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ARTICLE INFO ABSTRACT

Lithium recovery from the density fractions of Baker (namely West Kentucky No. 13) seam coal was investigated
in this study. Proximate and elemental analyses showed that lithium contents in the 1.8-2.2 SG and 2.2 SG sink
Coal fractions were 185 ppm and 150 ppm, respectively, which are significantly higher than the average content of
Ca?cinatior} coal sources (12 ppm) and coal ashes (66 ppm) worldwide. Moreover, due to the high lithium contents and mass
iicrll:ti:a::;}iis distribution, nearly 90% of the lithium present in the Baker coal sample was distributed in the two density
Se tial chemical extraction fractions. Direct leaching using a HCI solution resulted in less than 10% lithium recovery, which was due to
quen

nearly 90% of the lithium being associated with insoluble solids as determined by the results from sequential
extraction tests. Calcination of both density fractions under 600 °C for two hours followed by leaching resulted in
recovery increases in the range of 70% to 80%. The pyro-metallurgical pretreatment step converted most of the
associated lithium minerals to more easy-to-leach forms such as carbonate and metal oxide. Based on mineralogy
characterization and leaching test results, it was concluded that the positive effects of calcination on lithium
leachability resulted from the dehydration and disintegration of kaolinite as well as dehydroxylation and ex-
pansion of muscovite/illite. An analysis of the leaching kinetics revealed that the leaching rate of lithium was
controlled by interface transfer and diffusion across the product layer and was negatively impacted when the
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calcination temperature exceeded 600 °C due to sintering of the kaolinite.

1. Introduction

Lithium is a major high-tech metal and a crucial component in re-
chargeable batteries, fuel cells, and other electronic devices. Over the
past 20 years, the growing ubiquity of personal electronic devices has
caused tremendous growth in the demand of lithium metal with year-
to-year production growth outpacing that of many other mineral re-
sources (see Fig. 1). For example, data from the U.S. Geological Survey
shows that the world total production of lithium increased from 69,000
tons in 2017 to 85,000 tons in 2018 — an increase of 23% in a single
year [1]. This unabated growth in demand has caused many technology
companies to evaluate the supply chain risks, and in turn, many in-
ternational agencies and national governments have recently listed li-
thium as a critical and strategic commodity [2-4]. The conventional
lithium supply chain includes primary production from either lithium-
containing ores, such as spodumene and lepidolite, or aqueous re-
sources, such as salt lake brines, geothermal brines, and seawater [5].
The US currently has only a single lithium producer, and majority of
known lithium reserves reside in Chile with Australia, Argentina and
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China also controlling significant holdings [6]. Given the criticality of
this resource and the importance to consumer and energy products,
several researchers have recently assessed a number of alternative and
unconventional sources of lithium [7,8].

Coal and coal byproducts are known to contain numerous trace
elements, sometimes at elevated concentrations [9-11]. Since 2014, the
U.S. Department of Energy has investigated the technical and economic
feasibility of extracting rare earth elements (REEs, i.e. Sc, Y, and the
lanthanides) from coal-related materials such as coal, coal refuse, coal
combustion ash, and acid mine drainage [12-15]. Support from this
program has led to the development of several novel processes, which
were first evaluated at the bench scale and later validated at the pilot
scale [13,15-23]. For example, Honaker et al. [16] has designed, con-
structed, and tested a unique REE recovery process that incorporates
physical preparation, roasting, acid leaching, and selective precipita-
tion. This process has been integrated into a pilot plant (https://www.
youtube.com/watch?v=jR70j-MzWNE&t =3s) that has proven cap-
ability of continuously producing rare earth oxides concentrates ex-
ceeding 95% purity. Recent efforts in this program have expanded the

Received 22 November 2019; Received in revised form 2 February 2020; Accepted 3 February 2020

0016-2361/ © 2020 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2020.117319
https://www.youtube.com/watch%3fv%3djR70j-MzWNE%26t%3d3s
https://www.youtube.com/watch%3fv%3djR70j-MzWNE%26t%3d3s
https://doi.org/10.1016/j.fuel.2020.117319
mailto:wencaizhang@vt.edu
https://doi.org/10.1016/j.fuel.2020.117319
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2020.117319&domain=pdf

W. Zhang, et al.

7,00,000

6,00,000 ‘9
5,00,000 ‘o
lo)
4,00,000 ,%
/o
J/®
&

%w‘iﬂﬁ@

3,00,000
2,00,000
1,00,000

World Production (Tons)

0 A
1920 1940 1960 1980

Time (Year)

2000 2020

Fig. 1. World production of lithium as a function of time.

scope to critical materials such as lithium [24].

