Journal Pre-proof =gy

Journal of
Rare Earths

Leaching Recovery of Rare Earth Elements from Calcination Product of a Coal
Coarse Refuse Using Organic Acids

Bin Ji, Qi Li, Wencai Zhang

Pl S1002-0721(20)30473-7
DOI: https://doi.org/10.1016/j.jre.2020.11.021
Reference: JRE 907

To appearin:  Journal of Rare Earths

Received Date: 26 August 2020
Revised Date: 11 November 2020
Accepted Date: 29 November 2020

Please cite this article as: Ji B, Li Q, Zhang W, Leaching Recovery of Rare Earth Elements from
Calcination Product of a Coal Coarse Refuse Using Organic Acids, Journal of Rare Earths, https://
doi.org/10.1016/j.jre.2020.11.021.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.jre.2020.11.021
https://doi.org/10.1016/j.jre.2020.11.021
https://doi.org/10.1016/j.jre.2020.11.021

Different types of organic acids were used as lixiviants to leach rare earths from the calcination product of a
cod coarse refuse. At the same pH, citric acid and DL-malic acid were found to provide the highest recoveries

of heavy rare earths and scandium.
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L eaching Recovery of Rare Earth Elementsfrom Calcination Product of a Coal Coar se
Refuse Using Organic Acids

Bin Ji, Qi Li, Wencai Zhang*

Department of Mining and Minerals Engineering, g Polytechnic Institute and State
University, Blacksburg, Virginia 24061, USA

Abstract: Due to the increasing criticality of rare eartbneents (REES), it has become essential
to recover REEs from alternative resources. In shusly, systematic REEs leaching tests were
performed on the calcination product of a coal searefuse using hydrochloric acid and
different types of organic acid as lixiviants. EXpeental results showed that the recovery of
REEs, especially heavy REEs (HREEs) and scandiw)) (#ere improved by using selected
organic acids. Citric acid and DL-malic acid affeddthe best leaching performances; whereas,
malonic acid, oxalic acid, and DL-tartaric acid wénferior to hydrochloric acid. Results of zeta
potential measurements and solution chemical dyjiuiin calculations showed that malonic acid
was more likely adsorbed on the surface of theirmadcmaterial compared with citric acid and
DL-malic acid. The adsorption may reduce the eifectoncentration of malonic species in
solution and/or increase the amount of REEs addodmethe surface, thereby impairing the
leaching recovery. Compared with light REEs (LREBs$tronger adsorption of the HREEs on
the surface was observed from electro-kinetic testilts. This finding explained why organic
acids imposed a more positive impact on the leachecovery of HREEs. By complexing with
the HREES, organic acids can keep the metal iosslution and improve the leaching recovery.
The adsorption of S& on the surface was the lowest compared with oRfeEs. Therefore,
rather than complexing, the organic anionic speliedy played a function of solubilizing Sc
from the solid, which is similar to that of hydrag®ns.

Keywords. Rare earth elements, Coal refuse, Acid leaclinganic acids
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1. Introduction

Rare earth elements (REES) are a group of 15 eklsmeierred to as the lanthanide series in
the periodic table of elements. Scandium (Sc) amaugn (Y) are normally included in this
categorization because of their similar properéied occurrence in the same ore bodies as the
lanthanides'. REEs are generally classified into two sub-groapsording to their atomic
weights and locations in the periodical tabfe namely light rare earth elements (LREEs) and
heavy rare earth elements (HREEs). Promethium (Brpyoduced by radioactive decay and
considered as the only element listed in the paradable without stable isotop&3 The global
production of REEs was 210000 metric tons of REQGh9°. Fig. 1 shows REEs production by
different countries. REEs have been coded as alritioaterials by several international
institutions and governments due to their suppsksiand importance to the clean energy
industry, advanced military applications, and maagnmodity items in high-tech industri&™
The criticality of REEs has led to increasing ietds and studies in the recovery from alternative
resources, such as waste electrical and electmougpment, permanent magnets, and lamp
phosphors*%*

