Quotient

Exposure Routes Instruction Calculating Formulas Equation Number
Inhalation of Carcinogenic risk CRyis = OISER¢; x Cgyr x SFq 7)
particles . HO... — OISERy¢ x Cgur
Hazard quotient Qois “RfDo % SAF 8)
Carcinogenic risk CRyes = DCSER¢y % Csur x SFyq )
Skin contact DCSER C
Hazard quotient HQq4es = ﬁ;ljm (10)
d
Ingestion of soil Carcinogenic risk CRpis = PISERca x Csur % SFy (11)
particles H d tient HO... — PISERpc x Csur 12
azard quotien Qpis “RID, x SAF (12)

2.3.3. Calculation of Control Values

When carcinogenic risk exceeds the recommended safety value, the risk control value associated
with the corresponding routes of exposure should be calculated (Table 4).

ACR refers to the acceptable level of human carcinogenic risk (1 x 1076, dimensionless); AHQ is
the acceptable level of the hazard quotient (1, dimensionless). The remaining parameters are listed in
Table 2.
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Table 4. Formulas for the calculation of the safety threshold.

Exposure Routes Instruction Safety Threshold Formulas Equation Number
ACR

OISER., x SFy

RfDy x SAF x AHQ

Carcinogenic risk RCVSys = (13)

Inhalation of particles

Hazard quotient HCVSg;s = ORER (14)
nc
. - ACR
' Carcinogenic risk RCVSges = m (15)
Skin contact RID. x SAF < AH
Hazard quotient HCVS4es = d];?RXQ (16)
nc
i L. ACR
Ingestion of soil Carcinogenic risk RCVSpi5 = m (17)
particles )
Hazard quotient HCVSy;s = w (18)
NC

3. Results and Discussion

3.1. Harmful Trace Elements” Concentrations and Exposure Levels

The concentrations of As, Cd, Be and Ni in each sample and carcinogenic and non-carcinogenic
exposure, cancer risk and the hazard quotient under each exposure pathway are provided in
Tables 6 and 7. The distribution of As was between 7.67 and 107.07 mg/kg, whereas that of Cd,
Be and Ni was 0.27-0.70, 1.73-4.85 and 11.75-37.09 mg/kg, respectively. The concentrations of As, Cd,
Be and Ni in raw coal were 14.08, 0.05, 0.01 and 75.50 mg/kg, respectively. Carcinogenic exposure level
of As in this area under the exposure pathway of the inhalation of particles was 4.19 x 1077 m3/day,
whereas the non-carcinogenic exposure level of Cd, Be and Ni was 1.21 x 10~ m3/ day. Carcinogenic
exposure levels of As and Cd under the exposure pathway of skin contact in this area were 7.17 x 1078
and 2.39 x 10~ m3/day, respectively, whereas the non-carcinogenic exposure levels were 2.06 x 1077
and 6.88 x 10~ m?3/day, respectively. The carcinogenic exposure level of As under the exposure
pathway of the ingestion of soil particles in this area was 4.95 x 1072 m3/day, and the non-carcinogenic
exposure level of Cd, Be and Ni was 1.43 x 108 m3/ day. The particle size of the soil samples is shown
in Table 5. The texture of the soil from “10 m to the edge of the mine” was silty loam and from “200 m
to the edge of the mine” sandy clay loam, and the other twelve soil samples were all sandy loam soil.

Table 5. Particle size of each soil sample.

Percentage of Each Size (%)

Sampling Site
<0.002 mm 0.02-0.002 mm 2-0.02 mm
Grassland 2.00 12.29 85.70
10 m to the edge of the mine 5.64 45.76 48.58
200 m to the edge of the mine 2.74 2091 76.33
First layer 0.49 4.03 95.47
Second layer 1.15 10.15 88.68
Third layer 0.38 4.46 95.15
Fourth layer 1.32 8.56 90.11
Fifth layer 1.48 10.80 87.70
Sixth layer 0.97 6.94 92.07
Seventh layer 0.87 8.60 90.52
Eighth layer 1.09 8.11 90.79
Ninth layer 1.72 11.31 86.95
Tenth layer 0.52 7.04 92.43
Eleventh layer 0.92 7.38 91.69
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3.2. Health Risk Assessment

3.2.1. Carcinogenic Risk

Regarding the harmful trace elements, carcinogenic risk of As was the most significant, whereas
no obvious carcinogenic effect was observed for other elements. The variation of carcinogenic risk of
As in each soil profile layer is illustrated in Figure 3. In the first few soil section layers, the carcinogenic
risk level of As was lower, but still exceeded the recommended safety value (1 x 107). Overall, it did
not show an obvious change with increasing depth. A high carcinogenic risk value was observed at a
depth of 1-7 m. The highest carcinogenic risk value observed was 8.77 x 10~5, which is 87.70-times the
recommended safety value. Therefore, it could be concluded that the carcinogenic risk level of As is
high, which suggests that it is not safe for workers or other people to stay in this area for a long period.
Therefore, it is necessary to adopt effective safety measures for the staff working in this open-cast coal
mining area.

CR of As
0.80000 0.00002  0.00004 0.00006 0.00008 0.00010
T T T
=

2r \-

4l ./
.>/
10f ./
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Figure 3. The carcinogenic risk level of As in each section layer.

Depth

3.2.2. Hazard Quotient

The variation in the hazard quotient value of As, Cd, Be and Ni in each soil profile layer is
illustrated in Figure 4. Among these, the hazard quotient of As was most prominent. Samples from
three sampling points exceeded the recommended safety value under the exposure pathways of
the inhalation of particles and the ingestion of soil particles. The highest value was 2.16-times the
acceptable risk level, and the total hazard quotient of each exposure pathways was up to 4.70-times the
acceptable risk level. Generally, the hazard quotients of other elements in each soil section layer were
much lower; even the maximum value did not exceed the recommended safety value. Therefore, this
study did not investigate the hazard quotients levels of those elements that were acceptable. However,
because exploration of coal has been carried out for a long time in this area, the possibility of an
increase in the hazard quotient with coal mine excavation should be studied.
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328



Minerals 2015, 5, 837-848

HQ of Be HQ of Ni
003 004 005 006 007 008 009 004 006 008 010 012 014
—— - - 0— - — - - ;
N ;
2L \_ ok
ol D i L
./ ./

-
:
o
Depth
-
;
.

(c) HQ of Be (d) HQ of Ni
Figure 4. The hazard quotient (HQ) value of As, Cd, Be and Ni in each section layer and the
changing trend.
3.2.3. Contribution of Different Exposure Pathways

In order to devise strategies for the mitigation and prevention of human health risk in coal mines,
the contribution of different exposure pathways to human risk was calculated in this paper (Figure 5).

10% M Inhalation M Inhalation
Particles Particles
m Skin Contact m Skin Contact

Ingestion of

Ingestion of
Soil Particles

Soil Particles

(a) (b)

Figure 5. The contribution of different exposure pathways to human health risk. (a) Carcinogenic risk;
(b) Non-carcinogenic risk.

The carcinogenic risk of As by the inhalation of particles exposure pathway could reach 76.64%
in this open-cast coal mining area (Figure 5). Inhalation of particles was also the most important
exposure pathway for non-carcinogenic risk; the contribution of the ingestion of soil particles increased
to 44.22%, and it can be concluded that different exposure pathways can have different contribution
ratios when the damage type (carcinogenic risk or hazard quotient) is different. Additionally, in order
to control and decrease the human health risk in the open-cast coal mining area, risk control should be
aimed at blocking the main exposure pathway, specifically to prevent the inhalation of particles by
workers, by advising them to wear safety masks.

3.3. Safety Threshold Identification

According to the human health risk assessment of the open-cast coal mine area, only the
carcinogenic risk of As in each sampling point exceeded the acceptable standard level, so in this
research, the risk control values of As under the corresponding routes of exposure were calculated,
according to the method provided in Table 4; the calculation results are shown in Table 8. There are
still three sampling points that exceed the recommended safety value under the exposure pathways of
the inhalation of particles and the ingestion of soil particles, respectively. The risk control values of the
two exposure pathways were also calculated (Table 2).

The risk control values of As in these open-cast coal mine soils varied among different exposure
pathways. The lowest risk control value of arsenic is 1.59 mg/kg.
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Table 8. Risk control value of arsenic in open-cast coal mine area soil.

Exposure Route Type of Risk Control Value (mg/kg)
Inhalation of particles carcinogenic 1.59
Skin contact carcinogenic 9.26
Ingestion of soil particles carcinogenic 11.99
Inhalation of particles non-carcinogenic 49.50
Ingestion of soil particles ~ non-carcinogenic 55.55

However, it should be noted that this open-cast coal mine is located in the northwest of China,
which is windy and dry in most seasons; this leads to an abundance of dust and light soil particles. As
a result, frequent inhalation of soil particles is unavoidable. Therefore, considering the principle of
strict management for risk control and taking into consideration the natural weather conditions, the
concentration value of 1.59 mg/kg As could be selected as the reference safety threshold for As in this
area, in order to protect the health of personnel working in this coal mine and to ensure sustainable
development of this regional environment. However, the acceptable levels of carcinogenic risk vary
(the United States usually uses 107°, whereas 1072 is usually used in the UK, and The Netherlands
recommends a more relaxed 107 [36]), suggesting that the value of 1.59 mg/kg, calculated under
a 107 acceptable carcinogenic risk level, as the safety threshold for As in the soil environment in a
coal chemical industry area needs further discussion. Then, the final feasible threshold of As in the
soil environment should be determined holistically by considering the background value, geological
conditions, biological parameters, regional climatic characteristics and regional development planning.

4. Conclusions

Among the harmful trace elements in the Wulantuga open-cast coal mine area, the carcinogenic
risk of As is most significant. High carcinogenic risk was found at a depth of 1-7 m. The highest
carcinogenic risk value achieves 8.77 x 1072, which is 87.70-times the recommended safety value.
Itis necessary to adopt effective safety protection measures for personnel working in this coal mine area.

In the soil environment of the Wulantuga open-cast coal mining area, the main route of exposure
of As is the inhalation of particles, which contributes to 68.64% of the carcinogenic risk. Therefore,
in order to mitigate and prevent human health risk from the coal mine, blocking the inhalation particle
exposure route appears to be the best method.