The average content of lithium in world coals and coal ashes were
estimated to be around 12 ppm and 66 ppm, respectively. These
average values are much higher than those of germanium, gallium, and
selenium [25]; however, much lower than many conventional lithium
ores. Despite the low average value, coal deposits that are high in li-
thium content have been reported in literature. For example, the Kry-
lovsk and Verkhne-Bikinsk coal basins in the Russian Far East contain
up to 0.22-0.65% Li,O [9]. In the Jungar coalfield (Inner Mongolia,
China), high contents of lithium were detected not only in the host-
rocks but also in some coal benches [26,27]. The lithium present in the
these coal deposits are primarily associated with clay minerals such as
tosudite [Nag s5(Li,Al,Mg)e((Si,Al)g018)(OH);2-5H50] and chlorite with
composition intermediate between cookeite [LiAl4(AlSiz0¢)(OH)g]
and chamosite [9]. Finkelman et al. [28] conducted a systematic study
to quantify the modes of occurrence of trace elements including lithium
that are present in twenty US coals. The study found that more than
90% of the lithium was associated with clays and micas.

Recent studies by Zhang and Honaker [17,29] showed that REEs can
be readily leached from coal refuse after carefully controlled calcina-
tion. The leaching performance for non-calcined samples and im-
properly calcined samples (i.e. calcined at a very high temperature) was
significantly reduced. For example, under standard leaching conditions
(1.2 M HCl, 1% solid concentration by weight, 75 °C reaction tem-
perature, no calcination), only 10% of the REEs were leached from a
Pocahontas No. 3 coarse refuse sample, even after 5 h of leaching time.
Alternatively, when the sample was calcined at 600 °C for two hours
prior to leaching, the recovery was increased to nearly 90% while the
leaching duration was shortened to less than 15 min. In these studies,
the positive impacts of calcination on the REE leachability were ex-
plained by two fundamental mechanisms: (1) hard-to-leach REE-
bearing minerals were converted into more soluble forms; and (2) clay
minerals especially kaolinite were dehydrated and decomposed causing
the liberation of the encapsulated rare earth minerals [17,29,30].

As described above, geologic and speciation studies have shown that
the lithium present in coals is closely associated with clay minerals.
Moreover, recent experimental studies have shown that the calcination
of coal refuse helps liberate trace elements, such as REEs, from the clay
matrix. Together, these two observations suggest that proper calcina-
tion may also improve the leachability of lithium from coal-based
materials. If implemented synergistically with an REE recovery process,
the co-extraction of lithium may bolster the economic viability of the
entire process and support a more sustainable use for coal waste.
Unfortunately, investigations concerning lithium recovery from coals
and coal-related materials have been rarely reported. To address this
knowledge gap, this communication describes an experimental study
where calcination and acid leaching tests were performed on different
density fractions of the Baker seam coal of the Illinois Basin to evaluate
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the viability of lithium extraction. Leaching kinetic analysis and se-
quential chemical extraction were conducted to explain the calcination
and acid leaching mechanisms. Systematic understandings of lithium
extraction from the materials were ultimately achieved.

2. Material and methods
2.1. Material

Two barrels of the feed material reporting to a coal preparation
plant processing Bake seam coal were representatively collected from a
conveyor belt using a belt-sweep sampler. The sample was air-dried and
the material coarser than 10 mm was obtained by dry sieving. The
oversize fraction was density fractionated using density medium baths
of 1.4 specific gravity (SG), 1.8 SG, and 2.2 SG, which were prepared by
dispersing the required amounts of ultrafine magnetite in water to
achieve the desired medium SG. After separation, the resultant four SG
fractions were air-dried at room temperature and pulverized to a top
size of 0.18 mm using a jaw crusher and a hammer mill. The pulverized
materials were used as feedstocks for the calcination and lithium re-
covery tests.

The chemicals used in this study were at least ACS grade and pur-
chased from Thermal Fisher Scientific, USA. Trace metal grade acids
were used for the acid leaching and sequential chemical extraction tests
as well as the solid sample digestions. The water used in the experi-
ments was of type I purity with a resistivity of 18.2 MQ-cm.

2.2. Methods

2.2.1. Calcination test

The samples were calcined at 400 °C, 600 °C, 750 °C, and 900 °C for
two hours in a muffle furnace following procedures similar to those
described by Zhang and Honaker [17]. For each batch of calcination, six
crucibles containing 30 g of solid (5 g per crucible) were placed in the
furnace. The temperature in the furnace was elevated from room tem-
perature to the calcination temperatures at a rate of 10 °C/min. After
calcination, the furnace was automatically cooled to room temperature,
which took around 12 h. A static air condition was used during the
overall calcination process.

2.2.2. Acid leaching test

Acid leaching tests were performed on both the raw and the cal-
cined samples under uniform conditions, namely, 10 g/L solids con-
centration, 1.2 M hydrochloric acid, 75 °C reaction temperature, and
300 min reaction duration. The detailed testing procedures can be
found in a prior communication [29]. Representative samples were
taken from the slurry at different time intervals from the start of the
leaching process up to a total period of 5 h (i.e., 5 min, 15 min, 30 min,
45 min, 60 min, 90 min, 2 h, 3 h, 4 h, and 5 h).