Fig. 1. The distribution of global REO production in 2019

In recent years, many studies have been completeaihg on the recovery of REEs from
coal-based material$™° As reported by Luttrell et &., more than 80% of REEs associated
with run-of-mine coals report to refuse streamerafbal preparation. Therefore, coal refuse is
more suitable to be used as a feedstock for REEsveey compared with other coal-based
materials. Physical and hydrometallurgical appreaalsually provided low recoveries of REEs
from coal refuse®. Therefore, calcination treatment prior to acidcleing has been used with
encouraging results being obtairféd® For example, REEs recovery from a coal refuse was
improved from around 20% to 90% by two hours oticedtion at 6007 using 1.2 mol/L HCI as
the lixiviant®2. However, this acid concentration level is toohhtg make the overall recovery
and purification process economically viabfe The contradiction is that REEs recovery was
reduced when using HCI solutions of a lower conegion, such as 6xId mol/L 2 One
potential solution is using organic acids to replamrganic acids.

Organic acids, especially the low molecular weighganic acids, have been applied for
leaching REEs from both conventional rare eartls ared secondary resouré&s"”. Acetic acid,
malonic acid, citric acid, tartaric acid, succimicid, and malic acid have been used to improve
the leaching recovery of REEs from an ion-adsorptime rare earth cla¥. It was found that
without pH adjustment, the extraction of REEs can ilmproved from around 9.6 to 10.7
mmol/kg by adding 1xI8 mol/L of the organic acids. The enhancement ofaileiching in the
presence of organic acids is likely due to threelhaaisms: (1) protons dissociated from organic
acid molecules increase the acidity of leachingesys; (2) organic species affect the saturation
state of leach solutions with respect to minerdidsp and (3) organic species change the
speciation of metal ions in solutiéh
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In this study, acid leaching tests were performedhe calcination product of a coal coarse
refuse material using different types of organi@acHydrochloric acid was also utilized for
comparison purposes. The advantages of the orgads over HC| were evaluated based on
leaching test results. Interaction mechanisms beiwihe organic acids and the solid were
investigated through electro-kinetic tests and tsmhu chemical equilibrium calculations. A
comprehensive understanding of REEs recovery fraluireed coal refuse using organic acids
was achieved.

2. Material and methods
2.1 Materials

The sample used in this study was collected froenféled of a coal preparation plant, which
processed coals originating from the Baker (Wesikamntucky No. 13) seam located in western
Kentucky, USA. The sample was dry-screened to nlitee plus 1 cm fraction, which was then
density-fractionated using a dense medium of 2&cifip gravity (SG). The medium was
prepared by mixing fine-grained magnetite with tapter. The 2.2 SG sink fraction was
collected and rinsed several times to remove erd@chimagnetite particles. The resultant sample
was then air-dried and crushed to a top size @ ain using a crusher and a hammer mill,
which was used as a feed for this study. The 2.2sB& material represents coarse refuse
fraction of the run-of-mine coal.

Both organic and inorganic (hydrochloric) acids eversed as lixiviants for the rare earth
leaching recovery tests for comparison purposesailBeabout the organic acids used in the
experiments are shown in Table 1. All the organttda were of ACS grade, while the
hydrochloric acid was of trace metal grade. Hydloeb acid and sodium hydroxide solutions of
1 mol/L were employed as pH regulators. All theraleals were purchased from Thermo Fisher
Scientific, USA. The water used in this study wasodized water with a resistivity of 18.2
MQ-cm (Type | water per the ASTM D1193-06 standard).

Table 1. Type, formula, pKa (251), and structure of the organic acids used inghidy.

Type Organic acid Formula pKal pKa2 pKa3 Structure

Monocarboxylic Acetic eH, O, 4.76 - - \"J\'

P 4
L-Ascorbic  GHgOs 417 1157 - :Ii}{f
Maleic GH,O, 1.83 6.07 - r{j’

Dicarboxylic
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DL-malic CHsOs 340 5.11 ; JV},.

(s
Malonic GH.,O, 280 5.70 - *f'\x"
Oxalic  GHO, 123 419 - ‘kll“

Succinic GHe O, 422 570 - }/‘Q ,‘{:
DL-tartaric GHeOs 3.22 4.37 - .t};s‘,,
w3
Tricarboxylic Citric GHsgO; 2.79 4.30 5.65 rye a
Y%

2.2 Methods
2.2.1 Calcination test

Calcination of the coarse refuse was performed muéfle furnace (Model number: EW-
33858-80) manufactured by Cole-Parmer, USA. Fohedaatch of calcination, 50 g of the
sample was divided into 10 crucibles (approximately per crucible), which were placed into
the furnace. Temperature in the furnace was eldvaiten room temperature to 600 at a
ramping rate of 10 °C/min. Calcination of the metleat 600 lasted for two hours, after which
the furnace was automatically cooled to room tewupee. Calcined material in the crucibles
was collected and uniformly mixed, which was used éeed for the acid leaching tests.

