2, MONASH University

RN

Selective Removal of Alkali and Alkaline Earth

Metals from Low-Rank Xinjiang Coal

Song Zhou

A thesis submitted for the degree of
Doctor of Philosophy
Department oChemical engineering

Monash University
2019



Copyright notice

© Song Zhou, 2019. Except as provided in the Copyright Act 1968, this thesis may not be

reproduced in any form without the written permission of the author.

| certify that | have made all reasonable efforts to secure copyright permissions fqatttyrd
content included in this thesis and have not knowingly added copyright content to my work

without the owner's permission.



Table of Contents

F 0] = ox (= PP PP PPPPPPPPPPRPPR VI
D= Tod =T = 11 [ PP PPP P PPPPPPPPPPRPRPPN V4 |
Publications during ENroImMeNt ............oooeiiiiiiiiiiieeeee e Vil
ACKNOWIEAGEMENTS... ..o errer e a e e e e e e e e e e e e e anenraaeeaaeas XIl
IS 0 T U XIII
IS o) B 1= o] L= PP P P SPPPPPRR XVII
Abbreviations and NOMENCIALUIE..............ovviiiiiiiiiee e XIX
Chapter L INIrOAUCTION .......ueiiiiiiiiiiiiiie e ne e 1
1.1 OVEIVIEW...cciiiieeeeiiiiiiiiee st sttt s e e e e e e e e e e e emens s e e e e e e e e e e eaeeeeeeesannneeeeeeeaeeeeeees 2
1.2 RESEAICN @IMS....coiiiiiiiiiiiee et eerer e e e e e e e e 6
1.3 ThESIS OUINE.....ciiiiiiiiiiiee e e enenssereeeees 8
= (=T 1] (o= PP PPPPPPRRR 13
Chapter 2 Literature REVIEW ...........uuuiriiiiiii i ceeeies e s s e e e e e e e s aeeeia s e e e e e e e e aaaeeaeenannnes 15
2.1 Modes of occurrence of AAEMSs in lovank coals...........cccvvvviiiiiiiieeniinnnninnnee. 16
2.2 Coal cleaning teChNOIOGIES. .........ouvuuiiiiii i eren e 18
2.2.1 Physical cleaning teChNOIOQIES. ..........uuuiiiiiiii e eeeee 18
2.2.2 Chemical cleaning technolOgIeS........ccceeeeiiiiiiiiieeee e 18
2.3 Leaching KineticsS MOdElS.........ccoooeiiiiiiiiiiieeee e 28
2.4  Leaching reagent COMPAriSQD..............uuuuuuuuummreeeeeerrrriiea e e e eeeesssanneaaas 31
2.5 Water recovery teCNNIQUES........oooii e 35
2.51  EVAPOTALION....etiiiiiiiiiiiiee e ettt 35
2.5.2  REVEISE OSIMOSIS. .. uuuiiiieeieeeeeeeiiiieees e e e e e e e et eeeteeeeaesasesmmmreeeeeeeeasnsssnnn s 36
2.5.3  EleCtodialySiS......cooo i 36
2.6 Hydrochloric acid regeneration from chloride wastes.............cccccovevieeeeeenen, 39
2.6.1  EIECIrOWINNING....coiiiiiiiiiiiiii ettt e e e e e e e s ammr et e e e e e e e e e e e e e e e s s s s nnnnes 39
2.6.2 Metalsulphate salt crystallisation................cccooviiieeeiiii e 39
2.6.3  PYrONYArolYSIS......uuii it eeme e aees 40
2.7 literature review summary and research gapsS.........oooeeeevvieeieeminnn e eeeeeeeeieeens 41



R (=] (=] [T 43

Chapter 3 Flow-sheet Establishment, Simulation and@echno-Economic Analysis......48
N 0 1] 1 = ox F TR PPPPPPPP 50
0 N [ 11 7o To [0 T i [0 ] OO PP PP PP TRTRPP 52
3.2 MEthOUOIOGY. ... et anae e 54

3.2. 1  Coal PrOPEILIES. .. oo ittt e e et eeena e e e e e e e e e e e e ean 54
3.2.2  Low-rank coal [eaching PrOCESS...........uuuurirririiiieeeiiiiiieieieeeeeeee e e e e e s eeemeeees 56
3.2.3 Model development and validation....................uvviceeiieeeeee e 60
3.3 RESUILS ANd dISCUSSION. ... .uuutiiiiiiiiiiiiiiieaettireeieereeeeeaaa e e e e e e s s e e e e e e eaeeeaaaaaaaaaanns 71
3.3.1 Simulation validation using the existing black coal leaching process.....72
3.3.2 Comparison of lowank coal leaching stages via Scenarios 1 and.2....... 73
3.3.3 Comparison of waste water treatment methods via Scenarios 2.and.3..75
3.3.4 Optimization of Scenarios 3 for the integration of matdge leaching units and
@ 28 (=Tod T o o U= UUUORPPPPRRY 4 o
3.3.5 Sensitivity analysis for SCENAriQ.4.........ccccevveveiiiiiiecceeeeeee e 82
G A O o o3 U1 o] o USRS 91
RETEIENCE. ... ettt rene e e e e e e e e e e e eeeeenanee 93

Chapter 4 Multiple Cycle Leaching Using Water and Hydrochloric Acid: Experimental

Investigation and Kinetic MOdelliNg .........couuiiii e 96
Y 0111 - VX 98
g R 1 1 0 T U Tox 1 o 99
N \V =1 0T Yo (0] (o o |/ 101

o R o = L o] £0] 1= 1 1[I 101
4.2.2 Experimental ProCEAUIE...........uuuiiiiiiiiiiiiee e e e e e e e e eens 104
4.23  Modified shrinking core model...........ccooiiiiiiiciee e, 108
4.3 Experimental results and diSCUSSIQN.......ccouiiiieeiiiiiiieeeiee e eeee 120
4.3.1 Fresh water leaching raw caal..............ccoooiiiiiceciiii i, 120
4.3.2 Used/Recycled water leaching raw coal............cccccooiiiiieeeniiiiiiiiin e, 124
4.3.3 Threestage countecurrent leaching.............oooooiiiiviiiemmnniiiieeee 128
4.3.4  Fresh HCI acid leaching raw coal.............ccceeevviiiieeeeec e 129