Considering the different control values in each exposure pathway, the minimum control value
(1.59 mg/kg) in the pathway of the ingestion of soil particles can be selected as the strict reference
safety threshold for As in the soil environment in the coal chemical industry area, which would provide
a basis for the protection of the operators working in the area. However, the acceptable levels of
carcinogenic risk vary, suggesting that the value of 1.59 mg/kg, calculated under a 10—° acceptable
carcinogenic risk level, as the safety threshold for As in soil environment in the coal chemical industry
area needs further discussion.
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Abstract: The cement industry has the potential to become a major consumer of recycled waste
materials that are transformed and recycled in various forms as aggregates and pozzolanic materials.
These recycled waste materials would otherwise have been dumped in landfill sites, leaving
hazardous elements to break down and contaminate the environment. There are several approaches
for the reuse of these waste products, especially in relation to clay minerals that can induce pozzolanic
reactions of special interest in the cement industry. In the present paper, scientific aspects are
discussed in relation to several inert coal-mining wastes and their recycling as alternative sources
of future eco-efficient pozzolans, based on activated phyllosilicates. The presence of kaolinite in
this waste indicates that thermal treatment at 600 °C for 2 h transformed these minerals into a
highly reactive metakaolinite over the first seven days of the pozzolanic reaction. Moreover, high
contents of metakaolinite, together with silica and alumina sheet structures, assisted the appearance
of layered double hydroxides through metastable phases, forming stratlingite throughout the main
phase of the pozzolanic reaction after 28 days (as recommended by the European Standard) as the
reaction proceeded.

Keywords: metakaolinite; micas; coal-mining waste; LDH (layered double hydroxides); pozzolanic
reaction

1. Introduction

A key vector of opportunity in the construction sector, in general, and for manufacturers of
cement-based materials, in particular, is the efficient use of materials and energy resources, which
moderates the carbon footprint of the final products. Our production of cements, mortars, and concretes,
the most widely manufactured materials on the planet, involves energy-intensive exploitation of raw
materials that remains a source of extremely high CO, emissions.

The research, validation, and enhancement of new mineral additives for cement should ensure
their availability in sufficient quantities for profitable investments, thereby reducing the environmental
impacts of Portland-cement-clinker production, the overall volume of waste products, and the
energy consumption of the final product. These additives also assist reactivity that densifies the
hydration products.

The coal industry, more than any other sector, has one of the most negative effects on the
environment. Coal waste (in abundant amounts from various extraction processes) is disposed
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of in landfills or is incinerated [1]. The use of coal waste to prevent environmental impacts has been
explored in China [2] and elsewhere [3], especially in relation to building [4].

Coal-mining waste from the extraction and washing of debris from mines contains kaolinite, illite,
and quartz of varying composition according to geological conditions and methods of extraction and
purification. Above all, the composition of claystones generally consists of illite and kaolinite. Ferrous
minerals, quartz, and carbonic matter may also be found in small amounts. All carboniferous rocks
may also contain dolomitic veins, pyritic encrustations, and extensive quantities of plant detritus [4].

Pozzolans found in industrial waste have been linked to environmental and technological
advantages that have driven research into their use. The incorporation of these industrial by-products
and wastes together with natural materials in various production stages of blended cements was
first prioritized in the cement industry. Experimentation with rice husk, fly ash, and palm oil
has all been reported in the literature [5-8]. Materials with “pozzolanic” properties are linked to
siliceous/aluminous materials. When added to water as fines, they can form cementitious properties
in reaction with Ca(OH); [9]. Another class of pozzolans is from natural raw sources (volcanic material,
limestone) or calcined materials (burnt shale, calcined kaolinite) with pozzolanic properties [10,11].
Blended with lime, their use in construction projects has been documented throughout history; natural
pozzolans from magma deposits following volcanic activity have been added to mortars since classical
antiquity. Natural pozzolans continue to be applied in many cement manufacturing processes to
this day.

Calcined clays with pozzolanic activity draw structural water from the layers of crystalline clay,
leaving amorphous or semi-amorphous materials with high surface areas and chemical reactivity.

Thermal activation of kaolinite at controlled temperatures produces metakaolinite, a product
with highly pozzolanic properties. The investigation of thermal activation, within the ranges of
between 650 and 750 °C with kaolinite-containing waste, resulted in products with a high latent
pozzolanicity [12-18].

The works of Li et al. [19] and Beltramini et al. [20] pioneered the study of cement matrices containing
activated coal-mining waste, providing useful results for future research. However, performance criteria
at the percentages of coal-mining waste that they added and its activation conditions still require further
research. Currently, studies in this investigative field are multiplying [21-23].

In this paper, the mineralogical transformations of coal waste are studied across a range of
temperatures (500-900 °C) for the establishment of optimum calcination conditions that yield products
with sufficient pozzolanic properties to be used as additives in the manufacture of cements and
related materials.

2. Materials and Methods

2.1. Materials

Mining generates high volumes of waste that are currently dumped in slag heaps of no apparent
utility. Our study concerns coal-mining waste supplied by a coal-mining company (Sociedad Anénima
Hullera Vasco-Leonesa) in Santa Lucia (Province of Leén, Spain). The mine supplies coal to the power
plant in the region of La Robla, and the mine waste employed in this study is used in a cement factory
in the same region.

The geological materials from La Robla vary greatly. They are separated by easily identifiable
irregularities and contain a variety of rocks: metamorphic shales and sedimentary limestone and
dolomite with Facies Utrillas (detrital deposit formed in a sedimentary environment of river systems).
Igneous activity is very low and only found in small porphyry dikes [24].

The waste products from that area are reasonably uniform and contain white quartzite with
highly recrystallized micro-conglomerates, feldspar mixed with sandstone, foliated slate (containing
phyllite with mica and quartz, sericite, chlorite, zircon, pyrite, monazite, apatite, and tourmaline). The
structure of dolomite changes in contact with St Lucia limestones and develops reddish hues.
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There are grey limestones, found in marine environments, interbedded in massive reefs, with
fauna in the form of bryozoans, crinoids, and brachiopods.

The mining waste material under study (coal, ore, and gangue with charcoal remains) was heat
treated at different temperatures for activation, converting the kaolinite into metakaoline, among
others chemical reactions.

Following its thermal activation at temperatures of 500, 600, 700, 800 and 900 °C for 2 h in an
electric laboratory furnace, the best activation conditions were selected for use as a pozzolan in the
manufacture of cement. The activated samples were placed in an agate mortar and pestle and crushed
to particle sizes of less than 63 pum.

2.2. Methods

Chemical characterization was performed with a Philips PW 1404 X-ray Fluorescence (XRF)
Spectrometer (Philips, Eindhoven, The Netherlands), Loss on ignition (LOI) was calculated in
accordance with the method specified in the European standard (at 950 °C/1 h). Bulk sample
mineralogical compositions were analyzed by random powder X-ray diffraction (XRD), using the
oriented film method for the <2 um fraction, employing a Cu anode and a Siemens D-5000, X-ray
diffractometer (Siemens, Madrid, Spain) in both instances. The operating conditions were, respectively,
30 mA and 40 kV, with a divergence slit of 2 mm and a receiving slit of 0.6 mm. Each sample
was scanned (260) at steps of 0.041 and a count time of 3-s. Bulk sample characterization and
semi-quantification used the random-powder method, between 3° to 65° 20 at a rate of 2°/min.
Determination of phyllosilicates in the <2 um fraction employed the oriented-slides method, operating
from 2° to 40° at a scan rate of 1°/min. The Rietveld method was used for quantitative determination
of the mineralogical composition.

A Thermo Scientific NICOLET 6700 spectrometer fitted with a DGTS Csl detector (Thermo
Fisher, Waltham, MA, USA) performed the FTIR (Fourier Transform Infrared Spectroscopy) analyses,
recording 64 scans on the samples. Specimen preparation was done by mixing 1 mg of the sample
in 300 mg of KBr. Spectral analyses within the range of 4000400 cm~! was performed at a spectral
resolution of 4 cm™1.

A Renishaw Raman RM2000 Microscope System (Renishaw, Wotton-under-Edge, UK) fitted
with a Leica microscope (Leica, Wetzlar, Germany), an electrically refrigerated charge-coupled device
camera (CCD), a 785 nm diode laser, and a 633 nm He-Ne Renishaw RL633 laser (Renishaw) were
used to record dispersive Raman spectra at 633 nm. Frequency calibration used a 520 cm ™! silicon line
with a spectral resolution at 4 cm~!. A 50x lens was used for triplicate spectra recordings over wave
ranges of 4000-100 cm~! at 10 s exposure times with 10 accumulations for each spectrum.

An Inspect FEI Company Electron Microscopy (Hillsboro, OR, USA) fitted with an energy
dispersive X-ray analyzer (W source, DX4i analyzer and Si/Li detector) performed SEM/EDX
(Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy) a morphological observation
and microanalysis for each sample. The average chemical composition of each sample was based on
ten analyses.

An accelerated chemical method was applied to solid waste in order to study the pozzolanic
behavior of a pozzolan/calcium hydroxide (lime) system. The test involves leaving the material (1 g)
in a lime-saturated solution (75 mL) and analyzing the CaO concentrations at 1, 7, and 28 days into
the reaction time. The difference between its concentration in the lime-saturated control solution
(17.69 mmol /L) and the Cao content of the solution in contact with the sample gave the combined
CaO (mmol/L) content. The hydrated solid sample was then filtered, washed in ethanol, and heated
at 60 °C for 24 h until the hydration reaction ended [25].
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3. Discussion and Results

3.1. Raw-Carbon Wastes

The XRF results in relation to the carbon waste (initial sample without treatment) showed that
the main oxides were SiO; (57%), Al,O3 (25%), Fe,O3 (5%), CaO (4%), and K,,O (3%), with some SO3
(0.29%) as well. Loss on ignition (LOI) was 15% for initial waste and 3% for material that had been
calcined at 500 °C; this change is related to the dehydroxylation processes of kaolinite and organic
matter (carbon). Minor elements or traces were also present, such as chromium (120 ppm), vanadium
(139 ppm), nickel (53 ppm), and cobalt (21 ppm).

XRD analysis showed the mineralogical composition of the carbon waste (room temperature),
revealing the existence of mica (25%) and kaolinite (14%), quartz (37%), calcite (17%), dolomite (5%),
and feldspars (2%) (Figures 1 and 2). Both mica and kaolinite contribute to pozzolanic activity, as it is
well established that atmospheric thermical activation of a variety of clay minerals at 600 °C/900 °C
following dehydroxylation causes the (partial) destruction of the crystal lattice structure, leading to a
transitional and highly reactive phase. Mica requires temperatures over 930 °C for its activation and,
as a result, it usually results in a weak pozzolan; tending to dissipate at temperatures over 900 °C.
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Q- Quartz F - Feldspars
C- Calcite D - Dolomite
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Figure 1. Mineralogical composition by X-ray diffraction (XRD) for the coal mining waste and the coal
mining activated waste.