The element-by-element leaching recovery was determined by back-
calculating the elemental feed assay (E; ppm) using the following
equation:

E; = 100 X (Cy X mg + C; X V) X my/(m; — my,)

where C; and C; represent the elemental concentrations (ppm, re-
presenting mg/kg for solid and mg/L for liquid) in the solid residue and
final leachate, respectively; mg (kg) weight of the leaching solid residue;
V; (liter) volume of the final leachate; m; (kg) weight of the total
leaching slurry; and m,, (kg) weight of all the representative samples
collected during the leaching process. The difference between the back-
calculated contents and the values measured directly using an in-
ductively coupled plasma optical emission spectrometry (ICP-OES)
were within + 5%, indicating minor experimental errors.

Next, the element-by-element leaching recovery (R;, %) was calcu-
lated using the following equation:
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R; = 100% x C; x V/(Ey x 0.01) &)

where C; (ppm) represents elemental concentrations in the filtrates
collected during the leaching process, V volume of the feed solution
(1 L), and E; (ppm) the back-calculated elemental contents in the feed
solids. All REE content values in the solids are reported based on a dry
whole sample basis. Three duplicates were performed on the raw ma-
terials and the standard variances in the metal recoveries were less than
3%.

2.2.3. Sequential chemical extraction test

In prior studies, sequential chemical extraction (SCE) has been used
as an indirect method to determine the mode of occurrence of trace
elements [28,31,32]. In the SCE process, the solid specimen is se-
quentially reacted with a series of lixiviants under increasingly ag-
gressive conditions. This procedure enables the extraction of only a
specific mode of trace elements in each step. By measuring trace ele-
ment concentration in the liquid obtained after each extraction, the
distribution of trace elements in the different solid phases can be
quantified.

In this study, SCE was performed to quantify the modes of occur-
rence of lithium in both the raw and calcined materials. The SCE pro-
cedure was formulated based on the protocols used for coal fly ash
[32-34]. As shown in Fig. 2, the lithium present in the samples was
classified into five different modes of occurrence, namely, 1) ion-ex-
changeable, 2) carbonate, 3) metal oxide, 4) acid soluble, and 5) in-
soluble, by reacting with magnesium chloride (MgCl,), sodium acetate
(CH3COONa), acetic acid (CH3COOH), nitric acid (HNO3), and aqueous
regia plus hydrofluoric acid (acid digestion) solutions, respectively. The
addition of hydroxylamine hydrochloride (NH,OH-HCI) in the third
step ensures that oxides of reducible metals such as iron and manganese
are completely dissolved [32]. Two density fractions of the Baker coal
(i.e., 1.4 SG float and 2.2 SG sink material) were selected for the test
since they represented low- and high-density fractions, respectively.
The SCE procedure is not directly effective for low ash content coals

Solid Samples (2 g)

MgCl, Solution
(1 M, 40 mL, pH 8.2+0.05,
25°C, 0.5 hour)

— |lon-exchangeable

CH;COONa Solution
(1 M, 40 mL, pH 5.0+0.05,
25°C, 0.5 hour)

— Carbonate

0.04 M NH,0H-HClin 25%
(v/v) Acetic Acid Solution
(100 mL, 95°C, 3 hours)

— Metal Oxide

15 mL Concentrated HNO;
plus 40 mL H,0,
(55 mL, 85°C, 5 hours)
Acid Soluble

1 M Ammonium Acetate in
20% HNO3
(25 mL; 25°C, 5 hours)

Acid Digestion — |nsoluble

Fig. 2. Sequential chemical extraction procedure that was used for quantifying
the modes of occurrence of lithium in the Baker SG fractions.
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since the organic matter cannot be dissolved. Therefore, for the 1.4 SG
float material, SCE was only performed on its calcination products.
Three duplicates were performed for a selected material and the stan-
dard variances in the fractions of the different modes of occurrence
were 2.44%, 1.51%, 2.27%, 5.24%, and 0.14%, respectively.

2.2.4. Sample characterization

Proximate analyses of the calcined and non-calcined samples were
performed following the ASTM D5142 standard [35]. X-ray diffraction
(XRD) was performed for mineralogy characterization using a Bruker-
AXS D8 DISCOVER diffractometer that was configured in a parallel
beam geometry with Cu-Ka radiation. XRD patterns were recorded over
a 20 range of 5°-70° with a step size of 0.02°. XRD patterns were ana-
lyzed using DIFFRAC, a commercial software developed by Bruker
Corporation. Scanning electron microscope (SEM) analyses were per-
formed on the calcination products to investigate the morphological
changes caused by calcination.