4.3.5 Fresh HCl leaching watdeached coal................c.vvvviiiereeeiiiiiin, 131
4.3.6 Used/Recycled HCI leaching raw COal..........cccooeieiiiiiiiceeiiiiiiieee e 133

A (T = (T 0 o o = 1 g T PSR 134
4.4.1 Modelling of fresh water leaching raw coal with various patrticle sizes.135

4.4.2 Modelling of singlestage multicycle used water Iédng of raw coal......... 137
4.4.3 Modelling of threestage countecurrent water leaching process............ 140
4.4.4 Modelling of fresh HCl leaching..........ccooooiiiiiiiiimn e 143
4.5 CONCIUSIONS. .. ..ottt e e et e e eeee e e e e et e e e e e e e e e e e e s s e e aeeeas 145
RETEIENCE. ... et rmmne e e e e e 147

Chapter 5 Pyrohydrolysis of CaCk Waste for the Recovery of HCl Acid upon the

Synergistic Effect from MgClzand SiliCa............oooiiiiiiiiieen e 149
Y 0111 = VX S 151
o 00 R [ Vi 0o [ Tod 1 o] o PSRRI 152
5.2  Experimentamethodology...........oooviiiiiiiiiiireeee e 154

5.2.1 Experimental rig and cONditiONS.................uvuuuiiiccmreeeiiiiiiiiie e e e eeenns 154
5.2.2 XRD and crystal structure analysis................ouuvuuuiicccreeeeeeeiiiiee e 156
5.2.3 Thermodynamic equilibrium calculation..................cooeiiieeeiiiiieee e 158
5.3  ReSUItS anNd diSCUSSION........uuuuiuiiiiiiiei e e e e e e e e e e rnenasa e e e e e e e e e eeeeeeeees 158
5.3.1 Pyrohydrolysis of MgGland CaC] alone.............cccceeeeiiiiiieeeiieee e 160
5.3.2 Co-pyrohydrolysis of CaGland MgCp in the presence of silica.............. 162
oI S O 0 o (o3 U] o] o =SSOSR 172
RETEIENCE. ... e ettt ettt e e e e e e e e e e e e e eeeeaanane 174

Chapter 6 Atomic Structures of Cl and Ca Derived from the CoePyrohydrolysis of

Alkaline Earth Metal Chloride WaASIES...........euuiiiiiiiiie s eeeene s 177
Y 01 1 = T 179
G0 I 011 Yo [T £ o 180
6.2 Experimental methodology..........ooiiiiiiiiiiiii e e 182

6.2.1  PyrohydrolysisS eXPeriment...........ccoeuuuiiiiiiieeme e e e eeeee e e eenans 182
6.2.2  XAS MEASUIEIMENL......ccutiiieiiie ettt termr et et e et e e et smaer e e e ea e e e aa e eeanas 183
6.3 XAS dat@ @nalySIS... . iiiiiiei e 185



6.3.1  CIXANES ... 186

B.3.2  CAEXAFS. ... nnee 187
6.4 ReSUltS an@liSCUSSION........ccciiiiiiiiiiiiii e 188
B.4.1  CIXANES ...ttt renr e e e e st e e e e e nnene 189
B.4.2  CAEXAFS. .. e nnee 195
6.5 CONCIUSIONS.....utiiiiiiiiiiiiiii ittt rmmme e ee e 201
S (=TT Lo PRI 203
Chapter 7 Conclusions and Recommendations for Future Work................ccccceeeineee 205
7.1 CONCIUSIONS....cutiiiiiiiiiiiitti ettt e e e e e e e e e e s rmmme e e e e e e e e s e e e nnes s nes 206
7.1.1 Integrated coal leaching and waste leachate treatment process.......... 206
7.1.2  Multi-cycle leaching by water and HCl acid................ccooovvvieeeei e, 207
7.1.3 Recyclability prediction by leaching kinetics modelling........................ 207

7.1.4 Efficient HCI acid regeneration from alkaline earth metal chlorides wag@8

7.1.5 Atomic strudure analysis of Cl and Ca derived from thepgmohydrolysis of
alkaline earth metal chloride Wastes.........cccooviieii i cceeiccce e 208

7.2 Recommendations fauture WOork.............oooeevviiiiiiiicee e 209
7.2.1  Applicability study of the proposed leaching process for othesrtovi coa209

7.2.2  Pilot SCAle rE@SEAICIL. ...ttt 209
7.2.3  Effects of atmosphere on pyrohydrolysis.............cc.eeeeiiiiieeciiiviiiiiiieeeee. 209
7.2.4 Research on energy requirement reduction of pyrohydrolysis.............. 210
7.2.5 Application of the pyrohydrolysis method other chlorides..................... 210
Y o 01T T [ G A OSSPSR 211
Y o 01T T LG = TSRS 228
Y o] 1T T [ PRSPPI 240



Abstract

Low-rank coalswhich account for larger than 50% of world coal reserves is widely used for
local power generation. However, it is estimated that se\mltedn dollars have to spent on

the abating foulingelated issues in boilerdue to the high content afkali andalkaline earth

metals (AAEMs) Chemical leaching of AAEMsut of lowrank coal is the most efficient and
straightforward way to reduce the ash fouling propensity of leached coal. However, the
resultant waste leachate poses significant cost and enviroohagleinges for the scalg of
low-rank coal leaching processes. In this PhD project, an efficient;effestive and
environmentally benign leaching process has been developed for the selective removal of
AAEMs from lowrank Xinjiang Coal, which integras two core steps, leaching using recycled
leachate and waste leachate treatment and recovery.