2.2.2 Acid leaching test

Acid leaching tests were performed to assess tlvarggiges of using organic acids as
lixiviants to extract REEs from the calcined coarstuse. Fig. 2 shows a schematic of the
experimental setup that was used for the leactests.t Leaching reaction occurred in a three-
neck round bottom flask of 1000 mL maximum voluntetrapacity, which was fitted with a
thermometer, condenser, and glass stopper. The seimimized water loss resulted from
evaporation during the experiments. Leaching chiaratics of REEs using HCI solutions of
different concentrations were first investigatedkitiant screening tests were then conducted
using the different types of organic acids listed able 1 with a dosage of 0.05 mol/L. Leaching
temperature of all tests was maintained at(75using a water bath and a hot plate. This
temperature has been consistently used in the sughdor studies relevant to REEs extraction
from coal and coal refus€?33°3! For each test, 2.5 g solid was mixed with 250 liriviant
solution, and the resultant slurry was mixed at B860n using a magnetic stir.
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During leaching reaction, representative sample® wellected from the slurry to evaluate
the leaching behavior of REEs at different timeimals from the start of the leaching process up
to a total period of 2 h (i.e., 5, 15, 30, 60, 9@ 420 min). Immediately upon collection, the
samples were subjected to solid-liquid separatgingua high-speed centrifuge at 5000 r/min for
10 min. Elemental concentration of the supernatest measured using inductively coupled
plasma optical emission spectrometry (ICP-OES)eAfeaction, the remaining slurry in the
flask was filtered using 2.5 pum pore size filtepga The filtrate was collected for volumetric
measurement. The filter cake was thoroughly ringsidg deionized water, and then dried at
60 °C for 12 h. The residual solid was weighedraflgying. REES concentration in both the
filtrate and solid residue was analyzed. Elemecdakent E;, mg/kg) of the feed solid was back
calculated using the following equation:

Ef =100 X (Cg X mg + C; X V}) X —— 1)

mi—mm

whereC, and(, represent REEs concentration in the solid resfthggkg) and the filtrate (mg/L),
respectivelyng (kg) weight of the solid residu&; (L) volume of the filtratem; (kg) weight of

the total leaching slurry; ana,, (kg) total weight of all the representative slusgmples
collected during the leaching process. The diffeeebetween the back-calculated contents and
the values measured directly using ICP-OES wasiwit$s%, indicating minor experimental
error.

The fraction of REEs in the feed that was extraatéa solution during the leaching process
was referred to as leaching recoveRy, ). The recovery was calculated using the follayvi
equation:

CixV

i = W X 100% (2)

where(; is REEs concentration (mg/L) in the leachate ctdlé during the leaching reactidn,
volume of the feed solution (0.25 L), aBd(mg/kg) back-calculated elemental content in the
feed solid. Three duplicates were performed undersame experimental conditions, and the
standard variances in the REEs recoveries werehiass3%.

Fig. 2. Schematic of the experimental setup used foat@ leaching tests.

2.2.3 Electro-kinetic test

Electro-kinetic tests were performed to study titeractions between organic acids and solid
surface as well as rare earth metal ions in salutlo addition to the acids showing good
extraction performance, an ineffective organic agas also selected for comparison purposes.
Zeta potentials were measured using Zs90 Zetarspeeter (Nano series, Malvern Instruments,
UK). For each measurement, 0.04 g of solid was cdla® 40mL organic acid solution of a
desired concentration, which was prepared by dissph predetermined amount of organic acid
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in 1x10° mol/L KCI. Prior to the addition of solid, HCI afmt NaOH solutions of 1 mol/L were
added to adjust pH of the organic acid solutionptedetermined values. The slurry was
conditioned through magnetic stirring, and duritg tconditioning process, slurry pH was
regularly monitored and regulated to maintain camistAfter conditioning for 12 min, the slurry
was stood for 6 min to allow relatively coarse jées to settle. The supernatant was then
collected and transferred to a capillary cell fa@taz potential measurement. Each test was
repeated three times, and the average values epoeted. Experimental errors were presented
as error bars. All measurements were performedaah temperature (25 + 1°C).