Liquid samples generated during the tests were directly analyzed
using ICP-OES equipment manufactured by Thermal Fisher Scientific,
USA. Solid samples were first ashed following the ASTM D5142 stan-
dard [35] and then digested using aqua regia plus hydrofluoric acid.
The elemental composition in the solid was then calculated based on
the ICP-OES measurement of the solution generated by acid digestion.
Further details on the acid digestion and ICP-OES analysis are provided
by Zhang and Honaker [36]. For each batch of digestion, a standard
solid sample supplied by the National Institute of Standards and
Technology (NIST) of the U.S. Department of Commerce was digested
together with the experimental solid samples. Analysis results were
accepted if differences between the measured contents and the values
provided by the supplier were = 10%. The ICP-OES unit was calibrated
using six standards prepared at the following concentrations: 0 ppm,
0.05 ppm, 0.5 ppm, 1 ppm, 5 ppm and 10 ppm. The calibration was
verified by two independently sourced check standards, i.e., continuing
calibration verification (CCV) and continuing calibration blank (CCB),
every 10 samples. The lithium recovery for these check standards
was = 10% RSD. The detection limit of the method developed using the
ICP-OES for lithium concentration measurement was 0.0033 ppm. A
duplicate sample was chosen at random and run through the entire
process to verify repeatability every 40 samples.

3. Results and discussion
3.1. Lithium content distribution

Proximate analysis showed that the 1.4 SG float, 1.4-1.8 SG, 1.8-2.2
SG, and 2.2 SG sink fractions of the Baker coal contained 6.38%,
23.53%, 73.29%, and 86.49% of ash, respectively (see Table 1 and
Fig. 3 (a)). The majority of the material was distributed in the 2.2 SG
sink fraction (59.9%), followed by the 1.4 SG float (17.5%) and the
1.4-1.8 SG (16.4%) fractions. Only 6.3% of the material reported to the
1.8-2.2 SG fraction. The lithium contents and distributions in the dif-
ferent SG fractions are shown in Fig. 3 (b). When reported on an ash
basis, the maximum lithium content occurred in the 1.4-1.8 SG fraction
(247 ppm); however, the content was reduced to 61 ppm when assessed

Table 1
Proximate analysis results of the different specific gravity fractions of the Baker
coal.

Sample Moisture (%) Volatile (%) Fixed Ash Total (%)
carbon (%) content
(%)
1.4 SG Float 2.19 36.92 54.52 6.38 100
1.4-1.8 SG 2.08 30.57 43.82 23.53 100
1.8-2.2 SG 1.98 14.12 10.61 73.29 100
2.2 8G Sink  1.78 10.79 0.94 86.49 100
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Fig. 3. Analyses of the different specific gravity fractions of the Baker material
distribution.

on a whole sample basis. Moreover, the 1.8-2.2 SG and 2.2 SG sink
fractions contained 185 ppm and 150 ppm of lithium, respectively, on a
dry whole sample basis. These values are much higher than the low ash
content fractions (e.g., 7 ppm of Li present in the 1.4 SG float). Due to
the higher lithium contents and mass distributions in the high-density
fractions, the majority of the lithium mass was found to be distributed
in the fractions heavier than 1.8 SG. As shown in Fig. 3(b), the amount
of lithium associating with the 2.2 SG sink and 1.8-2.2 SG fractions
accounted for nearly 90% of the total lithium. Given this mass dis-
tribution, an optimal lithium recovery process should target the higher
ash content coal refuse materials. This approach is preferred for many
coal producers as it permits waste utilization without sacrificing the
value of the clean coal.

3.2. Lithium leaching performance

For comparison purposes, acid leaching tests using 1.2 M HCl were
performed on all SG fractions rather than just the high-density fractions
that contain a majority of the lithium mass. Fig. 4(a)-(d) show lithium
leaching recovery data as a function of leaching time for different SG
fractions and calcination temperatures. Lithium recovery values for the
as-received/raw materials were notably low (less than 10%), even at
long leaching durations. The data appears to show a trend with lower
SG fractions producing lower overall recovery values. In the case of the
lightest SG fraction (1.4 SG float material), the leaching recovery of
lithium was negligible, which may be due to the encapsulation of li-
thium in the organic matrix in forms of either complexation with or-
ganic matter or association with inorganic matter occurring in the or-
ganic matrix.

Given these low recovery values, blank calcination (i.e. calcination
without additives) was used to pretreat the materials prior to acid
leaching. As shown in Fig. 4(a)—(d), the lithium recoveries in all cases
were significantly increased due to calcination. For example, less than
3% of the lithium was leached from the 1.4-1.8 SG fraction of the raw
material; however, after calcination at 600 °C, the final recovery in-
creased to nearly 80%. A comparison between the leaching results of
the raw and the calcined materials showed that 60 to 80 absolute
percentage point increases for all the four fractions by calcination. In
addition, among the investigated temperatures, calcination at 600 °C
provided maximum final lithium recoveries for all the SG fractions.
Under a calcination temperature of 900 °C, the recovery values were
reduced to less than 20%.