For coal leaching, attention was focused on the recyclability study of leaching reagents (water
and hydrochloric acid (HCI acid)), via both the experimentakstigation and kinetics
modelling, which was rarely touched in literature. In terms of waste leachate treatment and
recovery, which is crucial to turn the whole process into-efisttive and environmentally
friendly, the core work was) to determine th best wastewater treatment method which has a
high water recovery rate, high impurities removal rate and low cost via integrating into the
leaching process, ardj to develop an efficient method to dispose of the concentrated chloride
wastes dischargeddim the wastewater treatment unit, so as to regenerate and recycle HCl acid
and meanwhile obtain @lean/free solid residues as-psoducts. All aims have been achieved

in this thesis. It is found that the leachate recycling is crucial fositgreficantdecrease of

water and power consumptions, and reverse osmosis is proven to be the better waste leachate
treatment method via being integrated into the leaching step. Additionally, thesahiiele

Na removal decreases exponentially with the increasecie cyymber, whereas the constant
initial HCI acid concentration for each cycle results in a stabledd(Cible element removal
extent. Finally, the addition of Mg&has been unveiled for the first time to have a dosldle

effect on the HCI regeneratidrom CaCy via pyrohydrolysis at the presence of silica. From

the atomic structure analysis,-CaMgy-Cly is more likely to form at the epyrohydrolysis of

CaCk and MgC}, since C4' is always preferentially bonded with? @t its first atomic shell.

The completion of this project is &aldress a global challenge facing the coal mining industry;
how to upgrade lowank coal to higklquality thermal fuel that can be burnt at higfficiency

and lowemission for power generatiol.will give a good conibution to the understanding

of recyclability of leaching reagents and chloride waste treatment in an environmentally
harmless manner.

VI
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Chapter 1 Introduction

1.1 Overview

Low-rank mal, more commonly referred twown coal and subituminous coal, contributes

to more than 50% of Ltithseabuwdant Imiadysegion® suth ag e s e r \
Australia, China, USA, and Germany and provides an economically attractive alternative to
high-rank black coal (i.e. bituminous coal and anthracite) for electricity genefatidine use

of low-rank coal is becoming increasingly important with the ongoing depletion ofraidgh

bituminous coal. However, lowank coalfiring boilershave beerafflicted by severe fouling

caused by its higher content of alkali and alkaline earth metal (AAEMs, Na, K, Ca arid Mg)

4. As a result, thdoilershave to be shut down frequently and run at a low thermal“oad

resulting ina lower production rate, lower boiler efficiency and a higher emission rate of
greenhouse gases. It is estimated that several billion dollars annually have to be spent on abate

the fouling related issués

A prior leaching to remove the troublesome AAEMs is a promising way to increase ash melting
point and thus, reduce its propensity for fouling in the combusibdier. Conventional coal
cleaning techniques were exclusively targeted at-raglik coal with darge portion of its
inorganic metals present as discrete grains and physically separate from the codl matrix
mineral matter has a larger denshg the carbonaceous matrix, it can be removed physically
and easily via the density differenéeVariations in surface properties can also allow for
separatiorf. However, unlike that imlack coal, AAEMs in lowrank coal are deeply and
chemically embedded within the coal mattixTherefore, they cannot be removed using any
physical approaches based on either deosisyrface property discrepanchetween mineral
matter and coal matrix. Instead, the chemical leaching or solvent extraction hasdresred

to removeAAEMSs from low-rank coal In particular, research has been focused on the removal
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of all ashforming metals to produce ult@dean coals (UCC) or aghee hypercoal (HPC),

from both highrank and lowrank coal$-'2. However, the corroge acid/ alkali reagents and/or

high pressure and temperature employed in the existing chemical leaching processes would
raise severe environmental concerns, harsh requirement for equipment, and high
capital/operating cost, limiting their advance in piatiapplications. The solvent extraction

is also inappropriate for lowank coal because of the low carbon yield (<30 wt%) resulting
from its crosdinked carbonaceous structuteFor the conventional codired boilers, the
removal of all the asforming metals is also unnecessargnsidering the fact that AAEMs

are the main trigger for fouling and the removal of all ash forming metals will cause a
significant increase on the operation cddost importantly, the research only focused on the
oncethrough fresh leaching reagent, aheé recyclability of leaching reagents has yet to be
studiedas shown inFigure 1.1 of the research gap summaig a practical application, to
reduce water loss and enhance the removal extent of target elementstepudind leachate
recycling leachingorocessare normally employedAdditionally, the environmental impact
arising from the resultant waste leachate impedes the deployment-odii&veoal leaching
processs, and it is in urgent need of relevant studies on the environmebrgallyn treatmen

of the concentrated wastes discharged from waste water treatment units, sudietestibe

of reverse osmosis which is widely used in the waste water cleaning industry
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Figure 1.1Research gap summary

In this PhD project, instead of removing all of the-&siming metals, only AAEMs were
selectively targeted, considering that these are the most critical triggers for ash fouling in a
pulverized coafired boiler®# 3 This projectwas mativated by the development ofl@w-

rank coaleachingprocesghatneeds to be efficient, economically viable and most importantly
environmentally benign. To achieve this, two core steps were focused on, including coal
leaching, and waste leachate treatment and recaveryoal leachingattentionwas focused

on the recyclability study of leaching reagents (water and hydrochloric acid (HCI acid)), via
both the experimental investigation and kinetics modelling, which was rarely touched in
literature.Regardingvaste leachate treatment and recovery, which is cractaln the whole
process into costffective and environmentally friendly, the core work la determine the

best wastewater treatment method which has a high water recovery rate, high impurities

removal rate and low cost via integrating into the leagtprocess, an@) to develop an

4
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efficient method to dispose of the concentrated chloride wastes discharged from the wastewater
treatment unit, so as to regenerate and recycle HCI acid and meanwhile ohtksanftee

solid residues as byroducts.This PhD project has four innovation points as followsthe
development oh leaching kinetics model, which can predict the recyclability of water in a
multi-stage countecurrent leaching processtisfactorily 2) the exploration and use of silica
additive to eliminate the thermodynamic constraint of the pyrohydrolysis of,CaCihe
discovery of the doubiside effect of MgGl addition on the pyrohydrolysis of CaGh the
presence of silica; and 4) tliescovey of CaO-Mg-Cl structurethe ce pyrohydrolysis of

CaCk and MgCs, which helps to understand the interaction betweér &al Md* in terms

of their affinity with Ct in the hightemperature reactions.