The XRD analysis also showed the formation of anorthite, the presence of which might be due
to metakaolinite (from clay dehydration) reacting with calcium carbonate. The formation of mullite
that the clay would otherwise generate during firing can be reduced by metakaolinite in reaction with
calcium carbonate [26].

In comparison to the samples of coal-mining waste used in this study, in general terms, coal
contains aluminum-bearing minerals that include kaolinite, illite, montmorillonite, chlorite, sanidine,
albite, plagioclase, biotite, hornblende, and muscovite [27-30]. South African coal samples, for instance,
contain quartz, kaolinite, illite I/S, calcite, dolomite, siderite, pyrite, analcite, basanite, bohemite,
anatase, diaspore, and jarosite [31].

Even though it was not identified in the unheated sample in this study, the prevalent clay mineral
in most South African coals is kaolinite [32-34] and would therefore be found in the raw coal. However,
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anhydrite and hematite, identified in the ash produced at 350 °C, have not been observed in South
African coals. Their presence in the heated samples used in the present study might suggest an
alternative origin.

Temperature (°C) 25 500 600 700 800 900

Mica

Kaolinite —

Quartz

Spinel

Hematite

Calcite I—

Dolomite

Feldspars

Figure 2. Mineralogical evolution by XRD for the coal mining waste and the coal mining
activated waste.

In contrast, the main compounds reported in Australian coals are quartz, kaolinite, illite/smectite,
calcite, dolomite, albite, siderite, pyrite, albite, apatite, gypsum, hematite, and anatase [35].

Calcite is the main carbonate mineral in Taoshuping coals with an average content of 9%, and
lower amounts of siderite, anchorite, and dolomite [36].

3.2. Activated Coal-Mining Waste

After analyzing the samples of coal waste, they were then thermically activated by calcination at
between 500 and 900°C. In Figures 1 and 2, the XRD patterns of the activated products at different
temperatures are shown. The spectra reflects low levels of quartz and kaolinite dissipated at 600 °C/2 h
of thermical activation, due to their transformation into metakaolinite. Detrital quartz can also be
cell-, cleat-, and fracture-fillings that are epigenetic in nature or syngenetic, such as aluminosilicates in
coal [33,34,37].

The temperature at which kaolinite is calcinated to produce metakaolinite in the active state lies
within the range of 600-800 °C. The activation of mica requires temperatures over 930 °C, although
it usually produces poor pozzolans. Temperature tests (at 500, 600, 700, 800 and 900 °C) determined
both phyllosilicate dehydroxylation and new phase-formation temperatures. Further studies were
conducted after this test at 600 and at 900 °C, showing that 600 °C was the total dehydroxylation
temperature of kaolinite and its neoformation into spinel-like phases took place at 900 °C.

Quasi-stable dehydroxylated mica was formed following dehydroxylation after thermical
treatment between 700 and 900 °C. The quasi-stable dehydroxylated phases of these dioctahedral
micas were unlike the trioctahedral mica phases, which tended to dehydroxylate and recrystallize
more or less simultaneously. Dehydroxylation of the 2:1 mica layers needed higher temperatures.
At 600 °C/2 h, a new characteristic peak appeared, explained by the appearance of hematite. As the
heating increased from 700 to 900 °C, both hydrous oxides and ferrous hydroxides in the coal-mining
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waste crystallized in the form of hematite as they lost water. The presence of hematite in all likelihood
reflects pyritic oxidation of the coal. Calcite, habitually found in the four coal cleaning residues,
is easily differentiated from other calcium carbonates, due to its Raman spectrum, which showed
bands of 1085, 711 and 280 cm™~! [30] in similar studies of a range of American coal samples. As
observed in Brazilian materials, the Fe-oxide mineral hematite is commonly found in most coals and
coal-cleaning residues.

XRD analysis between 600 and 900 °C showed reflections at 2.43 A (36.98°20) and 2.85 A
(31.38° 20), revealing spinel-like phases, resulting from the heating of aluminous clay minerals.
Hematite was present as a pyritic product in minor concentrations in the original coal waste and its
presence increased at higher temperatures. At temperatures of 700, 800 and 900 °C, well crystallized
hematite appeared following loss of water in the hydrous oxides and the ferrous hydroxides of the
original coal waste. Finally, dolomite dissipated at 600 °C and subsequently, calcite at 700 °C.

As oxidation continued, ferric sulfate was formed, eventually producing sodium, calcium,
magnesium, and potassium sulfate.

The principal mineralogical compounds identified from the XRD data were subjected to FTIR
analysis. Kaolinite was identified in the (O-H) bands at 3696, 3656 and 3620 cm ™!, mica at 3628 and
3545 cm~! (both overlapping with kaolinite and water), and at 3423 cm~!. Standard carbonate group
bands were detected at 1426 and 874 cm 1. With regard to silicates, Si—O vibrations revealed the
presence of kaolinite at 1032 and 1007 cm ™! and quartz at 1090 cm ! at tetrahedral sites. At lower
frequencies (<1000 cm ™), the Al1-O-H vibration, mainly associated with kaolinite (also at 751 cm™!)
and mica, was detected at 912 cm ™. Vibrations of the Si-O quartz bond were identified at bands
of 798, 778 (doublet), 694, and 472 cm~!. OH absorption of mica is suggested by the presence of
absorption bands in the OH-stretching region at 3432 cm~!. The original coal residues revealed a
further absorption band at 3656 cm™!, also explained by OH group stretching frequencies, which
disappeared in the thermically activated waste. This observation points to the appearance of impure,
low crystalline mica, and further isomorphous substitution in the crystalline structure.

Characterization of all tectosilicates, feldspars, and quartz was within the absorption band ranges
of 950 to 1200 cm ™1, reflecting stretching vibrations of Si—-O-Si, and between 400 and 550 cm~ 1,
reflecting O-Si~O bending vibrations. Two hematite bands were observed at 535 and 469 cm !, both
overlapping the main band of mica. IR spectra (465 and 614 cm~1) of the thermically activated waste
revealed AB,Oy spinel.

A Raman spectrum in the thermically activated coal waste revealed two bands at 1597 and
1346 cm™!, corresponding to graphite and disordered peak bands, respectively, from carbon. The
Raman spectrum of calcite, which is commonly found in all four coal-waste composites, may easily be
differentiated from other calcium carbonates by its bands at 1085, 711 and 280 cm™1.

3.3. Pozzolanic Reactivity of Activated Coal-Mining Wastes

The removal of structural water from the crystalline clay layers of calcined clay waste is a
consequence of its pozzolanic reactivity, leaving semi-amorphous products with high surface areas and
chemical reactivity. The calcining temperature that is required is dependent upon the nature of the clay
mineral and the thermal energy required for dehydroxylation of the clays. The calcining temperature
required to produce this active state is usually in the range 600-1000 °C [9,12,38]. Crystallization occurs
above this temperature and activity declines. Even higher firing temperatures lead to the formation
of a liquid phase that cools into a solid amorphous glass phase, also showing pozzolanic activity.
Reactive metakaolinite is formed at 600 °C and hematite and spinel is formed between 600 and 900 °C
that contains mica with a low crystallinity, at 900 °C; all of which contribute to the pozzolanic activity
of the coal-mining wastes calcined to 600 and 900 °C (Figure 3). Clay minerals were shown to have
pozzolanic activity that influenced the reaction kinetics.
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Figure 3. Mineralogical evolution of coal mining waste by XRD; (A) activated at 600 °C/2 h;
(B) activated at 900 °C/2 h.

The pozzolanic activity of the coal-mining waste that was activated at 600 °C and 900 °C/2 h had
values, at one day, of 65.2%, at 600 °C, and 3.0%, at 900 °C; at seven days, these values were 67.2%,
at 600 °C, and 33.1%, at 900 °C, and at 28 days into the reaction reached 72.4%, at 600 °C, and 65.8%,
at 900 °C. These percentile results reflect a higher reaction rate at 600 °C than at 900 °C, over short
reaction times (one to seven days); both activated products showed a high pozzolanic activity in terms
of the fixed lime results over longer reaction times (28 days).

Recommended activation conditions from both an energetic and an economic point of view were
therefore set at 600 °C/2 h retention time for the research.

3.4. Evolution of Hydrated Phases in Activated Coal Waste/Lime Systems

Characterization of the hydrated phases by XRD and SEM-EDX in both cases confirmed evidence
of a pozzolanic reaction between the metakaolinate (from the coal waste) and the lime.

XRD analysis of the activated coal waste at 600 °C and 900 °C-2 h/Ca(OH); at one, seven, and 28 days
into the reaction revealed the following crystalline hydrated phases: stratlingite (C; ASHg), tetracalcium
aluminate hydrate (C4AH;3), monosulfoaluminate hydrate (C3A- SO4Ca- 12H,0), and layered double
hydroxides. All the crystalline phases in the XRD analysis with their evolution and reaction times are
shown in Figure 2. The formation of monosulfoaluminate hydrate (C3A-SO4Ca- 12H,O) in the thermically
activated coal was evident at day one, as a consequence of the reaction between the reactive alumina
of pozzolan, sulfate ions, and portlandite. Traces of tetracalcium aluminate hydrate (C4AH;3) were
identified at short reaction times; slight increases in its content were observed in the coal waste activated
at 600 °C/2 h at day 28 of the reaction. Activation at 900 °C was joined by the formation of layer double
hydroxides; stratlingite C; ASHg was formed after seven days of reaction at 600 °C/2 h. Calcination at
900 °C prevented any further formation of stratlingite.

Alkaline solutions of these samples had pH values of ~12. The most prevalent were Al**,
AI(OH),*, AI(OH)**, AI(OH)3, and AI(OH)*~, without other ligands. The most prevalent species in
the solution at high pH (pH > 10) was Al(OH)*~. These ions combined with readily available Ca®*
ions through metastable phases yielding C3AHg. At high pH values (pH > 10), total dissolved silica
concentrations in equilibrium with quartz and amorphous silica increased. At pH values of ~12, the
sum of the ionized and un-ionized species (H4SiO4, H3SiO4~, and H,Si0,4%7) was equal to the total
concentration of dissolved silica. If supersaturation of the total silica concentration in the solution
with respect to amorphous silica occurs, polymers form that combine with the Ca?* ions to form CSH
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(Calcium silicate hydrate) gels and with (CO5)?~ ions via metastable phases to form LDH (Layered
double hydroxides) [39].

The appearance of C4AH;3 is explained by supersaturation of calcium hydroxide and low
metakaolinite contents in the aqueous phase. Increased temperatures of coal waste at 900 °C/2 h
reduced the presence of alumina and metakaolinite and silica sheet structures, assisting the formation
of the main hydration product, C4AH;3.