3.3. Modes of occurrence of lithium

Sequential chemical extraction tests were performed on the 600 °C,

Fuel 268 (2020) 117319

300 100

[ ] Ash basis content (b)
:] Whole sample basis content L 9o
Distribution

250 = — B 80
F70  ~
2200 B
o Lo =
E — g
8 150 — Fso 2
E £
S L 40 -‘5”
3100 50 3

r 20

50
F 10
0 T T T T 0
1.4 SG Float 1.4-1.8 SG 1.8-2.2 SG 2.2 SG Sink

Specific Gravity Fraction

: (a) Ash content, yield, and organic matter distribution; (b) Lithium content and

750 °C, and 900 °C calcination products of the 1.4 SG float and 2.2 SG
sink materials as well as the raw 2.2 SG sink material. As shown in
Fig. 5 (a) and (b), a considerable portion of the lithium present in the
2.2 SG sink raw material occurred as an insoluble form, which ex-
plained the low recoveries obtained in the acid leaching tests (see
Fig. 4). However, after calcination under 600 °C for two hours, the
fraction of insoluble lithium was significantly reduced from 91% to
20%, indicating the conversion of the insoluble lithium into a more
soluble form. This result corresponded to increases in the ion-ex-
changeable, carbonate, metal oxide, and acid soluble fractions (from
0.8% to 15%, 0.6% to 10%, 3% to 28%, and 5% to 27%, respectively).
In the acid leaching tests, the solid was reacted with 1.2 M HCl under
75 °C for five hours, and thus all of the lithium occurring as ion-ex-
changeable, carbonate, and metal oxide forms should have been dis-
solved plus some of the acid soluble lithium, agreeing with the rela-
tively high leach recovery value (nearly 70% after five hours of
interaction). As shown in Fig. 5(b), the acid soluble and insoluble
fractions increased when the calcination temperature exceeded 600 °C,
and the insoluble fraction increased to nearly 80% in the 900 °C cal-
cined sample. Therefore, excessive calcination treatment caused dele-
terious impacts on the extraction of lithium (see Fig. 4(d)). For the 1.4
SG float material, calcination showed similar effects on the modes of
occurrence of lithium as the 2.2 SG Sink material in the temperature
range of 600-900 °C. As shown in Fig. 5(a), the insoluble lithium only
accounted for 23% of the total lithium present in the 600 °C calcination
product of the 1.4 SG float material, whereas the insoluble fraction
raised to 71% when the material was calcined under 900 °C for two
hours. This finding also agreed with the acid leaching test results (see
Fig. 4(a)).

The sequential chemical extraction results showed that nearly 90%
of the lithium in the 2.2 SG sink material occurred in an insoluble form.
To expound on these experimental results, Fig. 6(a) and (b) show the
mineralogical analysis as determined by XRD. The major mineral
phases in the raw materials included quartz, clays (kaolinite, illite, and
muscovite), and pyrite. Trace amounts of anatase and calcite were also
detected in the 1.4 SG float material. In the sequential extraction pro-
cess, the easy-to-dissolve minerals such as pyrite and calcite were likely
dissolved after the fourth step where strong acidic and oxidizing con-
ditions were used. Therefore, the insoluble residue generated from the
fourth step likely included quartz and clays. In addition, Fig. 6 (a) and
(b) shows that quartz was unaffected by calcination, which is sufficient
evidence to exclude the possibility that lithium was associating with
quartz in the Baker materials. Based on the above discussion, it can be
concluded that clay minerals are the major host phases for lithium in
the Baker material especially the high-density fractions. This conclusion
agrees with the study reported by Finkelman et al. [28].
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The diffraction peaks of kaolinite disappeared for both the 1.4 SG
float and 2.2 SG sink materials after calcination under 600 °C. This
phenomenon has been observed in prior studies [17,29,30], which can
be explained by the dehydration and decomposition of the layered
kaolinite structures [37,38]. The diffraction peaks of illite and musco-
vite were still detectable in the 600 °C calcination products, indicating
that these mineral crystals were not destroyed during calcination.
However, as reported by Guggenheim et al. [39] and Irassar et al. [40],
dehydroxylation and crystal expansion of illite and muscovite is

initiated at relatively low temperatures (e.g., 300 °C) despite the fact
that their mineral phases remain unchanged until 850-900 °C. The
enhanced leaching recovery of lithium after calcination under
600-750 °C may be caused by the dehydration and disintegration of
kaolinite as well as dehydroxylation and expansion of muscovite and
illite.

Based on the prevalence of clays (kaolinite, illite, and mica) in the
materials, it can be concluded that aluminum and potassium occurring
in the materials are primarily associated with the clays. Therefore,
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Fig. 7. Correlation between lithium recovery and the recovery of (a) aluminum and (b) potassium for the density fractionized samples; circled results show Li, Al and
K recoveries from the 400 °C calcination products of the 1.4 SG float and 1.4-1.8 SG fractions.

Table 2

Linear fitting parameters for Li versus Al leaching kinetic data.