2.2.4 Solution chemical equilibrium calculation

Generally, when metallic cations (e.g.¥$@nd/or organic acids (e.g., citric acid, DL-malic
acid) are added to an aqueous system, reactions asac hydration, dissociation, and
complexation will occur. Each reaction is deterndiri®y a thermodynamic reaction constant,
based on which the distribution of species at amipH can be calculated. In this study, solution
chemical equilibrium calculations were performedngsVisual MINTEQ 3.%% which is a
freeware chemical equilibrium model maintained oy Petter Gustafsson at KTH, Sweden.
Results and findings from the calculations wereetaged to understand the leaching
mechanisms of REEs from the calcined material usrggnic acids as the lixiviant.

2.2.5 Sample characterization

All solid samples were digested per a modified ASD8B357-11 method®. The samples
were first calcined at 7501 for 2 h to completely remove the organic mattene, 0.1 g
calcined material was mixed with 20 mL of aqua aegnhd 20 mL of hydrofluoric acid in a
digestion tube of 50 mL capacity. A hot block mained at 1300] was used for sample
digestion. After 5 h of digestion, acid liquid inettube was completely evaporated and the solid
material was converted into precipitates. Afteit,ti® mL of nitric acid and 30 mL of deionized
water were added into the tube to dissolve theipitates, and the hot block temperature was
adjusted to 110 °C. The precipitates were dissoWieen the solution volume was evaporated to
around 10 mL. The digestion tube was then extrafitmd the hot block and cooled to room
temperature. Finally, adjusting the volume to 20 it adding deionized water. Elemental
contents of the digestion solutions and the licgadhples produced from the experimental tests
were measured using ICP-OES manufactured by Thé&ister Scientific, USA. A continuing
calibration blank (CCB) solution and a continuirgdiloration verification (CCV) solution were
measured periodically during the ICP analysis faalify control.

Mineralogical characterization of the raw and cadd coarse refuse was performed using X-
ray diffraction (XRD). A Bruker-AXS D8 DISCOVER difactometer configured in a parallel-
beam geometry with Cu<Kradiation was used for the characterization. XRidtggns were
recorded over a2range of 5°-70° with a step size of 0.02°. XRDtgrais were analyzed and
processed using MDI JADE 6.0 software.

3. Resultsand discussion



197

198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213

214
215

216

217
218
219

220

221
222
223
224
225
226
227
228
229

3.1 Sample characterization

Ash content of the coarse refuse sample was 86.A%r. calcination at 600] for 2 h, the
associated organic matter was completely removedsh®dwn in Table 2, the content of total
REEs in the calcined material was 364 mg/kg, wiscaver five times higher than the average
content of World coals (68.5 mg/kd). Mineralogical changes of the coarse refuse bedoce
after calcination were characterized by XRD analy8is shown in Fig. 3, quartz was the most
dominant mineral in both the raw and calcined maltteDiffraction peaks of kaolinite, pyrite and
muscovite were also observed in the pattern ofdlaematerial. However, after calcination, the
diffraction peaks of kaolinite and pyrite disapphrwhile diffraction peaks corresponding to
hematite appeared. This phenomenon is attributabllee conversion of pyrite to hematite as a
result of the thermal decomposition in an oxidizemyironment®. The interlayers of kaolinite
start to dehydrate and disintegrate by breakingO&l-bonds when temperatures exceed 400
3637 Crystalline kaolinite was completely transformietio amorphous meta-kaolinite when
calcination temperature reached 600 The dehydration and disintegration of kaolinitevé
been correlated to the improved leachability of BEEer the authors’ prior studiéé?*>*
However, the leaching characteristics of REEs foaitined coal refuse using organic acids as
lixiviants have not been investigated to date.

Table 2. REEs contents (mg/kg) of the calcined sample EKREREES, and HREESs represent
total, light, and heavy REEsS, respectively).