To achieve the project aims, a number of advamgrbrimental, analytical and modelling
techniques have been used. First of all, Aspen Plus 8.4 was used for process simulation to
establish flow sheets for integrated leaching and waste leachate treatment and recycling. Aspen
Process Economic Analyz€kPEA) was afterwards integrated with Aspen Plus for the process
economic analysis. Secondly, the shrinking core model (S€Mps modified properly to
predict the recyclability of leaching reagents. Subsequently, the pyrohydrolysis of chlorides for
the HCI regeneration was conducted in an electricallyeldelabrizontal furnace. Finally, the
advanced synchrotron-Ky absorption spectroscopy (XAS) was appfedthe fingerprints

of both C&* and Ci in the pyrohydrolysis residues. It can promote the understanding of the
interaction between the two catior®a(*and Md*), in terms of their affinity with Clin non

molten silicates, which helps explore the promotion mechanism fdnighe Cl release from

the atomic perspective. Throughout this project, a large number of characterisation facilities
were invdved for quantitative/qualitative analysisnductively coupled plasma optical

emission spectrometry (IGBES) and/or microwave digestion was used for AAEMs

5
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guantification in raw coal and leachates. The SPECTRO 4@QyXFluorescence (XRF) was
used for comgsition analysis of ash amyrohydrolysisresidues. The crystalized components

in thepyrohydrolysigesidues were identified by Rigaku MiniFlex600 XRD. Scanning electron
microscopy (SEM) was used tistinguish the phase of thgyrohydrolysisresidues The
thermodynamic calculation was conducted by Factsage 6.4 for the prediction of ash melting

temperature and the composition of pyrohydrolysis residues.

The outcomes from this project include the development of a novekeftestive and
environmentallybenignleachingprocess which can selectively remove AAEMs from Jow

rank coal, thereby reducing the fouling propensity of leached coal. Apart from tmenigga
experimental results, the leaching mechanism investigation and model development are pivotal
to industry design. The completion of this project iddress a global challenge facing the
coal mining industry; how to upgrade lenank coal to higkqudity thermal fuel that can be

burnt at highefficiency and lowemission for power generation. The loank coal is mainly

used as a local fuel driving the power generation or industry boiler installed close to the mining
site. This PhD project is thereforeucial for the power generation and industrial boilers
burning lowrank coal that are suffering from severe fouling caused by AAEMs. Additionally,
the research on the combination of coal washing and waste water treatment is essential for the
developmenof new clean coal technologies which are viable in the cacbastrained future.

Last but not least, the novel HCI acid recovery method via the pyrohydrolysis of chloride waste
is beneficial significantly for hydrometallurgy through the reduction of bwgloperating cost

and environmental effect of waste leachate.

1.2 Researchams
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This PhD project aims to develop an efficient, esfééctive and environmental friendly
process which can selectively remove AAEMs ind@mk coal. In comparison to thpast
studies that either had only focused on the &gtk coal rich in discrete mineral grains, failed

to test the recyclability of leachates, or did not touch the chloride waste treatment, this study
conducted a detailed techrroonomic analysis, expled the probability for the reusing of
leachates, revealed the scientific mechanisms governing the leaching of AAEMs frem low
rank coal, and developed an efficient HCI acid recovery method from chloride wastes, as

summarised ifrigure 1.2

1. Techno-economic analysis of low-rank coal washing processes

2. Optimisation of leaching process parameters by experiments

Removal of AAEMSs from
Low-Rank Coal

3. Leaching mechanism study & Reaction model development

4. Treatment of unwanted chloride salt & HCI acid recovery

Figure 1.2 Research contents of the PhD project

The specific research targets for this PhD project are outlined as follows:

1. To establish a comprehensive process flowsheet and to conduct thedeohomic
analysis to quantify the overall process efficiency, aasttheir variation upon the use

of different wastewater treatment techniques;
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2. To wash out the AAEMs from lowank coal to an extent that the ash fusion
temperature of the resultant leank coal exceeds the general pulverised-ticed

boiler design temgrature, 1200 °C;

3. To determine the optimum leaching conditions for two leaching reages®s é@td

HCI);

4. To develop a model to simulate the leaching kinetics of target elements and find the

leaching mechanism;

5. To reveal the maximum allowable recycle tinfieseach leaching reagent prior to it

being treated,;

6. To develop an HCI acid recovery method from the unwanted and environmentally
devastating chloride salt discharged from the waste water treatment steps, and the

exploitation of corresponding mechanism.

1.3 Thesisoutline

Chapter 1 gives an overview of the research area and highlights the important research aims.

Chapter 2 is a review of the literature, specifically focusing on the modes of occurrence of

AAEMs in low-rank coal, coal cleaning technologies, leaching reagent comparison, water
recovery techniques, leaching kinetics models, and HCI acid regeneration methods from
chlorides. This review ultimately led to the clarification of research gaps that established the

fundament of this PhD project.
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Chapter 3 gives a detailed study on the integrated-lank leaching and waste water recovery
process simulation using Aspen Plus aki@EA. This chapter aimed to identify the most
promising process configurations with respect to the AAEMs removal efficiency, arader
energy consumption, and process costs. To achieve this, a comprehensivestectumoic
analysis has been conducted for four proposed scenarios which consist of different coal
leaching steps and waste water recovery techniques. Tisedébexperimeat results were

also carried out simultaneously to provide the necessary data for the simulation. In addition,
the optimal lowrank coal leaching process was compared with a typical existing black coal

beneficiation process, so as to prove its efficiemayfaasibility.