Traces of portlandite and tetracalcium aluminate hydrate were identified at short reaction
times [40,41]. However, tetracalcium aluminate hydrate was the prevalent phase in the pozzolanic
reaction of coal waste at 900 °C at seven and 28 days; layered double hydroxides formed at day one
of the reaction in coal waste at 600 °C to become the prevalent phase at day seven of the pozzolanic
reaction. Stratlingite was evident at day seven of the reaction in the activated wastes and was the
prevalent phase in the pozzolanic reaction after 28 days.

Following SEM analysis (Figure 4), an enriched composition of laminar microaggregates of silica
were observed, with very porous surfaces covered with CSH gels, more abundantly at 600 °C/2 h,
having in all cases a spongy appearance. The Ca/Si (CaO/SiO;) ratio varied between 1.26 at 600 °C over
2 h (I-type gels) [10] and at all times was 1.73 in 900 °C/2 h (II-type gels) [10]. A laminar phase, interlaced
with the gels, consisted of layered double hydroxide, stratlingite C;ASHg, monosulfoaluminate hydrate
(C3A-504Ca- 12H,0), and tetracalcium aluminate hydrate (C4AH;3) of widely varying sizes. SEM
imagery showed a gradual layered double hydroxide with stratlingite crystallization throughout the
hydrothermal treatment and an increase in crystal size that depended on the duration of the temperature.
Both the SEM and the XRD analyses yielded similar results.

Figure 4. Morphological aspect of the CSH (Calcium silicate hydrate) gel, C4ASH12, and C2ASHS8
phases at 600 °C/2 h (A and B). Morphological aspect of the CSH gel, C4AH13 and LDH (Layered
double hydroxide) structures at 900 °C/2 h (C and D). (A) Layered double hydroxides with stratlingite;
(B) Calcium silicate hydrate with spongy appearance; (C) Calcite crystal with typical morphology;
(D) Calcite fibbers and layered double hydroxides.
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4. Conclusions

The coal waste that has been studied had a mineralogical composition of kaolinite, micas, quartz,
calcite, dolomite, and feldspars.

The presence of kaolinite indicated that thermal treatment at 600 °C/2 h transformed kaolinite in
metakaolinite, a highly reactive component of the pozzolanic reaction.

Unlike hydrated phases obtained from a natural kaolinite (CSH gels, C4AH;3, and C;ASHg),
metakaolinite from thermal activation of the coal-mining waste in the stable phase of the pozzolanic
reaction assisted the appearance of metastable layered double hydroxide compounds and stratlingite.
All these compounds indicate that the products resulting from thermal activation at 600 °C/2 h from
coal-mining waste contain highly pozzolanic properties over the first seven days into the reaction.

Following the activation of the coal-mining waste at 900 °C/2 h, C4AH;3 was the stable phase
in the pozzolanic reaction, following supersaturation of the aqueous phase in the presence of
calcium hydroxide and low metakaolinite and tetrahedral and octahedral layers resulting from the
dehydroxylation of the mica content. SEM/EDX analysis pointed to CSH gels among the main
hydrated phases of the pozzolanic reaction in activated /lime systems during.

The use of this waste generates benefits and limits environmental damage such as (1) land
occupation, and both soil and groundwater contamination, are reduced; (2) less exploitation of natural
resources (kaolin deposits) and reduced emissions of greenhouse gases per unit of cement produced
(CO; in the clinker production process); (3) coal waste containing residues of fossil carbon give
the starting material a heating value which can be used in the alignment process (heating to the
required temperature).
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Abstract: With the rising cost of energy and fuel oils, clean coal technologies will continue to play
an important role during the transition to a clean energy future. Victorian brown coals have high
oxygen and moisture contents and hence low calorific value. This paper presents an alternative non
evaporative drying technology for high moisture brown coals based on osmotic dewatering. This
involves contacting and mixing brown coal with anionic super absorbent polymers (SAP) which are
highly crossed linked synthetic co-polymers based on a cross-linked copolymer of acryl amide and
potassium acrylate. The paper focuses on evaluating the water absorption potential of SAP in contact
with 61% moisture Loy Yang brown coal, under varying SAP dosages for different contact times
and conditions. The amount of water present in Loy Yang coal was reduced by approximately 57%
during four hours of SAP contact. The extent of SAP brown coal drying is directly proportional to the
SAP/coal weight ratio. It is observed that moisture content of fine brown coal can readily be reduced
from about 59% to 38% in four hours at a 20% SAP/coal ratio.

Keywords: brown coal; osmotic dewatering; super absorbent polymers; FTIR; dewatering mechanism

1. Introduction

Victorian brown coal is a cost effective fuel for power generation. It is very cheap to mine and
low in sulphur and ash yield but the high moisture content and hence low calorific value result in
high CO, emission intensity relative to bituminous coal. This high moisture has ensured that power
stations are located adjacent to their mines to minimise handling, transportation and environmental
problems. Run-of-mine brown coal will require upgrading before its use in new generation thermal
power plants.

Practical and economic advantages in reducing the moisture content in brown coals include enhanced
handling characteristics and reduced transportation costs. Additional benefits include reduced boiler
capital costs, higher combustion efficiency, lower water consumption and waste disposal costs.

1.1. Victorian Brown Coals

Brown coal is at an intermediate stage in the geochemical conversion of accumulated vegetable
debris from peat into hard or bituminous coal [1]. Brown coals typically have high moisture contents,
in the 30%-70% range, with Victorian brown coal at the extreme end of this range. This high moisture
content has a negative impact on every thermal application for brown coal. There is an uninterrupted
converse relationship between the moisture content of Victorian brown coal and useful heat accessible
from combustion of the coal (the net wet specific energy).
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According to Mackay [2], Victorian brown coals occur in seams of a few centimetres to over 100 m
thick, extending laterally from a few metres to over 50 km. Within the seams there are bands of coal
which vary in appearances and properties. These bands are formed of coals belonging to different
lithotypes (rock types) which reflect different depositional environments. The samples for current
study are supplied from Loy Yang brown coal mines, Gippsland, Victoria (Figure 1).
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Figure 1. Current operating brown coal mines located in Victoria website [3].

The freshly exposed surface of as mined brown coal changes in colour from red brown to dark
brown, as drying or oxidation occurs. When brown coal is air dried (to moisture 10%-15%) the colour
varies from yellow to black.

Verheyen and Perry [4] reported Victorian brown coals to be physically complex and heterogeneous
due to their detrital origin. Their relatively low carbon aromaticity, presence of residual carbohydrates
(in woody macerals), along with methoxy phenols, unsaturated diterpenoids and fatty acids all confirm
that Victorian brown coals have only been exposed to very mild (diagenetic) conditions. Structural
heterogeneity tends to decrease as coalification continues due to condensation and cleavage reactions.

Iyengar, Sibal and Lahiri [5] reported that the water sorbed as a monolayer on coal is attached
to hydrophilic sites on the coal surface. These sites were identified as oxygen-containing functional
groups. They have been confirmed for a variety of coal ranks including Victorian brown coals [6,7].

Molecular simulation techniques were applied by Kumagai, Chiba and Nakamura [8] to define
a model for coal structure. They modelled the structure of Yallourn brown coal as two oligomers,
namely a tetramer (molecular weight (MW) 1540) and a pentamer (MW 1924) based on a monomer
of composition Cy1HpgOy as represented in Figure 2. The unit structure was modelled on the basis
of combined data from elemental analysis (C: 65.6, H: 5.2, O: 29.2 wt %) by Schafer [7] and '*C-NMR
spectroscopy. First two molecules were joined with 360 water molecules matching to 65.3% moisture
content (wet basis).

CHs

OH

HyCO
Figure 2. Monomer structure of brown coal used as basis of Yallourn brown coal molecular model

(Kumagai, Chiba and Nakamura 1999) [8] corresponds to C: 65.6, H: 5.2, O: 29.2 wt % (Molecular Weight
(MW) =384.4).
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1.2. Brown Coal Drying

Processes for drying or dewatering brown coals are grouped into three wide categories:
(a) evaporative (thermal); (b) non-evaporative (thermal) and (c) other non-evaporative drying processes.

The common commercial procedures include evaporative drying where heat is applied to
evaporate the water from coal at atmospheric pressure. Non evaporative drying processes are attractive
due to their enhanced energy effectiveness, since water is separated in liquid form and the latent heat
of vaporisation is not expended.

Studies have been conducted to investigate feasibility of non-evaporative drying of brown coal
such as the Fleissner process [9] which incorporates pressurised steam treatment at temperatures
above 200 °C. The Evans-Siemon process is the updated Fleisssner process where pressurised hot
water is used to improve thermal efficiency by avoiding a pressure cycle [10]. The Koppelman (K-fuel)
process [11] involves high pressure with low operating temperature; however, this process was not
demonstrated commercially. The mechanical thermal expression dewatering process [12] involves use
of elevated temperatures, up to 250 °C and pressure <12.7 MPa, resulting in significant reductions in
residual moisture content which may be largely attributed to the destruction of brown coal porosity.
Attempts at electro dewatering brown coals [13] did not demonstrate encouraging results. Our current
research aims at developing alternative technologies to dewater brown coals.

Dzinomwa, Wood and Hill [14] employed super absorbents to de-water fine black coal particles,
revealed some advantages over the alternative non evaporative drying technologies, and offered an
alternative lower energy osmotic water removal approach to the thermal technologies outlined above.

1.3. Super Absorbent Polymers (SAP)

SAPs comprise high molecular weight crossed linked hydrophilic polymers which absorb several
tens to hundred times their individual mass of water as they expand in size, but still preserve distinct
particle identity [15-17]. SAP can be cationic and anionic. The amount of water that a specific SAP
can absorb depends on its chemical composition and morphology as well as the quality of absorbed
water [18], particularly with respect to occurrence of ionic salts. The recycled water used in mining
plant operations generally contains a significant concentration of salts [19] and these need to be
managed to maximize the polymeric absorption potential.

Factors affecting the capacity of a SAP to absorb water are as follows:

1. Swelling properties (attributed to presence of hydrophilic groups in the network).

2. Cross linking density (generally higher molecular weight with lower cross linking densities
exhibits higher absorption capacities).

3. Structural integrity (high cross linking density is crucial to retain the structural integrity of the
polymer loaded with moisture as the high cross-linking density offers high mechanical strength).