TREEs LREEs HREEs Sc Y La Ce Pr Nd Sm
364 299 64.4 21.8 27.6 60.7 128.3 15.1 58.4 14.6
Eu Gd Tb Dy Ho Er Tm Yb Lu

2.4 11.1 1.6 8.5 0.9 5.2 1.0 4.3 1.8

Note: LREES include La through Sm plus Sc; HREEfuithe Eu through Lu plus Y.

Fig. 3. X-ray diffraction patterns of the coarse refuséobe and after calcination (Q — quartz, M
— muscovite, P — pyrite, K — kaolinite, H — henmeitit

3.2 Leaching behavior of REEs using inorganic acid

Leaching recovery of REEs from the calcined maltewvias first investigated using HCI of
different concentrations as the lixiviant. Since tomplexing affinity of chloride for REEs is
negligible, the leaching behavior of REEs in a Kd@lution is primarily determined by its acidity.
Fig. 4 shows the effect of hydrochloric acid cortcation on the leaching recovery of REEs as a
function of reaction time. Rapid increases in teeowery of both the LREEs and HREEs
occurred in the first few minutes of leaching ré&awd, which indicate that certain portion of the
REEs were associated with easy-to-leach mineraifpsuch as metal oxid&$ After 60 min of
leaching, the recovery was barely changed, in@dei the systems with more concentrated HCI
solutions.
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Rising the concentration of HCI from 0.0025 to Orf6l/L, TREES recovery increased from
around 15% to 60%. However, from 0.05 to 0.25 malie recovery only increased by less than
10% (Fig. 4 and Fig5). The recovery of individual REEs displayed thensarend, suggesting
no significant increases in the recovery can baiobtl by using HCI concentrations of greater
than 0.05 mol/L (Fig. S1). Therefore, improvemeintshe recovery were more effective in a
medium acidity range. This fact rationalizes thelaation of organic acids to leach the REEs,
since the majority of organic acids have relativegak acidities.

Fig. 4. Effects of HCI concentration on the leaching ey of TREES (a), LREEs (b), HREEs
(c), and Sc (d).

Fig. 5. Leaching recovery of REEs after two hours of tieacas a function of HCI concentration.

3.3 Leaching behavior of REEs using organic acids

Screening tests were performed to identify the naftient organic acid for recovering
REEs from the calcined coal coarse refuse. As shiowlFig. 6, approximately 50%—60% of
REEs were extracted after two hours of reactiongui6i05 mol/L maleic acid, citric acid, oxalic
acid, and DL-malic acid; whereas the other orgacids of the same dosage only provided less
than 40% recovery. The recovery was barely inceaser 60 min of reaction for the majority
of the organic acids, except succinic acid andiaeatid. The dissociation of hydrogen ions is
likely involved in the leaching kinetics. As shownTable 1, succinic acid and acetic acid have
relatively higher pKal values; thus, hydrogen iaressmore difficult to dissociate from these two
acids. As a result, a longer time is required &xheequilibriunf®3

Fig. 6. REEs leaching recovery with different types ajamic acid at a concentration of 0.05
mol/L.

As Fig. 4 and Fig6 show, two hours of leaching time is sufficient foe leaching processes
to reach equilibrium. Therefore, in order to congptive leaching performances of organic and
inorganic acids, recovery values obtained after tvonirs of reaction were plotted against
corresponding slurry pH (i.e., pH measured at thé ef reaction). As shown in Fig. 7(a-c),
when different concentrations of HCI were employssl the lixiviant, TREEs, LREEs, and
HREESs recoveries increased with decreases in pdH e data points can be well fitted using
guadratic equations. Per the trend of the fittedves) it can be observed that when pH was less
than 2.0, REEs recovery was barely changed. Thisghenon corroborated the conclusion
reached in Section 3.2 that greater increaseseimetovery were obtained in a medium acidity
range. Changes in the recovery of Sc were bettedfusing a cubic equation (Fig. 7(d)). For
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relatively high acidities (pH < 2.0), the increaseSc recovery was less than medium acidities
(pH > 2.0). Therefore, the conclusion still appliesSc.