This chapter has been published as a journal arBbleu, S; Hosseini, T.; Zhang, X.; Haque,
N.; Zhang, L., Selective removal of sodium and calcium from-damk coalProcess
integration, simulation and techhi@@zonomic evaluatiorf-uel Processing Technolog3018,

172,13-28.

Chapter 4 explores the leaching mechanism of AAEMs fromd@mk Xinjiang coal by both

water and HCI acid, with special attention on the leaching using leachate. In a practical
industrial application, a mulstepand multicycle leaching process is commonly employed in
order to slash the water consumption and enhance the removal extent of target elements.
Therefore, it is crucial to classify the leaching mechanism of using recycled leaching reagent,

and then develokinetics models to predict the recyclability of the leaching reagent.

Part of this chapter has been published as a journal adtoter, S; Hosseini, T.; Zhao, J.;

Zhang, X.; Wu, H.; Zhang, L., Selective removal of sodium fromiamk Xinjiang coalipon
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a multistage countecurrent water washing: experimental investigation and kinetic modelling.

Energy & Fuel2019,33, 3, 2142152

Chapter 5 studies an efficient HCI acid regeneration method from the mixture of alkaline earth
metal chlorides wastvia copyrohydrolysis with fixed additions of SyCand steam. The
motivation for this chapter was to examine if the chlorides waste (CadMdi€tharged from
the coal leaching process can be decomposed in an efficient and environniettajty
manner thus obtaining Gfree solid residues and regenerating HCI acid. In this chapter, the
effects of temperature, reaction time and Mg&tlditions orthe HCI recovery were studied
Additionally, the mechanism underpinning the HCI recovery from chlorideseaxérgpolated

from the perspective of silicate structure.

This chapter has been published as a journal arfiblau, S; Qian B.; Hosseini, T.; Girolamo,
A.D.; Zhang, L., Pyrohydrolysis of CafWaste for the recovery of HCI acid upon the
synergistic effets from MgC# and silicaACS Sustainable Chemistry & Engineer2@9,7,

3,13-28.

Chapter 6 reveals the locahtomic structure of chlorine (Cl) and its transformation upon the
interaction between different cations during thepgoohydrolysis of CaGland MgCh for the
regeneration of HCIl. An advanced analysis technique, synchrotroay Xabsorption
spectroscopy (XAS) was used to fingerprint the Gédge XANES spectra and Cadlge
EXAFS spectra. In particular, the change on the local atomic envirdroh€&* upon the

intrusion of Mg* atom was interpreted. Consequently, an intermediate structGae®@Mg,-

10
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Clxwasrevealed to address the synergism between these two cations in the atomic coordination

environment level.

This chapter has been suitiexd toJournal of Hazardous MaterialZhou, S; Qian, B.; Liu,
C.; Hosseini, T.; Zhang, L., SynchrotronRay Absorption Spectroscopy (XAS) study on the
atomic structures of chlorine and calcium derived from thpycohydrolysis of alkaline earth

metalchloride wasteslournal of Hazardous Materia2019 (under review).

Chapter 7 gives the conclusions for this PhD project and recommendations for future work

related to lowrank coal beneficiation and HCI acid recovery from chloride wastes.

11
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Chapter 3
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Figure 1.3 Thesis outline summary
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Scope of literature review

This literature review covers the motivation for this work onstlective removal of AEMs

from low-rank Xinjiang coals. Specifically, the modes of occurrence ofs in lowrank

coal is presented at first. Subsequently, the current coal cleaning technologies and their
limitations are evaluated. Afterwardsattentions are paid tteaching kinetics modeland
leaching reagent comparisoAdditionally, the mature waste water recovery technigees

comparedFinally, the progress on the HCI acabeneratiofirom chlorideds discussed

2.1 Modes ofoccurrenceof AAEMs in low-rank coals

To remove AAMS, the prerequisite is to understand their original modes of occurrence in
low-rank coals. The most common way to determine this is by their solubility in different

reagents. Four modes of occurrence can be inferrédtds 2.1

16
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Table 2.1Mode ofoccurrence of AEMs in lowrank coas.

Modes of occurrence Characteristic

Inorganic ions in the form of wataoluble salts, such
Watersoluble (WS) as chloride, sulphate or hydrated ions; Soluble in wa
ammonium acetate and hydrochloric acid
Ammonium acetate soluble Organic cations in carboxyl; Soluble in ammonium
(AAS) acetate but not in water
Inorganic ions in discrete minerals, such as carbona
Hydrochloric acid soluble
organic ions in coordination complexes; Soluble in
(HAS)
hydrochlort but not in ammonium acetate and water
Aluminosilicate; Insoluble in water, ammonium acete

Acid insoluble (Al)
and hydrochloric

It has been widely reported that more than half of Na is veateible in a lowrank coal, with

the rest being organicallyound with carboxyl that can be leached away by ammonium acetate
1.2 For example, Wijaya, Choo et al. determined the modes of occurrence of the major elements
found for two Victorian brown coal samples. It was found that more than half of the sodium in
both coal samples can be removed when treated with water aldrednarst entirely removed

when additionally leached with ammonium acetate. Similanlyow-rank Xinjiang coal, Na

is primarily partitioned between WS and AAS fractions, whereas the content of K is extremely
low. In contrast, Ca, as the predominated meitilin the Xinjiang coal showed no change
upon the water washing, nevertheless decreased by almost half of its initial amount upon
ammonia acetatieaching The rest of Ca can be mobilized by hydrochloric acid. It suggests

that Ca in the Xinjiang coal mainly either bonded with organfienctional groups, or discrete

17
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minerals. Another alkaline earth metal, Mg witnessed a similar mode of occutoedge.e.,

mainly AAS and HAS.