Calcination Temperature

Fitting Parameters

Density fractions

1.4 SG Float 1.4-1.8 SG 1.8-2.2 SG 2.2 SG Sink
Untreated Equation NA y = 0.67x y = 0.99x y =129
R2,. NA 0.975 0.998 0.999
adj
400 °C Equation y = 3.87x y =275 y = 3.01x y =341x
Razdj 0.974 0.971 0.986 0.970
600 °C Equation y = 1.70x y = 1.60x y =182 y=2
Rgdj 0.993 0.993 0.996 0.991
750 °C Equation y = l.64x y = 1.56x y=1.83x y =178
RZ 3 0.997 0.992 0.994 0.997
900 °C Equation y =1.03x y=152x y = 1.98x y=1.99x
Rgdj 0.997 0.981 0.989 0.997

information regarding the modes of occurrence of lithium may be ob-
tained by analyzing the aluminum and potassium leaching character-
istics. As shown in Fig. 7(a) and (b), a strong linear correlation exists
between lithium and aluminum as well as potassium leaching re-
coveries. This can be confirmed by the fact that adjusted coefficient of
determination (Rﬁdj) values of the linear fittings shown in Table 2 and

Table 3 are greater than 0.94. The strong linear correlation further
supports the conclusion that lithium in the Baker materials is mainly
associated with clays, and changes to the clay crystal structures caused
by calcination increase lithium leachability. Fig. 7(a) and (b) also shows
that, at the same level of aluminum or potassium recovery, higher li-
thium recoveries were obtained from the 400 °C calcination products of
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Table 3
Linear fitting parameters for Li versus K leaching kinetic data.
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Calcination Temperature Fitting Parameters

Density Fractions

1.4 SG Float 1.4-1.8 SG 1.8-2.2 SG 2.2 SG Sink
Untreated Equation NA y =0.19% y = 0.51x y = 1.05x
RZ A NA 0.946 0.960 0.960
400 °C Equation y = 34x y =3.07x y =173 y = 2.66x
RZ A 0.9981 0.999 0.994 0.999
600 °C Equation y=13% y = 1.62x y = 1.87x y = 181x
R2,. 0.985 0.986 0.991 0.996
adj
750 °C Equation y = 1.36x y = 1.55x y=179% y = 1.54x
R2 i 0.990 0.989 0.994 0.987
900 °C Equation y = 1.05x y =149 y = 1.30x y =1.07x
RZ i 0.996 0.996 0.998 0.991

the 1.4 SG float and 1.4-1.8 SG fractions relative to the other materials.
This result may suggest that some of the lithium present in the low ash
coals was associated with the organic matter. After the organic matter
was removed by calcination, the organically-associated lithium was
released and easily leached, which agrees with the acid leaching test
results (see Fig. 4(a) and (b)). Despite that some mineral components
were also exposed after calcination under 400 °C, the dehydration of
kaolinite and the dehydroxylation of illite were insufficient, and thus
aluminum recoveries were relatively low.

The acid leaching test and sequential chemical extraction results
(see Fig. 4(a)-(d) and Fig. 5(a) and (b)) collectively showed that the
leaching performance of lithium from the density fractionized samples
deteriorated when the calcination temperature exceeded 600 °C. The
reduction in performance can be explained by the fact that, after
complete dehydration and disintegration at 600-700 °C, amorphous
meta-kaolinite starts to recrystallize by re-linking the octahedrally co-
ordinated Al with the tetrahedrally coordinated Si [41]. Recrystalliza-
tion results in sintering of the meta-kaolinite, thus decreasing the sur-
face area and porosity [17]. Therefore, lithium present in the coal
materials was encapsulated in the sintered meta-kaolinite structures
after calcination under high temperatures such as 900 °C. The
morphologies of the 600 °C and 900 °C calcination products of the 1.4
SG float material are shown in Fig. 8(a) and(b). Aluminum silicate slices
with thicknesses of several nanometers were found in the 600 °C cal-
cined material. However, in the 900 °C calcined material, the aluminum
silicate slices were linked together due to sintering.

r mag % WD tilt  dwell
0 nA 20 001 x 4.0 mm 0.0 ° 5.00 ps

3.4. Leaching kinetic analysis

To better understand the reaction rates and leaching mechanisms,
the data plotted in Fig. 4(a)-(d) were analyzed by fitting the data to
standard kinetic models. Since the recovery of lithium from the raw
materials was negligible, the kinetic analyses were only performed on
the calcined materials. Initially, the shrinking core model, a common
equation used to describe multiphase solid-liquid processes, was used
to fit the data [42,43]. According to the model, if the reaction rate is
controlled by diffusion through the solid layer, the integral rate ex-
pression is as follows:

2
1-Za—(1-a)P?=Kyt

3 3
where K, represents the pore diffusion rate constant, @ leach recovery
in decimal, and ¢ reaction time. Alternatively, if the reaction rate is
controlled by the surface chemical reaction, the integral rate equation
can be expressed as follows:

1-(01-a)3 =K.t ()]

where K, represents the surface chemical rate constant.

The rate constants and the corresponding adjusted coefficient of
determination (Rf,dj) values for the shrinking core diffusion and che-
mical reaction models are shown in Table 4 and Table 5, respectively.
As indicated by the Rgdj values, the extraction of lithium from the cal-
cined materials can be more accurately fitted by the diffusion model
relative to the chemical reaction model. Therefore, the data suggests

10 pm

‘ re
10.1 mm|2.14e-6 Torr

Fig. 8. SEM images of (a) 600 °C and (b) 900 °C calcination products of the 1.4 SG float material.
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Table 4

K4 and Razdj for the shrinking core diffusion model (see Eq.