As shown in Fig. 7, LREES recovery values obtaingidg organic acids fall on or under the
fitted curves. However, selected organic acidshsas citric acid and DL-malic acid, provided
HREEs and Sc recovery values above the fitted sukmund 5% increase in HREES recovery
was obtained in the pH range of 2.0-3.0 (Fig. 7{@Jger increases in recovery of around 10%-—
15% were achieved for Sc (Fig. 7(d)). The differeffiects of the organic acids on the leaching
recovery of individual LREEs and HREEs can be olegrfrom Fig. S2. The comparisons
between HCI and organic acids suggested that argaoids, particularly citric acid and DL-
malic acid, are advantageous over HCI in termshef leaching recovery of HREEs and Sc.
However, the comparisons were based on a preméethk inorganic and organic leaching
systems reached the same pH at the end of reagsoshown in Fig. 8, within the pH range of
the studied HCI and organic acid concentrationgrder to reach the same final pH, the initial
pH of HCI leaching systems shall be lower than pigaacid leaching systems. Therefore,
stronger acidic conditions were provided in the Hgkching systems, especially at the beginning
of the reactions.

Fig. 7. Leaching recovery of TREEs, LREEs, HREEs, andf&r two hours of reaction as a
function of pH using 0.05 mol/L organic acids arifleslent concentrations of HCI.

The leaching function of HCI is primarily realizédsed on hydrogen ions dissociated from
the acid molecules (i.e., acidity). However, fogamic acids, acidity together with complexing
ability collectively contribute to the dissolutiah metal ions from solids. In order to evaluate the
effect of the complexing ability associated witlgamic acids, acid leaching tests were performed
using HCI and organic acids. The same concentrafi@05 mol/L was applied, while the initial
pH of all systems was adjusted to 3.0 by addingr@duilators. Moreover, during the leaching
processes, the slurry pH was regularly monitored asjusted to stabilize at the initial value.
This experimental procedure ensured that the sanmadéyawas provided for all the lixiviants.
Therefore, the impact of the complexing abilityoofianic acids can be evaluated.

As shown in Fig. 9, when pH was fixed at 3.0, thegarity of the investigated organic acids
provided higher recoveries of both LREEs and HRE&spared with HCI. Around 65% of
LREEs and 32% of HREEs were leached after two hofireaction with citric acid; whereas,
under the same experimental conditions, HC| ondched around 45% of LREEs and 20% of
HREEs. Therefore, it can be concluded that comptebility of the organic acids prompted
leaching recovery of the REEs. This conclusion edieith findings from prior studies reported
in the literatur€®*°. The increase in the recovery of LREEs at pH 8l@riger than HREEs (20%
vs 12%). However, the results shown in Fig. 7 satge that organic acids imposed a more
positive impact on the recovery of HREEs. The asttcan be explained by the fact that at pH
3.0, the fraction of extractable HREEs was less tivat of LREES. The maximum fraction of
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extractable REEs can be represented using recoxadnes obtained under strongly acidic
conditions (e.g., pH 1.0). As shown, only 35% of EE® were leached at pH 1.0 with HCI,
which is closer to the recovery at pH 3.0 compasiti LREEs (35% to 20% versus 75% to
45%). Therefore, the conclusion that organic acidtributed more to the leaching recovery of
HREEs still holds.

Fig. 8. Initial and final pH of the organic and HCI leautp systems (Dotted line represents
equivalent initial and final pH).

Among the organic acids, oxalic acid provided ttrergyest acidity (i.e., the lowest pH);
however, the corresponding REEs recovery was ldlagar several other organic acids, such as
maleic acid and citric acid. This phenomenon igliikdue to the low solubility of rare earth
oxalates, leading to the formation of rare earthlate precipitates during the leaching process
4142 glurry pH of the systems with malonic acid and-@ttaric acid were slightly lower than
DL-malic acid; whereas, a higher recovery was olgidiusing DL-malic acid. As shown in
Table 1, malonic acid is the next higher homologtiexalic acid, and the two chemicals have
similar molecular structure. Therefore, the lower recovery using malonic analy be due to
the same reason as oxalic acid. Moreover, malanitraay have a stronger adsorption capacity
on the particle surface of the calcined materiasich likely causes negative impacts on the
recovery in two aspects: (1) REEs leached fromstiiel may be tied around the solid surface
due to complexation with the adsorbed malonic apecies; and (2) the effective concentration
of malonic acid was reduce due to the adsorptiomil& explanations are likely applicable to
DL-tartaric acid. It can be observed from the congmas between Fig. 7 and Fig. 9 that as pH
increased to 3.0, REEs recovery values were rediceéarly null when oxalic acid and DL-
tartaric acid were used as the lixiviant. Therefotiee negative effects associated with
precipitation and surface adsorption were ampliietigher pH.