4. The “availability” of target water i.e., how tightly it is bound to the drying substrate.

Figure 3 shows the mechanism of water absorption in SAP. The initial diffusion of water inside
hydrophilic SAP causes ionization of neutralized acrylate groups into negative carboxylate ions and
positive sodium ions. Negative electrical charges along the SAP backbone cause mutual repulsion
of carboxylate ions, increasing the osmotic pressure inside the gel, thereby resulting in expansion
and swelling of the SAP chains due to absorbed water. Finally, cross links between chains inhibit
solubilisation of SAP (in water) thus governing the extent of swelling or absorption by restricting
infinite swelling.
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Figure 3. Mechanism of water absorption in super absorbent polymers (SAP).

1.4. Standard Method of Moisture Determination

According to Allardice [1], determination of moisture content of brown coals is complicated by
the lack of an inadequate definition for what constitutes moisture in coal. The most widely accepted
definition is that the moisture content is the water present in the coal as water molecules (H,0O),
which can be released at 105-110 °C. This is not intended to include water from the decomposition of
functional groups or chemically adsorbed water.

Allardice [1] reported on two basic types of standard moisture determination methods i.e.,
(a) azeotropic distillation, in an immiscible liquid such as toluene and (b) oven drying at 105 °C.
In azeotropic distillation moisture content is determined directly from the volume of water collected
in the condenser, in contrast to most oven drying methods where water is estimated indirectly by
net weight loss. The standard method for determining moisture content of brown coals does not
discriminate between water of decomposition at a temperature up to 105 °C and molecular water
present in it.

2. Methodology of the SAP Dewatering Process

Figure 4 depicts an outline of the osmotic dewatering process, using SAP to decrease moisture
content of brown coal. This is achieved by direct contact between SAP and sized brown coal using an
end-over-end tumbler, tumbling through 360° from top to bottom providing complete mixing and a
sieve shaker to affect final separation. High moisture brown coal is intimately mixed with dry SAP by
shaking in air tight bottles to prevent evaporation. This batch storage approach also enabled the SAP
to passively draw and absorb water from the surface of brown coal particles. Mechanical end-over-end
tumbling (vertical bottle rotation at 60 rpm) for a set time at constant speed was used to maximize
surface contact between SAP and brown coal particles thereby reducing the equilibration time. The
apparatus provided reproducible and gentle particle contact conditions. Water absorption causes SAP
to swell thus permitting the separation of swollen SAP from shrunken brown coal particles by sieving.

Contact of screened Seive separation of Calculation of moisture
brown coal and polymer and brown coal, of coal and polymer in
super-absorbent polymer for moisture calculation moisture balance

Figure 4. Proposed processes for reducing water content of brown coal by treatment with SAP.

347



Minerals 2015, 5, 623-636

3. Experimental
3.1. Materials

3.1.1. Brown Coal

The brown coal (<80 mm) was provided by Omnia Specialities from a bulk sample collected from
the AGL Loy Yang mine in 2014. It was stored in sealed plastic pails prior to analysis. Its proximate
and ultimate analysis is presented in Table 1. According to [20] brown coals of Victoria, particularly
from Latrobe have low ash yields, but as would be predicted from such huge volumes of coal, even
separate seams have slight to substantial differences in physical properties and chemical composition.

Table 1. Loy Yang Brown coal analysis.

Coal Properties  Percentage (% Dry Basis)

Moisture 59.3*
Ash 22
Volatile matter 50.5
Carbon 68.4
Hydrogen 5.1
Sulphur 0.3

* % as received.

3.1.2. Super Absorbent Polymers (SAP) Used in this Work

Aquasorb 3005 (<1000 um) supplied by SNF (Australia) Pty Ltd. (Lara, Victoria, Australia), is a
highly crossed linked, synthetic co-polymer of acryl amide and potassium acrylate. It is water insoluble
with maximum water absorption of 150% w/w in 1000 ppm NaCl solution.

The polymer consists of a set of polymeric chains that are parallel to each other and regularly
linked to each other by cross-linking agents, forming a network. When water comes in contact with
one of these chains, it is drawn into the molecule by osmosis. Water rapidly migrates into the interior
of the SAP network where it is stored. The pH of SAP is alkaline at 8.1 with a density of 1.10 g/cm3.
The maximum water absorption of 400 wt % occurs for deionized water. SAP particles were sieved
and those >600 pm and <850 um were selected for use. Figure 5 presents a molecular structural
representation of Aquasorb.

CH;TH CHzTH
T:o n T:O "
NH, oK

Figure 5. Structure of Aquasorb.

3.2. Experimental Methods

3.2.1. Fourier Transform Infrared (FTIR)

Fourier transform infrared (FTIR) spectroscopy is widely used to determine/evaluate functional
groups in coal structure. The reference [21] attempted structural assignments via deconvolution of
particular absorbance bands associated functional groups. FTIR spectral comparison of dewatered
and run of mine brown coal samples has the potential to elucidate changes in hydrogen bonding and
oxygen functional groups occurring during drying.
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In this project, the FTIR spectra were recorded with a FTS1000 FTIR (Varian, MA, USA) fitted
with a ATR (attenuated total reflectance) accessory (Specac, Golden Gate Mark II, Orpington, UK); 128
scans were accumulated with spectral resolution of 4 cm~ 1, over the range of 4000-650 cm~ L. The
spectrometer was equipped with ATR diamond anvil cell with single reflection. After measurement of
spectra, the remaining coal sample on the crystal was removed with soft paper soaked in methanol
and allowed to dry. Regular background spectra (air) were collected to ensure no cross contamination.
The raw reflectance spectra were corrected for frequency distortion and converted to absorbance by
standard software.

Figure 6 presents the ATR-FTIR spectrum of run-of-mine moisture Loy Yang brown coal. The
ATR technique probes only the surface layers of the brown coal structure. Peaks identified at 3365,
2900, 1700, 1621 and 1440 cm™! correspond to OH groups [22], aliphatic groups, carboxylic and
ketone groups, carbon oxygen double bonded aromatic rings and bending mode of H-bonded O-H
groups [23] respectively (Table 2). Water in brown coal constitutes a progressive series of forms—each
is more difficult to remove from apparent bulk water to that resulting from thermal decomposition of
hydroxyl groups in brown coal and water of hydration of impure minerals.

The pH of the Loy Yang coal sample was found to be pH 4.05 suggesting that carboxylic groups
will mainly be involved in dewatering.

Table 2. Structural assignments for absorption bands observed in infrared spectra of brown coal.

Frequency (cm ™) Functional Groups Reference

Stretching vibration of OH groups (water, (Liu ef al., 2006) [22] Vijayalakshmi

3350-3600 alcohol, phenpl, carbohydritles, peroxides) and Ravindhran, 2012 [24]

as well as amides (3650 cm ™)

2750-3000 CHj3 and CH,, (aliphatic) (Chandarlal et al., 2014) [23]
1700 Carboxylic acid and ketone groups (Chandarlal et al., 2014) [23]
1649 Adsorbed water (Liet al., 2001) [24]

1618-1622 C=0, aromatic rings (Chandarlal et al., 2014) [23]
1440 gjé gcrzgpl;e“dmg mode of H-bonded (Chandarlal et al., 2014) [23]

1000-1300 Phenoxy structure, aliphatic ethers, alcohols (Chandarlal et al., 2014) [23]
1355 Benzene or condensed benzene rings (Chandarlal et al., 2014) [23]
1180 Sp-3 rich structure COOH and OH (Chandarlal et al., 2014) [23]

997-1130 St.retching vibration of C-O of mono, (Vijayalakshmi and Ravindhran,

oligo and carbo-hydrates 2012) [25]
<1000 C-H bending vibration from isoprenoids (Vijayalakshmi and Ravindhran,

2012) [25]

Weak absorption due to C-H bending

870-750 vibrations of olefinic and aromatic structures

(Verheyen and Perry 1991) [4]
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Figure 6. Attenuated total reflectance Fourier transform infrared (ATR FTIR) spectrum of as received
Loy Yang coal.

3.2.2. Dewatering Tests

A series of tests were conducted to optimise the SAP dosage and brown coal /SAP contact time,
to identify the effective operating conditions to maximise the water removal.

Loy Yang coal (as received) was crushed and screened <600 um (to ensure a smaller size than SAP)
and stored in sealed containers prior to use. 20 g coal sub samples were mixed with predetermined
amounts of SAP to achieve target loadings i.e., 0%, 5%, 10%, 15%, 20%, 25% and 30% SAP/coal. The
SAP/coal mixtures were sealed in air tight glass 600 mL lab bottles fitted with plastic screw caps. Up
to twelve bottles (replicates) were placed inside the sample box of a vertical tumbler for gentle “top
over bottom” bottle agitation at 60 rpm. The sample was weighed before and after the predetermined
tumbling time period to ensure no evaporative losses occurred. Contact time was monitored by
determining the weight loss of brown coal (after SAP separation) until there was no further change at
which point the moisture was considered to be at equilibrium. The mixture was readily separated into
dewatered fine brown coal and swollen polymer via a sieve due to their size difference—SAP swells
and increases in size, whilst the coal shrinks as it loses moisture. Changes in moisture were measured
by a moisture balance programmed for constant weight at a temperature of 105 °C. Figure 7 shows
loaded SAP after dewatering of brown coal. It was found the coal lost to the SAP was <0.2%.

Figure 7. SAP after dewatering brown coal. Note increase in size and the dark colouration afforded by
traces of humic material adsorbed onto the alkaline SAP.

350



Minerals 2015, 5, 623-636

4. Results and Discussion

According to Li et al. [26] there is presence of significant amount of alkali and alkaline earth
metals associated with the carboxylic and phenolic functionalities in the structure of low rank coal.
At low pH, ion exchange mainly takes place with carboxylic groups to form carboxylates. According
to Schafer [27], acidic groups and phenolic, are primarily responsible for ion exchange properties
of brown coals. At the in-situ pH prevalent in wet brown coals, carboxyl groups may interchange
cations with pore water to form carboxylates. Cations normally related with these groups are calcium,
magnesium, sodium and iron. Meanwhile, phenolic groups do not interchange cations to any degree
until system pH is greater than pH 8. The mean acid group content of the brown coal from Loy Yang
field is shown in Table 3.

Table 3. Mean acidic group content of Loy Yang brown coal (Schafer, 1991) [27].

PhenolicOH ~ COOH Coo Ig‘:;‘g":: Cgf;’g"g’iic Acidic oz(;:in Acidic
(Dry Basis)  (Dry Basis) (Dry Basis) (Dry Basis) (Dry Basis) Oxygen (Dmif) Oxygen
meq/g Percentage (%)
3.04 2.39 0.10 4.86 7.97 13.0 247 53

Dmif—dry mineral and inorganic free basis.