.
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Sample 400 °C Calcined 600 °C Calcined 750 °C Calcined 900 °C Calcined
Ky(x10) Ry Kq(x10) Ry Ky(x10%) Ry Kq(x10) Ry
1.4 SG Float 2.30 0.6853 3.06 0.9313 2.75 0.9535 0.086 0.9942
1.4-1.8 SG 2.43 0.7574 4.96 0.9231 3.62 0.9679 0.21 0.9930
1.8-2.2 SG 0.16 0.8599 4.19 0.8833 3.61 0.9539 0.12 0.9845
2.2 SG Sink 0.40 0.7906 3.91 0.8665 3.38 0.9558 0.055 0.9760
that the leaching kinetics of lithium from the calcined materials were dx _ DVnGo, am? = k r
not controlled by the surface chemical reactions but rather by diffusion. dt x " x 1
. Flg. 9 (a)-(d) sh(?w the %me.ar fitting results u51r.1g the shrinking core where k, = 47DV;,C,,
diffusion model. This data indicates that the experimental results of the
750 °C and 900 °C calcined materials can be well fitted using the inner xdx _ k.dt
- v
diffusion model with an Rj;; more than 0.95. For the 600 °C calcined r? 12)
materials and particularly the h:lgh‘er density fractions, the fitting out- Substituting for x, dx, and r2 gives
comes were not as accurate as indicated by the relatively low Rz va-
lues (e.g., 0.87 for 2.2 SG sink). Finally, both the diffusion and the 1 (1= a)*3 — (1 - a)Vda = k,dt 13
chemical reaction models failed to fit the 400 °C calcined materials. 3 13
A new variant of shrinking core model developed by Dickinson and Integrating the above equation gives
Heal [44] was used to fit the leaching results to find a better model. The 1
model was derived based on the dissolution reaction of a sphere solid g(3(1 —a)3 +In(1 —a) +c¢) =kt (14)

particle in liquid (Fig. 10). Assuming the original radius of the particle
equals ry, after reacting for time ¢, the radius is decreased to r
(namelyr = ry — x) and the solid-liquid interface moves inwards a dis-
tance x. Based on the description, the fraction of unreacted solid on a
volume basis is

_@3)nm—x3 _ (n—x)>°

D=y~ ®)
(1—0{)1/3:%:1—% ©
rio =1-(1-a)3 -
x=rn1->0-a)3) ®
e = na - ©

Furthermore, diffusion across the product layer shown in Fig. 10 is
assumed to follow the parabolic diffusion law, which defines that the
rate of reaction is inversely proportional to the product layer thickness:
dx _ DV,,Co

dr - x

(10)

where x is the thickness of the product layer, D the diffusion coefficient
(slowest transport), V}, the volume of product layer formed from 1 mol
of the slowest penetrating component, and C, the concentration of the
penetrating species at the surface. When the diffusion across the pro-
duct layer and the transfer across the contacting surface both control
the rate,

Table 5
K. and R,fdj for the shrinking chemical reaction model (see Eq. (2)).

When ¢ equals 0, @« = 0 and ¢ = —3. Therefore, the following ex-
pression can be obtained:

1
gln(l—oc)—1+(1—oc) U3 = Kt as)
where K, is the apparent rate constant. As shown in Table 6, the new
variant model fits the data better than the inner diffusion model espe-
cially for the 750 °C and 900 °C calcined materials. Therefore, the
leaching rate of lithium from the materials that was calcined under
600-900 °C was controlled by the interfacial transfer and diffusion
across the product layer. For all density fractions, the apparent rate
constant, K,, was decreased when the temperature exceeded 600 °C,
which agrees with the finding that final recoveries of lithium from the
750 °C and 900 °C calcined materials were lower than those of the
600 °C calcined materials (see Fig. 4). The fitting results indicated that
calcination impacted the association characteristics of lithium the
density fractionated samples. The model proposed by Dickinson and
Heal [44] describes the scenario when the interface transfer (i.e., con-
tacting area) and diffusion through product layer (i.e., product layer
thickness) control leaching rate, which indicates that the contacting
surface area change during leaching is significant due to the blockage
and product layer formation. At 600 °C calcination, the dehydration and
disintegration of clay structure benefited the interface mass transfer due
to large surface area. However, sintering of the clays occurred when the
samples were calcined under 900 °C, which reduced contacting area
and created blockage, and the dissolution of the sintered clays formed
thicker product layer that limited the diffusion process.