Fig. 9. Recovery of LREESs (a) and HREEs (b) using diffiéeids of 0.05 mol/L concentration
with pH being fixed at 3.0.

3.4 Zeta potential results and solution chemical equilibrium calculations

Acid leaching test results showed that REEs learhparformances obtained using the
different types of organic acids contrasted. Foanegle, higher recoveries of HREEs and Sc
were obtained using citric acid and DL-malic acoinpared with HCI (Fig. 7). However, a few
organic acids, such as malonic acid, are disadgastto HC| even with the same acidity being
utilized (Fig. 9). Theoretically, organic acids aeected to be more efficient than mineral acids
since they have both acidity and complexing abitity>. Therefore, in addition to these two
factors, other phenomena might occur during thehe® processes, which impaired the
recovery.
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As reported in the literature, adsorption of orgaacids on mineral surface can occur
through physical and/or chemical interactidhsTherefore, electro-kinetic tests were performed
in this study to evaluate the relationship betweeganic acid adsorption and REEs leaching
efficiency. As shown in Fig. 10(a), in the absenterganic acids, zeta potential of the calcined
material gradually decreased with the increase Hip @and the point of zero charge (PZC)
occurred at around pH 2.2. Declines in zeta paéntere observed in the presence of 0.05
mol/L citric, DL-malic, or malonic acids. Moreovehe three acids caused left-shifts of the PZC,
which indicates that specific adsorption of theamig species on the surface of the calcined
material occurred.

In the pH range of 1.0 to 4.0, the surface of c&dimaterial carried more negative charges
after interacting with malonic acid as comparectitac acid and DL-malic acid of the same
concentration (0.05 mol/L). Moreover, as shownim EO(b), the same phenomenon occurred in
a wide concentration range of 1ximol/L to 3 mol/L. The three organic acids primsgril
occurred as undissociated molecules and first-alsiociation anions in the pH range of 1.0 to
4.0 (Fig. 11). Therefore, combining the resultszeta potential measurements and species
distribution calculations, it can be concluded tit&t amount of organic acid species adsorbed on
the calcined material surface follows the ordemaflonic acid > citric acid > DL-malic acid.
Therefore, more citrate and malate species comglexéh rare earth cations and stayed in
solution, however malonic species preferred to stayhe surface, resulting in less REEs and/or
less effective malonic species in solution. Thisi@osion is in accordance with the fact that
citric acid and DL-malic acid provided higher reeoes of HREEs and Sc compared with
malonic acid (Fig. 7 and Fig. 9).

As pH increases, organic acid molecules graduadiyogiate into anionic species, which are
less likely adsorbed onto surfaces carrying negatharges due to electrostatic repulsion. This
mechanism caused decreases in the negative charpetlo the citric acid and DL-malic acid
conditioned surfaces in the pH range of 4 to 5.(E@a)). For the malonic acid conditioned
surface, the decrease occurred in a higher pH rahgpproximately 4.8 to 6.2. This contrast
between malonic acid and the other two organicsadikely due to: (1) malonic acid has a
stronger adsorption capability on the surface;irfzZhe pH range of 4 to 5, less malonic species
occur as high-valence anions, such as divaleninargmions (Fig. 11). Fig. 10 also shows that
when pH is above 6.0, zeta potential of the cattimaterial is relatively insensitive to organic
acids. This suggests that the adsorption of orggymécies on the surface is very low because of
electrostatic repulsion, which is unfavorable ts@gtion.

Fig. 10. Effects of organic acids on the zeta potentidhefcalcined coal coarse refuse. (a) Zeta
potential as a function of pH; (b) Zeta potentmlafunction of organic acid concentration.
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Fig. 11. Species distribution of citric acid (a), DL-maécid (b), and malonic acid (c) as a
function of pH (0.05 mol/L total concentration, 25.