4.1. Moisture Results

SAP dosage rates ranging from 5 to 30 wt % SAP/brown coal, and contact times between 1 to 6 h
were evaluated; to determine the optimum drying conditions for our experimental setup.

Test samples of fine brown coal prior to drying had a water content of 59.3%. Figure 8 and Table 4
show the final coal moisture for different SAP doses and contact times. It was considered that dosage
of 5% of SAP by weight of brown coal and a contact time of six hours would give an adequate moisture
reduction while avoiding excessive cost of SAP and holding capacity. The brown coal was observed to
lose maximum of 53.25% of its original moisture after six hours contact with 20% w/w SAP.

60

o 07 . * - IS - -
%40 1 . ! ! z z z + 0% polymer/coal ratio
= u 5% polymer/coal ratio
'g 30 4 4 10% polymer/coal ratio
E 2 | 15% polymer/coal ratio
_E 20% polymer/coal ratio
= 10 ® 25% polymer/coal ratio

0 30% polymer/coal ratio

1 2 3 4 5 6 ‘

Time (Hours)

Figure 8. Variation in Loy Yang moisture content with contact time and Super absorbent Polymer,
SAP/coal.

A SAP/coal of 25 wt % caused a further decrease in moisture level. However at 30 wt % SAP
dosage, there was no further reduction in coal moisture instead a slight increase was observed. This
implies that higher weight percentage SAP loadings may release water from SAP which is reabsorbed
on to the brown coal.

Figure 8 reveals the final Loy Yang moisture values with 20% SAP/coal achieving the optimal
drying for moisture reduction. Static osmotic dewatering of brown coal i.e., without the tumbling,
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produced a final coal moisture of 47.3%, compared to the 38.6% with tumbling for the same contact
time. This result illustrates the importance of continuously exposing fresh surfaces for maximum
contact osmotic drying rates. The higher convective mass transfer and increased surface contact
interactions afforded by tumbling make it possible to reduce the brown coal drying time. It was
ascertained that a contact time of four hours was the optimal treatment time. Further drying via SAP
contact could be achieved by increasing the pH of coal as the SAP has higher moisture affinity under
basic conditions and the Loy Yang coal is acidic in nature.

Table 4. Effect of anionic super absorbent polymers (SAP) dosage and contact time on reduction of
water content of fine brown coal (initial water content of brown coal = 59.3%).

Polymer/Coal Ratio (%)

- 0 5 10 15 20 25 30
Hours Final Moisture Content (%)

0 59.3 59.3 59.3 59.3 59.3 59.3 59.3
1 58.7 48.8 44.8 43.6 41.3 44 42.2
2 58.7 48.8 44.6 434 40.4 40.8 41.5
3 58.4 48.2 43.7 43.1 40.2 40.4 41.7
4 58 48.5 44.2 423 38.6 39.7 40.3
5 58.2 48.6 442 42.2 39.7 39.3 40.3
6 58.2 47.6 443 42.2 39.2 39.3 40.2

4.2. Dewatering Kinetics

According to Szekely ef al. [28] analysis of a heterogeneous reaction system must start from the
recognition that reaction takes place at the interface and hence mass must be transported to and from
this interface. It follows that structure, pertinent to mass transfer during and after contact plays a
significant role on the overall rate of water transfer. The fraction of moisture removed from brown coal
was calculated from the following equation:

weight loss of brown coal due to moisture removal at any time (t)
Total moisture content

where, o = fraction of moisture removed.

Figure 9 shows the fraction of moisture removed with respect to the time. It can be seen that
the bulk of the drying occurs within the first two hours (Regions 1 and 2) and then attains a steady
state/equilibrium (Region 3). Figure 9 indicates the maximum removal of moisture by SAP within the
first two hours.

0.4 -
0.35 | Region2 . * ’_ M ¢
0.3 | O <« Region 3 g
025 | &

02
0.15

0.1 4

Region 1

0.05 ¢ 20% polymer/coal ratio
0 T T T T T T 1
0 1 2 3 4 5 6 7

Time (Hours)

Fraction of moisture removed

Figure 9. Fraction of moisture removed (o) vs. time at 20% SAP to coal ratio.
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The three different regions identified in Figure 9 are as follows:

1. Region 1: Dissociation and breaking of chemically adsorbed and surface moisture
(chemical process).

2. Region 2: Desorption of water (bound and free water)/and breaking of liquid bridges in coal
(chemical and physical process).

3. Region 3: Diffusion/mass transfer process (physical process).

4.3. Surface Chemical and Diffusion Control Model

Accordingly the dewatering kinetics were tested for surface chemical model (R3 («)) and diffusion
control model (D3 (). Where,

D3(x) =1— %ocf 1- o)??

Ry(a) = 1—(1—a)!/3

It follows from Figure 9 that Region 1 and parts of Region 2 should follow the surface chemical
model and parts of Region 2 and Region 3 should follow the diffusion model. Figure 10 shows the
plots for surface chemical shrinking core model, R3 (x) vs. time and diffusion control model, D3 (o) vs.
time, for 20% SAP to coal ratio. Plots for the pore diffusion model (Figure 10) indicate a better linear
trend until the end of the reaction, indicating that the mass transfer-diffusion process controls the
reactions. A linear trend in the Region 2 for Rj3 () plots indicates a competing chemical, and mass
transfer-diffusion process controlling the dewatering process.

0.16

0.14 -

® Ds(0)

0 1 2 3 4 5 6 7
Time (Hours)

Figure 10. Plot of diffusion control model [D3 ()] vs. time and surface control model [R3 («)] vs. time
for 20% SAP to coal ratio.

4.4. Fourier Transform Infrared (FTIR ATR)

The Fourier transform infrared spectroscopy of the brown coal sample and SAP sample before
and after dewatering over the wave number ranges 4000-600 cm ™! are presented in Figures 11 and 12
respectively. The amplified difference spectrum in Figure 12 reveals that the as received and SAP
treated brown coal samples have only minimal difference in absorptions due to inherent moisture i.e.,
positive broad H-bonding band centred at approx. 3365 cm ™! and the minor contribution to the band
near 1621 cm~!. Removal of all the non-bound water at 105 °C resulted in the typical IR absorbance
spectrum (Figure 11) for dried brown coal with the O-H and C-H of aromatic and aliphatic stretching,
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(3700-2400 cm 1) [4,29] and more pronounced absorptions due to C-H stretch near 2900 cm ! [4,23]
and bend near 1450 cm~!; carbonyl 1700 cm~! [23] and aromatic ring (breathing mode enhanced
by ring substitution) at 1621 cm~ L. The fingerprint region 1440-949.2 cm ™! which incorporates a
multitude of functional group contributions [23,25], including etheric oxygen and mineral salts which
is also enhanced in the oven dried sample. The sensitivity (IR extinction coefficients) changes for the
organic bands in the coal on removal of moisture with slightly higher band intensities observed for
most organic functional groups. For the SAP treated sample as seen in Figures 11 and 12 the doublet
band centred near 2380 cm™~! is assigned to adsorbed CO, on the surface of the brown coal. The
variation in this band in SAP treated coal is thought to relate to both atmospheric CO, adsorption by
the sample and CO, transfer from the SAP itself. Figures 13 and 14 provide an IR spectral comparison
of SAP before and after contact with Loy Yang coal. Differences in absorption in the 1440-1600 cm ™!
region (Figure 14) corresponds to fine structural bands that are lost from the polymer on wetting
and the spectrum is dominated by positive water bands. There is an expected increase in peaks at
approximately 3335 and 1650 cm ™! for SAP after coal contact indicative of adsorbed water.

The SAP would need to be recycled in a commercial coal drying application by a non-evaporative
dehydration process. This can be achieved by pH shock wherein the SAP shrinks on contact with acids
such as HCI [14]. The low pH water self-drains from the SAP thereby reducing the need for thermal
evaporation. Further research into SAP recycling is warranted given the encouraging results presented
here for removing bulk moisture osmotically from Loy Yang coal.
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Figure 11. Stacked ATR-IR spectra of as received (59.3% moisture) SAP treated (38.6% moisture) and
oven dried (105 °C in air) Loy Yang coal. Spectra presented at the same scale.
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Figure 12. ATR-IR difference spectrum for as received moisture Loy Yang coal minus its SAP
treated product.
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Figure 13. Stacked ATR-IR spectra of fresh SAP and its water loaded equilibrium (with coal) moisture
product. Spectra presented at the same scale.
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Figure 14. ATR-IR difference spectrum for wet minus fresh SAP Note the lack of any coal derived
absorbance bands despite the brown colouration of the loaded SAP.

5. Conclusion

Osmotic dewatering of brown coal using SAP indicates that it is possible to achieve reduction
in Loy Yang moisture from 59.3% to 38.6% equivalent to removing 57% (on dry basis) of the initial
water present. Under the tumbling contact conditions employed mixing for four hours is necessary
to attain equilibrium moisture loadings between polymer and brown coal. This process is safer than
direct thermal drying and will produce fine brown coal with a consistent moisture content. Laboratory
tests revealed that the rate of moisture absorption remains constant between 4-6 h.
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Abstract: In this study, a high-sulfur and high-ash yield coal sample obtained from the Yanshan
coalfield in Yunnan, China was analyzed. A series of char samples was obtained by pyrolysis at
various temperatures (300, 400, 500, 600, 700, 800, and 900 °C) and at a fast heating rate (1000 °C/min).
A comprehensive investigation using inductively coupled plasma mass spectrometry (ICP-MS),
a mercury analyzer, ion-selective electrode (ISE) measurements, X-ray diffraction (XRD) analysis,
and Fourier transform infrared (FTIR) spectroscopy was performed to reveal the effects of the
pyrolysis temperature on the transformation behavior of trace elements (TEs) and the change in the
mineralogical characteristics and functional groups in the samples. The results show that the TE
concentrations in the raw coal are higher than the average contents of Chinese coal. The concentrations
of Be, Li, and U in the char samples are higher than those in raw coal, while the opposite was observed
for As, Ga, Hg, and Rb. The F and Se concentrations are initially higher but decrease with pyrolysis
temperature, which is likely caused by associated fracturing with fluoride and selenide minerals.
Uranium shows the highest enrichment degree, and Hg shows the highest volatilization degree
compared to the other studied TEs. As the temperature increases, the number of OH groups decreases,
and the mineral composition changes; for example, pyrite decomposes, while oldhamite and hematite
occur in the chars. It is suggested that the behavior and fate of TEs in coal during fast pyrolysis are
synergistically influenced by self-characteristic modes of occurrence and mineralogical characteristics.