2.2 Coal cleaning technologies

2.2.1 Physicalcleaning technologies

Coal cleaning exploiting the physical properties has been adeedloped, widehused and
economical approach in removing impurities from highk coal rich in mineral grairs By
applying distinctions of physical properties between impurities andraigticoal matrix, such

as variations in densities or surface properties, rocks and inorganically bound metals can be
removed®. Based on the rational of physical cleaning technologies, the larger the fraction of
organically bound minerals in the coal, the lower the foacthat can be removed out by
physical ways. Plysical cleaning is limited in removing AAEMs from lesank coal, in which

a low proportion of these two elements present as isolated mihefals result, it has led to

the development of chemical cleaning technologies.

2.2.2 Chemical cleaning technologies

So far, few researches have been done upon the selective removal of AAEMs fraamkow
coal. By contrast, the ajority of studies were focused on the removal of all thefashing
metals to produce ultrelean coals (UCC) or adhee hypercoal (HPC) Existing typical

techniques of removing AAEMs from levank coal are summarised below.

Ultrasound was deployed to remove alkali metals from brown coals under ambient conditions,

aiming to avoid the use of high temperature/pressure and to shorten the treatment time
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Ultrasonic watetteaching and ammonium acetdéaching compared with agitatiencurred
leaching was studied to explore the effect of ultrasound on the alkali(idatahd K) removal
from coal fines | ess than 210 em in diameter
with 500 W power were used sequentially to generate cavitation and streaming effects of
ultrasound. Experimental results showed that, for riegal watemashing experiment, after

30 min the sodium removal efficiency in ultrasonic washing was comparable with that of
agitation, at ~25%; contrary to this, when ammonium acetate was used, the sodium removal
was significantly enhanced by ultrasoriitgreasing from 30% (stirring) to 85% (ultrasonic).

This might be because the majority of watetuble sodium was adhered to coal surface and
easy to remove, so ultrasound did not show remarkable advantage over stirring. However, for
ammonium acetate lelaing, more ammonium acetate can penetrate into coals to react with
ion-exchangeable sodium inside coal matrix due to the effects of ultra&olimel mechanism

of intensifying the sodium removal by ultrasonic chemical washing might consist of four stage,
pitting of coal surfaces, formation of cracks, penetration of cracks into coal particles, and
breakage tcoal particled. However, ultrasonichemical leaching did not apply to potassium,
because in this studied coal, potassium existed in the manner of potassium silicate which can
only react with strong acidé The high power consumption is an obvious hurdle for the

application of ultrasound to industrial coal washing.

Several studies have concluded that the effectiveness of removing sodium from coals with high
sodium contents was a function of temperature, liquid/coal ratio and the partick!'size
Higher temperatures, larger Uigl-to-solid mass ratio and smaller coal particles can improve
the removal rate for sodium. Meanwhile, Bing Z et al. presented that the hydrothermal
treatment was much more effective, 90.5% of sodium removed and only 0. %iMNash

remained at 308 and5.86 MPa after 30 min, than water washing which only removed 60%
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at ambient environmenit This is because at high temperatures and high pressure, not only the
covalent bonds between sodium and carboxyl are cleaved, but the diffusion of sodium ion can
be enhanced. However, it has been reported that a considerable number of contaminants will
be released at above 200 “€ At higher temperatures, complicated decomposition and
recombination reactions could happen, finally forming complicated and tabstasices, such

as carcinogenic compounds. Waste water containing such toxic waste will be tricky to dispose

and normally forbidden by regulations.

In 2009, in Montana, there was a project at the Center of Advanced Mineral and Metallurgical
Processing (CMP) whose target was to estimate and select the existing sedinoval
methods by carrying them out in pilot tektslf no appropriate method was found, they would
focus on an alternative approach. The criteria used to compare the different processes included,
the sodium remove effectiveness, the removal rate, the property of produced wastes and the
corresponding cost. Their preliminary researches indicated that for coals in which sodium
existed in the form of adsorbed or organically bound sodium, the most suitable reagent might
contain ionexchangeable constituents, such as ammonium acetate/catdiomade and HCI.

Unfortunately, no further publication has been found to support their statement.

In 2004, to reduce the amount of AAEMs especially sodium and calcium, Ddi*etomhpared

three reagents, deionised water, ammonium acetate (1 m/l) and nitric acid (1 m/l), in the
capacity of removing these metals under the ambient conditions. It was proved that ~30% Ca
and 71% Na were removed by water, compared to 58% Ca and 95% Na by ammonium acetate
as well as 91% Ca and 97% Na by nitric acid. This relies on the different exsiohg of Na

and Ca. For sodium, both original wagesluble Na and the reaction products between sodium
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minerals and ammonium acetate, nitric acid (Nald@d CHCOONa) are readily soluble in
water. However, because Cagand CaO were claimed to be the maiode of occurrence of

Ca in raw coal, deionised water can only remove a small fraction of calcium owing to the poor
solubility of CaCQ and Ca(OH (reaction 1). From reactions% ammonium acetate and

nitric acid can remove calcium more significanthathwater. Additionally, considering the
difference in the solubility of Ca(COOE)nd Ca(N@)2 as well as the nitric acid being a strong
acid, nitric acid can achieve almost double removal yield than neutral ammonium acetate. Due
to the remarkable decraasf especially Na in washed coals, the initial temperature for ash
fusion increases from 700 °C (raw coals) to 900 °C after nitric acid washing and 1100 °C after
the ammonium acetate washing. Similar results were also obtained by Domazetis? et al.

Finkelman, et af, and Morgen, et at>.

CaO+HO VY Ca( OH) 1)
Ca(OHY + 2HNG; Y Ca g)NQH.0 (2)
CaO +2HNQY Ca @)ING®,0 (3)
CaO + 2CHCOONH; Y Ca ¢008) +2NHy§ +0 H 4)
Ca(OH) + 2CH,COONH, Y C a 6008+ 2NHsy +.02 H (5)

In 2003, Shi invented a new method of removing sodium by treating coals (psigéecleeing
3-30 mm) under intermittently and greatly changing pressure (fr&® 3/pa to 0.11 Mpa)

and temperature (from 1850°C to 30-60°C) 6. The interval is approximately three minutes
and the liquieto-coal volume ratio is-5. In the proces substantially changing pressure and
temperature can destroy the original internal structure of coal, so as to dissolve sodilén in 8

wt% acetate acid or hydrochloric acid. The author claimed that the highest sodium removal
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rate was 96%. However, thegrerement for equipment resulting from the frequently changing

temperature and pressure might cause the inability to be used on a large commercial scale.