Based on the trend of the data points shown in Fig. 11, the leaching
process of the 600 °C calcination products especially the 1.8-2.2 SG and
2.2 SG sink fractions can be divided into two stages, i.e., quick reactions

Sample 400 °C Calcined 600 °C Calcined 750 °C Calcined 900 °C Calcined

Kc(x10%) Ry K(x107%) R K(x10%) Ry Ke(x10%) Ry
1.4 SG Float 1.18 0.6196 1.38 0.8039 1.29 0.8328 0.21 0.8756
1.4-1.8 SG 1.22 0.6687 1.82 0.8273 115 0.8701 0.33 0.8816
1.8-2.2 SG 0.29 0.7170 1.65 0.7758 1.50 0.8413 0.25 0.8533
2.2 SG Sink 0.47 0.6701 1.59 0.7507 1.45 0.8408 0.17 0.8320
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Fig. 9. Variance of 1 — %oc — (1 — a)*? between the experimental data and model predictions as a function of leaching time for the samples that were calcined under
different temperatures: (a) 1.4 SG float, (b) 1.4-1.8 SG, (c) 1.8-2.2 SG, and (d) 2.2 SG sink.
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Fig. 10. Schematic representation of the leaching of a sphere solid particle in
liquid.

at the beginning and slow reactions at the end. The slow reactions
might be due to (1) insufficient dehydroxylation and crystal expansion
of muscovite and/or (2) recrystallization of meta-kaolinite. For the
400 °C calcined materials, none of the above models satisfactorily fitted
the experimental results, which indicates a complex reaction process.

4. Conclusions

This study investigated the leaching recovery of lithium from

different SG fractions (1.4 SG sink, 1.4-1.8 SG, 1.8-2.2 SG, and 2.2 SG
sink) of the Baker seam coal. Proximate and elemental analyses showed
that the 1.8-2.2 SG and 2.2 SG sink fractions contained 185 ppm and
150 ppm of lithium, respectively, when reported on a whole sample
basis. Due to the high lithium contents and mass distribution, nearly
90% of the lithium present in the coal existed in these two density
fractions. This distribution creates an opportunity to recover lithium
from the Baker material without sacrificing the value of clean coal.

Acid leaching tests showed that lithium recoveries from the raw
materials of the four density fractions was minimal (less than 10%)
when using standard experimental conditions of 1.2 M HCl and 75 °C
reaction temperature. However, after calcination under proper tem-
peratures (e.g., 600 °C), the recoveries were increased to 70-80%.
Sequential chemical extraction tests showed that, in the 2.2 SG sink raw
material, 91% of the lithium occurred as insoluble forms which were
not dissolved even under strong acidic and oxidizing environments
(e.g., 15 mL concentrated nitric acid plus 40 mL hydrogen peroxide).
After calcination under 600 °C for two hours, the majority of the in-
soluble lithium was converted to more soluble forms such as carbonates
and metal oxides. The sequential chemical extraction findings agreed
well with the acid leaching test results.

Mineralogy characterization by XRD analysis showed that quartz,
kaolinite, illite, muscovite, and pyrite were the dominant mineral
phases present in the Baker materials. X-ray diffraction peaks of kao-
linite disappeared after calcination under 600 °C due to the dehydration
and disintegrations of layered kaolinite structures. Despite that mus-
covite and illite were still detectable after calcination, dehydroxylation
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Table 6

Fuel 268 (2020) 117319

K, and Razdj for the model developed by Dickinson and Heal [44] (see Equation (15)).

Sample 400 °C Calcined 600 °C Calcined 750 °C Calcined 900 °C Calcined

Ky(x10°) RY Ky(x107) R Ky(x107) RY Ku(x107) Ry
1.4 SG Float 1.92 0.7240 2.92 0.9787 2.53 0.9880 0.047 0.9958
1.4-1.8 SG 2.07 0.8046 6.07 0.9758 3.78 0.9951 0.12 0.9963
1.8-2.2 SG 0.092 0.8737 4.58 0.9488 3.73 0.9924 0.067 0.9890
2.2 SG Sink 0.24 0.8128 4.10 0.9363 3.39 0.9926 0.030 0.9800

and expansion of their crystals were expected to occur per literature. A
strong linear correlation was observed between the lithium and alu-
minum recoveries indicating the association of lithium with the clay
minerals. Therefore, the positive effects of calcination on lithium
leaching recovery was explained by the dehydration and disintegration
of kaolinite as well as the dehydroxylation and expansion of muscovite/
illite.

Kinetic analysis of the acid leaching results showed that the leaching
rate of lithium in all the SG fractions calcined under 600-900 °C was
controlled by the interface transfer and diffusion across the product
layer. The rate significantly decreased when the calcination tempera-
ture exceeded 600 °C. This can be explained by the recrystallization and
sintering of clays at high temperatures, which reduced contacting sur-
face area and created blockage, and the dissolution of the sintered clays
formed thicker product layer that limited the diffusion process. All the
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factors contributed to the lower recovery of lithium from the materials
calcined at > 600 °C. Altogether, these results suggest that, after proper
roasting, lithium can be co-extracted with rare earths and other critical
materials into a pregnant leach solution. If properly recovered, this
additional byproduct may bolster the economic viability of trace metal
recovery from coal refuse and ultimately support more sustainable uses
of this large waste stream.
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