Keywords: trace elements; minerals in coal; transformation behavior; coal fast pyrolysis

1. Introduction

Approximately two-thirds of the basic chemical materials in China have been derived from coal
or down-stream products. China has been the world’s largest coal producer and consumer for several
years. The abundance of coal makes it a stable, reliable, and basic fossil energy source for the sustained
and rapid development of the Chinese economy and society; for example, approximately 74% of the
total primary energy consumption is met by coal [1]. It is anticipated that the utilization of coal will
remain stable for a few years in China while a new generation of clean coal technology, especially
entrained-flow coal gasification, is being developed to meet global energy demands and to address
environmental issues [2].

Coal is a complex flammable rock composed of inorganic and organic material and incorporates
almost all of the elements present in the earth’s crust. Some potentially toxic and hazardous trace
elements (TEs) in coal, such as arsenic, mercury, fluorine, beryllium, and uranium, are thought
to pose a potential risk for public health and the natural environment, even if present only at the
parts-per-million level. Although the TE concentrations in coal are low, significant emissions of these
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pollutants into the environment due to large quantities of anthropogenic coal consumption causes
several problems and attracts attention from regulatory authorities and scientists. Coal consumption
and related environmental regulations are increasing. Therefore, a detailed investigation of the
concentration, distribution, occurrence, and transformation behavior of TEs during coal production,
preparation, utilization, and waste disposal is necessary to obtain comprehensive information [3].

There are many studies on the concentration, geochemical, and mineralogical characteristics of TEs
in coal [4-10]. For example, Dai et al. [11] investigated mineral composition and the TE concentrations
in coal from the Huayinshan coalfield. The authors concluded that rare-earth elements mainly occur
in rhabdophane and silicorhabdophane, while mercury and selenium are incorporated in pyrite and
marcasite. A study by Liu et al. [12] showed that U, Mo, Re, Se, Cr, and V are mainly associated with
organic components and are less associated with illite or mixed-layer illite/smectite. Extensive work
on the partitioning behavior of TEs during coal combustion has been carried out [13,14], such as on the
concentration and distribution of TEs in combustion products [15-17], the volatilization or enrichment
behavior and chemical composition of TEs in ash [18,19], and the morphology and control technologies
of TEs [20,21]. However, information about the behavior and the physical and chemical forms of TEs
emitted during coal pyrolysis and gasification is scarce [22]. Several studies address the behavior of
TEs during fixed-bed gasification [23,24], fluidized-bed gasification [25], and using other gasification
technologies [26-28] employing thermodynamic simulations [29-31]. However, few studies focus on
the TE concentration during fast coal pyrolysis [32-34] and entrained-flow coal gasification because
simulation experiments are difficult and expensive. Moreover, data are extremely limited with respect
to TE behavior during different reaction stages due to the difficulty of analyzing the fate of TEs at
various temperatures.

Pyrolysis is an important thermochemical process that can be regarded as both the initial step
and/or the accompanying process in most coal conversion processes, such as combustion, gasification,
and liquefaction of coal. Furthermore, pyrolysis is a coal-cleaning technology producing fuel or basic
chemical materials. Consequently, it is of great importance to analyze the transformation and behavior
of TEs during coal pyrolysis. Many of the previous studies on pyrolysis processes were based on low
heating rates, which are very different from those in modern coal combustion or gasification processes
that are characterized by fast heating.

Hence, the goal of this work is to study coal pyrolysis under fast heating conditions, up to
1000 °C/min, similar to the heating process of modern coal pyrolysis and entrained-flow gasification.
We collected a series of Yanshan coal samples from the province of Yunnan in Southwest China,
which is enriched with several TEs, such as arsenic, fluorine, gallium, mercury, lithium, rubidium,
selenium, and uranium, compared with the average contents of Chinese coal [35]. Experiments were
conducted at various temperatures with a heating rate of 1000 °C/min, and TE concentrations were
analyzed in detail. This research aims to determine the concentration and partitioning of TEs, and to
characterize the mineralogical and chemical compositions during the fast pyrolysis of coal at different
temperatures, which can provide insights into possible transformation mechanisms and predict the
emission characteristics of TEs during gasification. The experimental operating conditions of the
present work may not be fully representative of modern coal pyrolysis and entrained-flow gasification.
However, the results provide basic theories or suggestions for TE emission and control.

2. Experiments

2.1. Samples

Ganhe meager coal from the Yanshan coalfield, located in Yunnan, was collected and used in
the present study. The high TE, sulfur, and ash content in this coal make it atypical. The sampling
procedure followed the Chinese Standard Method GB 474-2008 [36]. After the coal was air-dried, the
samples were crushed and pulverized to obtain particle sizes < 0.074 mm. Fine-grained coal samples
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were then stored hermetically for experimental use. The characteristics of the Yanshan coal are shown
in tab:minerals-06-00035-t001. The coal ash was sampled at 815 °C, in accordance with the procedure
described in the Chinese Standard Method GB/T 212-2008 [37]. X-ray fluorescence spectrometry
(PANalytical Axios-Max, Almelo, The Netherlands) was employed to measure the concentrations of
major element oxides in the coal ash sample [38]. The results are shown in
tab:minerals-06-00035-t002.

Table 1. Proximate and ultimate analysis of the coal sample.

Proximate Analysis % Ultimate Analysis %
M.a Agq Vaat  FCaar  Caat Hgat Ogdaf Ndaf St daf
Yanshan Coal 3.32 4098  17.32 8268 7797 3.25 1.72 1.08 15.98

M, moisture; A, ash yield; V, volatile matter; FC, fixed carbon; ad, air-dry basis; St, total sulphur; d, dry basis;
daf, dry and ash-free basis.

Sample

Table 2. Concentrations of major element oxides in the coal ash sample.

Sample NaZO MgO A1203 SiOZ SO3 Kzo CaO Ti02 V205 FEZO3
Mass Percentage (%) 0.36 1.60 2698 5443 415 3.41 3.34 0.78 0.15 4.60

2.2. Pyrolysis Procedure

Approximately 1 g of fine coal samples was weighed and placed into a quartz crucible.
Highly pure nitrogen (99.999%) was used to purge the crucible, and the reaction zone was closed.
Subsequently, char samples were obtained from pyrolysis at a fast heating rate (1000 °C/min) and at
the different pyrolysis temperatures of 300, 400, 500, 600, 700, 800, and 900 °C, in accordance with the
procedure by Xie ef al. [39]. The crucible and reaction zone were heated by a microwave transduction
cavity, which can transform the microwave from the workstation into general thermal radiation and
can avoid the potential structural influence from the microwave. The final temperature was held
for approximately 5 min to complete the pyrolysis. Char samples were weighed again and stored
hermetically after the quartz crucible cooled to ambient temperature. The average cooling rate was
approximately 45 °C/min before the temperature of the reaction zone was below 200 °C. Char samples
were labelled as YCGR-300-900 according to the pyrolysis temperature, while the raw coal sample
was labelled as YCGR-000.The char yields of the coal sample at different pyrolysis temperatures are
shown in tab:minerals-06-00035-t003.

Table 3. Char yields of the coal sample at different pyrolysis temperatures.

Sample YCGR-300 YCGR-400 YCGR-500 YCGR-600 YCGR-700 YCGR-800 YCGR-900
Char Yield (%) 98.41 97.62 93.25 91.95 89.40 87.31 86.58

2.3. X-Ray Diffraction (XRD) Analysis

Mineralogical characteristics of all of the samples were determined using XRD analysis. The raw
coal and char samples were analyzed using a Japanese Rigaku D/max-2500PC X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) with a Cu tube. The XRD pattern was recorded over a 26 range of
2.5°-70° with a step size of 0.02°. The scanning speed was 4°/min. The accelerating voltage and the
tube current of the X-ray diffractometer were 40 kV and 100 mA, respectively.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

Functional groups and transition characteristics of the raw coal sample as well as the char
samples were analyzed using a NICOLET iS-10 FTIR spectrometer (ThermoFisher, Waltham, MA,
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USA). The KBr disc method was used, with a 1:160 mixture of sample and KBr. Spectra were recorded
in the range of 4004500 cm ! with an accuracy of 1.929 cm~!. Thirty-two scans were taken with a
4 cm~! spectral resolution.

2.5. TE Analysis

Concentrations of Hg in coal and char samples were determined using a mercury analyzer
(DMA-80, Milestone, Sorisole, Italy). Concentrations of F in all of the samples were measured by
pyrohydrolysis with an ion-selective electrode (ISE) following the processes stipulated in the ASTM
standard. Other TEs, such as arsenic, beryllium, gallium, lithium, rubidium, selenium, and uranium,
were determined using inductively coupled plasma mass spectrometry (ICP-MS) (ThermoFisher,
X-II) in a three points per peak pulse counting mode. For ICP-MS analysis, a Milestone UltraClave
microwave high-pressure reactor was used to digest the samples. The digestion reagents consisted of
5 mL of 65% HNOj3 and 2 mL of 40% HF for each 50 mg of coal, while the solutions consisted of 2 mL
of 65% HNOj3 and 5 mL of 40% HF for each 50 mg of non-coal samples. Sub-boiling distillation was
used to further purify HF (the Guaranteed Reagent) and HNOj3 (the Guaranteed Reagent) to reduce
interferences. Selenium and arsenic contents were measured by ICP-MS using collision-cell technology
to eliminate interference due to polyatomic ions. Multi-element standards, such as U in CCS-1, and Be,
Ga, and Rb in CCS-4, were used to calibrate the TE concentrations [11,12,40].

3. Results and Discussion

3.1. Effect of Temperature on TE Concentration During Pyrolysis

The TE concentrations of the raw coal sample and the char samples derived from pyrolysis at
different temperatures at a fast heating rate are shown in
tab:minerals-06-00035-t004. The concentrations of Be, Li, and U in all of the chars obtained over the
studied temperature range are higher than those of raw coal, while the concentrations of As, Ga, Hg,
and Rb of all of the chars obtained are lower than those of raw coal. In contrast, the concentrations of F
and Se of some of the char samples are higher than those of raw coal, and others are lower than those
of raw coal. The data indicate that Be, Li, and U tend to be enriched in the solid products, whereas As,
Ga, Hg, and Rb tend to volatilize during pyrolysis. F and Se are initially enriched in the solid products
but then volatilize with increasing temperature. At temperatures lower than 600 °C, F does not show
volatilization during fast experimental pyrolysis. The volatility of Hg increases rapidly with increasing
temperature in the temperature range below 400 °C and increases slowly above 400 °C because of a
surplus shortage. As exhibits a lower volatility than Hg, which may be due to the association with
sulfide and silicate minerals. Minimal amounts of volatile TEs, such as As, Hg, and Se, were found in
chars compared to raw coal, which indicates that these TEs escape into the gas phase during pyrolysis.