In 2000, Quast proposed and tested a continuous cexurtent sodium removal process in
laboratorywhich aimed to reduce water consumpttériThe experimental ewlitions were as
follows: waterto-coal mass ratio of 2, washing time of 30 min, and sulfuric acid of PH 2 as
leaching reagent. Theodium content of the tested Bowmans d@mk coal assaying 70%
watersoluble and 30% organic bound sodium was reduced by 80% aftetdg® leaching

and by 88.5% after threstage leaching. This method remarkably reduced the consumption of
fresh wateras evident bythat only 2 litres fresh water was consumed per kg of raw coal.
However the low water consumption was interrelated to the ist@ge dewatering of washed
coal. After leaching, 9 ml flocculant was added; the slurry of washed coal sett@@d rfioin

and then vacuum filtered. The author therefore pointed the significance of liquid and solid
separation on sodium removal, since sodium was assumed to be in equilibrium in filtrate and
water in coal. However, the treatment and recycling of wasterwats not mentioned in this

paper.

In 1991, in order to redud@a of low-rank coals, Hayashi et.af treated threeoal samples
(pulverised to 0.109.210 mm), two subbituminous coals and one brown coal by carbonic acid
(dissolving CQ in water under 600 kPa and 298 K) at a ligtaecoal mass ratio of 30:(0.1
3.0). The results indicated thatound45% of Ca and 22% foMg were removed from
subbituminous coals in 12 h, compared with only 10%a@&3% Mdrom the brown coallt

was claimed that it cabe explainedas follows.For the CQ treatment of coals, calcium

existing as carbonate and sulphate minerals was renmoeexleasily than that associated with
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carboxyls. In other words, ieexchangeable cations and Aon exchangeable cations (such

as sulphates, carbonates and clay minerals) were the dominated formarad ®gin brown

coal and subbituminous coal respeely. Additionally, Franklin et al!® reported that,
carboxyl functional groups tend to decompose at a relatively lower temperature than other
groups. Hayashi et aherefore preneated coal samples at 573 K for 1.5 h and 1.0 h for the
brown coal and subbituminous coapectively before leaching by carbonic acid. As expected,
57% and 45% of calcium were removed from thehmated brown coal and subbituminous

coal, experiencing a remarkable increase from 7% and 15% respectively.

In 1987, Blytas et alt® proposed a concept of removing sodium from-tawk coal which
consisted two stepkachingby deionized water, 0.01 m/l acetate acid or aqueous solution of
CO, at ambient environment followed by contacting with weak acid >(@f&cted into
deionized water under 300 per 0.03 m/l acetate acid)hese two steps were to simulate coal
leachingat a mine mouth and transportation of coal slurry in pipeline respectively. Higquid
solid mass ratio of 6 and 1.5 were adopted for two steps respectively.ti&tienent by
0.01m/l acetate aciidr 1 hourand carbonic acifibr 4 days, the highest sodiumemoval extent

was achieved, a&0%, compared with ~16% when deionized water was used for both steps.

The above discussion about tgpical AAEMsremoval process targeted at loank coal has

been summarizeid Table 22.
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Tabd26ummanypasftati ese loercdtnhoeveaA E Msk o mr b o W.

coal

Temperature &
Pressure: 12800
°C & 0.345.86 MPa

higher than 60% at
ambient
environment.

Ref Target Treatment Operating Removal efficienciey Recovery or Major findings
elements & | method & conditions recycling of
Coal samples | Leaching leachate
reagents
5 Sodium, Ultrasonic; Coal size: <212 m;| Water washing: No Ultrasonic can enhance
Potassium; Deionized Liquid-solid mass | ~25% of total Na; sodium removal when
Brown coal water, 1 M ratio: 9; Ammonium acetate: ammonium acetate wag
Ammonium Time: 30 min; ~30% of total Na for used, owing to the
acetate Agitation speed: agitation and ~85% cavitation and streamin
1500 rpm; for ultrasonic; phenomena caused by
Ultrasonic: 25 and | ~5% K for all cases. ultrasonic.
430 kHz, 500 W
° Sodium; Hydrothermal | Coal size: <0.2 mm;| At L-S mass ratio off No Hydrothermal treatment
Sub treatment; Liquid-solid mass | 2, 90.5% of total Na can enhance sodiu
bituminous Distilled water | ratio: 1-5; was removed at 300 removal due to the
coal Time: 30 min; °C and 5.86 MPa, improved ion diffusion

and breakage of
covalent bonds at high
temperature and
pressure.
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Ref Target Treatment Operating Removal Recovery or recycling | Major findings
elements & | method & conditions efficiencies of leachate
Coal samples | Leaching

reagents

14 Sodium & Comparison of | Coal size: not Na & Caremoval: | No 1) The Na and Ca
Calcium; leaching mentioned; 71.14% Na and 309 removal capacities of
Sub capacities of Liquid-solid mass | Ca (water)95% Na three reagents is in the
bituminous deionized water| ratio: 10; and 58% Ca following order: 1m/I
coal ammonium Time: 2 h; (ammonium HNOs, 1m/I NH\«COOH,

acetate (1 m/l) | Temperature & acetate); 97% Na and deionied water;

and nitric acid (] Pressure20 °C and | and91% Ca (nitric 2) A proper Ca removal

m/I) 1 barg acid) extent was indicated,
since the ash fusion
temperature of washed
coal by nitric acid is
lower than that by
ammonium acetate (90(
°C vs 1100 °C).