Electro-kinetic test results showed that citricdaend DL-malic acid preferred to stay in
solution compared with malonic acid (Fig. 10). Bymplexing with citric acid and DL-malic
acid, the adsorption of leached HREEs and Sc orsthid surface was reduced, resulting in
increases in leaching recovery (Fig. 7). Howevee, adsorption of the REEs on the calcined
material surface needs to be confirmed to valitte#eexplanation. As shown in Fig. 12, negative
charge on the surface of the calcined materialnedsced in the presence of*Gey®*, and S&'.
Moreover, the rare earth metal ions caused riglitssbf the PZC, in particularly at a higher
concentration of 1xI0 mol/L (Fig. 12(b)). Therefore, specific adsorptioithe rare earth metal
ions occurred, and the conclusion was validatedthEtmore, larger decreases were obtained
when adding ¥ compared with C&, suggesting that HREEs have a stronger adsorption
capability on the calcined material surface compavégh LREESs. This finding is in accordance
with the leaching test result that the organic sdiiposed a more positive impact on the
leaching recovery of HREEs. The adsorption of HREBsthe surface was likely reduced
through complexation and staying in solution wtik brganic acids.

As shown in Fig. 12, compared with €and Y**, S¢* led to minimum decreases in the
surface charge, suggesting the lowest adsorpti&cof However, citric acid and DL-malic acid
caused largest increases in the recovery of Stvela the other REEs. Therefore, rather than
reduced adsorption, the positive effect of the nigacid on Sc leaching recovery is likely due
to other reason(s). As the results shown in Fid), dround 35% of Sc was leached with 0.05
mol/L citric acid and DL-malic acid, which is neaithe same as that obtained using HCI with
lower pH (2.5 versus 1.0). Given the electro-kinégist result that Sc adsorption on the calcined
material surface is minimal, the organic anionieaes likely played a function of prompting the
solubilization of Sc from the solid, which is sianilto that of hydrogen ions.

Fig. 12. Effects of different concentrations of REEs oa tieta potential of the calcined material:
(a) 1x10° mol/L; and (b) 1x1d moll/L.

4. Conclusions

Acid leaching tests were performed on the caloimagiroduct of the coarse refuse fraction of
a run-of-mine coal originating from the Baker se#wsated in western Kentucky, USA.
Different types of organic acids, including succimicid, malonic acid, acetic acid, citric acid,
oxalic acid, DL-malic acid, DL-tartaric acid, asbar acid, and maleic acid, were used as the
lixiviants. Moreover, hydrochloric acid was alscedsfor comparison purposes. The impact of
hydrochloric acid concentration on REES recover Wiest evaluated, and it was found that
rapid increases in the recovery occurred in a nmedacidity range (e.g., pH 2.0-3.0). This
finding rationalized the utilization of organic dsi since they normally have lower acidities
relative to mineral acids. With the same pH atehd of leaching, higher recoveries of HREEs
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and Sc were obtained using citric acid and DL-mabal compared with HCI. Acid leaching
tests with slurry pH being fixed at 3.0 showed thath HREEs and LREES recoveries were
improved by using organic acids. These findinggested that the complexing ability of organic
acids, especially citric acid and DL-malic acidntributed to the leaching recovery of REEsS, in
particular HREEs and Sc.

Among the investigated organic acids, malonic acidilic acid, and DL-tartaric acid were
found to be less efficient compared with the othigyanic acids and hydrochloric acid. Electro-
kinetic test results showed that more malonic g§seevere adsorbed on the surface of the
calcined material compared with citric acid and Dhtic acid. The stronger adsorption may lead
to two phenomena resulting in the lower REEs regese(1) REEs cations may be tied around
the solid surface by the adsorbed malonic speeieg;(2) effective concentration of malonic
species in solution was reduced. The explanatiams likely applicable to the inferior
performances of oxalic acid and DL-tartaric acicbrkbver, REES precipitation with the organic
acids might also occur during the leaching processéich may also impair the leaching
recovery.

Compared with C¥, a stronger adsorption of*Yon the surface was observed based on
electro-kinetic tests. This finding corroborated ttonclusion that organic acids imposed a more
positive impact on the leaching recovery of HREHse adsorption of SE on the surface was
lowest compared with other REEs. Therefore, ratian complexing, the organic anionic
species likely played a similar function as hydmoges, namely solubilizing Sc from the solid.
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HREE and Sc recovery was improved by using citric acid and DL-malic acid
Complexing ability of organic acids contributed to the recovery of total REES
Malonic, oxalic and DL-tartaric acids were inferior to other organic acids and HCI
L eaching mechanisms with organic acid as the lixiviant were revealed
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