Table 4. Trace element (TE) concentrations in raw coal and chars obtained from pyrolysis at
different temperatures.

Sample As Be F Ga Hg Li Rb Se U
(uglg) (ug/lg)  (uglg)  (uglg)  (uglkg) (uglg) (ug/g) (uglg) (uglg)
YCGR-000 13.3 1.73 1153 16.1 165 55.9 34.8 25.7 67.6
YCGR-300 11.7 1.95 1194 139 98.0 63.6 28.4 26.4 76.2
YCGR-400 11.5 1.95 1252 14.0 19.7 63.7 279 242 86.6
YCGR-500 12.3 2.04 1270 14.4 4.60 65.8 29.0 26.0 105
YCGR-600 119 2.01 1254 14.4 2.87 64.0 29.2 245 93.3
YCGR-700 12.5 2.09 1195 15.0 6.84 67.8 30.1 229 101
YCGR-800 12.1 2.19 1183 15.0 3.31 69.1 26.1 20.3 124
YCGR-900 11.7 2.32 1141 15.2 4.09 69.8 29.1 19.6 119
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A relative parameter (AC) is used to clearly and quantitatively describe the changing behavior of
TE concentrations in the samples. The value of AC was calculated based on the data from
tab:minerals-06-00035-t003 and is summarized in Figure 1.

AC = Cchars — Ccoal (1)

Ceoal
Here, AC is the changing rate of concentrations; Cp,,s is the TE concentration in the char samples;
and C,y, is the TE concentration in the raw coal sample.

0.8 -

0.4

300 400 500 700 800 900

600
Temperature( C)

Figure 1. AC of trace elements (TEs) in raw coal and char samples obtained from pyrolysis at different
temperatures at a fast heating rate.

The enrichment and volatilization of TEs were investigated by introducing a relative parameter
(AC), which compares the TE content in chars with that in raw coal. Figure 1 presents the AC of
raw coal and char samples obtained from pyrolysis at different temperatures at a fast heating rate,
showing that the AC of U, Be, Li, and F is positive, except for F at 900 °C, while the AC of Ga, As, Rb,
Se, and Hg is negative, except for Se at 300 °C. Uranium shows the highest increase of AC, and Hg
reveals the largest decrease. It is notable that the enrichment order from high to low is U, Be, Li, and
F, and the enrichment of U, Be, and Li increases with increasing pyrolysis temperature, except for
F. Mercury almost completely volatizes at 500 °C and has a much higher volatility than Se, Rb, As,
and Ga, even at low temperatures. The volatility of Se is unnoticeable at low temperatures and then
increases gradually. The enrichment of Li is very similar to that of Be, and the partitioning of As is
similar to that of Se in the samples (Figure 1). The volatility of As, Ga, Hg, Rb, and Se is much higher
than that of F, suggesting that a large concentration of these elements is vaporized to the gas phase
during pyrolysis.

Studies suggest that the elements associated with the organic matter are more easily vaporized
than those associated with minerals, which can hinder TE partitioning into the gas phase.
However, there has been no evidence to support that Hg is associated with organic matter in Yanshan
coal. The phenomenon of Hg being one of the most volatile TEs in Yanshan coal is likely caused by
the Hg characteristics. The conclusion can be drawn that Se, Rb, As, and Ga are volatile TEs during
fast pyrolysis, while F has the potential for volatilization at high temperatures, and U, Be, and Li are
non-volatile TEs in Yanshan coal. In addition, the behavior of TEs is also influenced by technological
parameters, such as reaction atmosphere, mixing status, and product properties. Because of increased
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TE emission and the potentially serious risk for the ecosystem environment, more effective measures
and countermeasures should be investigated.

3.2. Effect of Temperature on Functional Groups During Pyrolysis

The FTIR spectra of raw coal and char samples obtained from pyrolysis at various temperatures
at a fast heating rate are presented in Figure 2. The spectra show well-resolved peaks as IR bands.
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Figure 2. Fourier transform infrared (FTIR) spectra of raw coal and char samples obtained from
pyrolysis at different temperatures at a fast heating rate.

It has been reported that some TEs are associated with organic matter or are influenced by organic
matter in coal [8,12,41]. Therefore, helpful information may be obtained through an investigation of
the changing behavior of the functional groups or organic structure during fast pyrolysis. A band
in the region between 3750-3250 cm ! assigned to OH stretching vibrations was observed in all of
the samples. However, the band intensity in this region tends to decrease with increasing pyrolysis
temperature (Figure 2). The absorbance in this region is attributed to free OH groups, alcohol OH
groups, carboxyl OH groups, and the associated OH of aromatic clusters of samples. It is suggested
that the OH concentration decreases during pyrolysis. Moreover, a stretching vibration-induced
band appears in the region of 1700-1600 cm ™!, which is assigned to the aliphatic C=O and ~COOH.
A small band was observed in the region of 1600-1500 cm~ L. This feature, which is assigned to C=C
aromatic stretching vibrations of aromatic rings or an aromatic nucleus [42], gradually disappears
with the increasing pyrolysis temperature. A possible explanation for these changes is that some
aromatic rings in the macromolecular structure of coal or char samples decompose, and a few aliphatic
C=0 groups are generated from pyrolysis reactions during fast pyrolysis. A notable peak is found
in all of the samples at 1050 cm ™! due to kaolinite [43]. The peak is sharp in YCGR-000 and then
weakens gradually, but it becomes stronger in YCGR-900 compared to the samples obtained at lower
temperatures. Calcite stretching vibrations cause a peak at 1425 cm~![42]. A weak peak at this
wave number is found in YCGR-000-600 and disappears in YCGR-700. The possible reason is that
calcite decomposes because of the fast heating rate. Note that this also demonstrates the variation of
kaolinite and calcite compared to XRD analyses and possibly is a useful source of information about
TE migration mechanisms, especially some TEs associated with the organic matter. In general, the
peak positions in the FTIR spectra of all of the samples were similar. The difference in absorbance
indicates that the quantity and structures of functional groups or minerals changed.
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3.3. Effect of Temperature on Mineralogical Characteristics During Pyrolysis

To elucidate the mineralogical characteristics of the samples, XRD patterns of the raw coal and char
samples obtained from pyrolysis at various pyrolysis temperatures at a fast heating rate are presented
in Figure 3. In raw coal, quartz, mica, gypsum, and pyrite have been identified. The mineralogical
characteristics of the char samples from pyrolysis show a minor but interesting variation. The common
mineral is quartz, exclusively composed of SiO; ( tab:minerals-06-00035-t002). With increasing
temperature, illite, oldhamite, and hematite appear in the chars, which may be due to the
transformation of mica, gypsum, and pyrite [44].
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Figure 3. X-ray diffraction (XRD) patterns of raw coal and char samples obtained from pyrolysis at
different temperatures at a fast heating rate. Q: quartz; P: pyrite; M: mica (muscovite, polylithionite,
fluorphlogopite); G: gypsum; I: illite; C: oldhamite; F: hematite.

The TE contents are below the detection limit of XRD but are included in many minerals.
The results obtained by XRD analysis are in agreement with the behavior of some TEs in the pyrolysis
temperatures range. The concentration of F is related to silicate associations [41] and is low in
YCGR-900, coincidentally, at the location where fluorphlogopite disappeared in the XRD pattern.
It has been reported that most As is associated with pyrite [45,46], and pyrite is found in coal and
not in chars, as Figure 3 shows, which provides a possible explanation for the volatilization of As.
Minerals identified in chars are different from those in coal, which provides a possible interpretation
according to the phenomena of TE enrichment or volatilization. The behavior of TEs during pyrolysis is
also related to their characteristics—e.g., Hg expresses higher volatilization than As, although both TEs
show similar primary modes of occurrence in coal. Some fluorides and selenides are found in raw coal
and char samples, which indicates that there is a competing mechanism of partitioning behavior of F
and Se, such as the volatility of F and Se and the hindering influence of minerals. In addition, inorganic
cationic matrices, such as iron and calcium, also influence TE atomization [47], which suggests that
the partitioning behavior of TEs, such as that of As in Figure 1, is different from the anticipated
volatilization degree. Hence, a calcium-based absorber may be useful for the TE solidification in solid
products. Research on this phenomenon may be useful to develop environmental pollution control
methods and technologies for volatile TEs.

4. Summary and Conclusions

This paper presents a comprehensive study of the influence of different pyrolysis temperatures
on TE behavior during coal pyrolysis at a heating rate of 1000 °C/min by analyzing the concentrations
of As, Be, F, Ga, Hg, Li, Rb, Se, and U in raw coal and char samples. In addition, the effects of various
pyrolysis temperatures on functional groups are investigated to interpret the behavioral characteristics
of TEs during fast pyrolysis. The main conclusions drawn are as follows:
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(1) The concentrations of As, F, Ga, Hg, Rb, Se, and U are much higher, and the concentration of
Li in Yanshan coal is only slightly higher than the average TE values of Chinese coal. However, the
raw coal is also very rich in sulfur and ash.

(2)The concentrations of Be, Li, and U in the char samples obtained from pyrolysis are higher
than those in raw coal samples. Contrary results are obtained for As, Ga, Hg, and Rb, except for F
and Se. The concentrations of F and Se in chars are initially higher but are lower than those in raw
coal. The concentration of F in the char sample at 900 °C is lower than that in coal, while a similar
phenomenon can be observed when the temperature is above 500 °C for Se, which is likely caused by
the association fracturing with fluoride and selenide minerals at this specific temperature.

(3) The enrichment degree of U is much higher than that of the other selected non-volatile
TEs, and the volatilization degree of Hg is much higher than that of the other studied volatile TEs.
The enrichment of U and the volatilization of Hg increase with increasing pyrolysis temperature.
The Hg content changes only slightly above 500 °C, whereas chars show the highest U concentration
at 800 °C.

(4) The number of OH groups decreases during fast coal pyrolysis. Interesting changes were also
observed regarding the strength of C=0O and aromatic rings or aromatic nuclei above 500 °C.

(5) The minerals identified in chars are different from those in coal, which is caused by the
pyrolysis reaction and may explain some of the TE behaviors. Pyrite has not been identified in chars,
which indicates that As and Hg, associated with or related to pyrite, are being released during pyrolysis.
In contrast, oldhamite and hematite are found with increasing pyrolysis temperature. TE partitioning
is affected by not only the mode of occurrence in minerals but also the temperature and the element
itself. To effectively control TE emission during fast pyrolysis or entrained-flow gasification, further
research is necessary.
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