16 Sodium; Intermittently | Coal size: 330 mm; | Na removal: highest No Largest pressure and
High-sodium | and greatly Liquid-solid mass | at 96% temperature variation
coal, not changing volume ratio: 35; range (between 350 °C
specify the pressureand Time: 3660 min; & 5 MPa and 30 °C &
coal rank temperature; Temperature & 0.1 MPa) achieved

Acetate acid or
hydrochloric aci
(8-15 wt%)

Pressure: change
between 1550 °C
& 3-5.0 MPa and
30-60 °C & 0.21
MPa

highest Na removal, at
96%.
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Ref Target Treatment Operating Removal Recovery or recycling | Major findings
elements & | method & conditions efficiencies of leachate
Coal samples | Leaching
reagents
17 Sodium; Athreestage | Coal size: 91 wt% | Na removal: 80% | No 1) Less water consume
Low-rank coal| countercurrent | <4mm; (two-stage leaching per kg of raw coal, at 2
washing procesy Liquid-solid volume | 88.5% (threestage litres/kg raw coal;
Sulfuric acid ratio: 2 liters/kg raw | leaching); 2) Interstage
(PH:2) coal, dewatering is crucial to
Time: 30 min; the sodium removal,
Temperature & since sodium was
Pressure: ambient regardeds be in
conditions equilibrium in filtrate
and water in coal.
11 Calcium & COz dissolved in Coal size: 0.105 |In12 h, 45% Ca and| No 1) In 12h,pressurized
Magnesium; | water under 60¢ 0.210 mm; 22% Mg from CQz in deionized water
Two kPa and 298 K | Liquid-solid mass |subbituminous coals can remove 45% and

subbituminous
coals and one
brown coal

washing low
rank coals;
Preheated coal
followed by CQ
solution with
pressurization

ratio: 30: (0.13.0);
Time: 12 h;
Temperature &
Pressure: 298 K &
600 kPa

and 10% and 3% fror
brown coal; After
preheating coal
samples at 573 K for
1-1.5 h, 45% and 57¢
Ca removed from
subbituminous and
brown coal in only 2 |
(15% and 7% before
preheating)

10% Ca from
subbituminous coal and
brown coal respectively
owing to in brown coal,
more Ca bond with
carboxyls, which are
relatively hard to
remove by carbonic
acid;

2) Preheating lowank
coal can impove Ca
removal yield by
carbonic acid.
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Ref Target Treatment Operating Removal Recovery or recycling | Major findings
elements & | method & conditions efficiencies of leachate
Coal samples | Leaching
reagents
19 Sodium; Two-step Coal size: 1561,400 | Highest Na removal; No 0.01m/I acetate acid for

Low-rank coal

washing proces:
for the
simulation of
coalwashing at |
mine mouth and
following
transportation in
pipelines;
Deionized water
0.01 m/l acetate
acid or aqueous
solution of CQ
at ambient
environment,
saturated C®
solution under
300 psi or 0.03
m/| acetate acid
for step two.

¢ nfor step one;
<1400 &m
two;

Liquid-solid mass
ratio: 6 (step one);
1.5 (step two);
Time: 1 h (step one)
4 days (step two);
Temperature &
pressure: ambient
environment (step
one); ambient
environment for all
reagents except GO
solution under 300
psi (step two).

40% for step one
using

0.01 m/I acetate acig
and high CQ
solution for the
second step.

step one and high GO

pressure for step two
removed highest
sodium, a#0%.
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2.3 Leachingkinetics models

For an appropriate design and seateof the coaleaching reactor, clarifying the kinetics
governing the leaching of target elements is crucial. For the leaching of elements from a solid
particle in the aqueous phase, the shrinking core model (SCM)gedeby Levenspiel is

widely applied. SCM is used to model heterogeneous reactions where a single mechanism can
control the overall leaching rate, including the diffusion of reactiooducts through liquid

film on the surface of the solid particle or through the iptgticle inert ash layer, or the

chemical reaction as described by the following equations respectively.

(2) liquid film diffusion control:oz 8 (6)
Wherez, ~ ——

(2) Intraparticle ash layer diffusion contrc@z pL pB C pB (7)
Wherez —

(3) Surface chemical reaction contfgz'\ pZ pB (8)
Wherez —

wheret is reaction time (s)UJis time required for complete conversion (¥};is factional
conversionp is stoichiometric coefficient;s is molar concentration of mineral (ki A;R
is particle radius (m)kg is mass transfer coefficient between liquid and parti€lg; is
concentration of organometallic compound (kmot)nDe is diffusivity through porous coal

(m?s1); ksis first-order rate constant for the surface reaction.
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In 2012, Zhu et ak! appliedSCM to study the kinetics of sulfuric acid leaching of vanadium
from stone coal. The predominated controlling step was proved to be chemical reaction when
the acid concentration was below 4 M, whereas-pé#dicle asHayer diffusion dominates for

the acid concentration above 4 M. Similar direct appbos of SCM were also found

elsewherg??4,

However, considering the possibility of the change in the mode of dissolution process, it might
not be reasonable to consider only one limiting factor as the controlling step throughout the
whole process. Therefore, a generic kinetic model based on SCM was prapasteaivin
Equation9 2> 26 |t did not take into account the liquid film diffusion which can be eliminated

with a stirring speed above 200 rgfhn

A

O, pzpm " D pB C pB 9)

where" % z 4 O c A-# (all signals mean the same as before except that M is

the molecular weight of washed mineral).

Bobeck et al*® studied the kinetic of dissolution of sphalerite (ZnS)/ by ferric chloride greCl
using SCM and the aboweodd. It was foundhat theoriginal SCM with only onecontrolling
factor in guations7 and 8cannotdescribe thevhole leaching process. It was inferred that the
leachingmight bedominatedy the surface chemical reaction and internal diffusion at the early
and later stage, respectively. Therefahe generic model (equatioh ®as further employed
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to simulate the experimental dataventually, a satisfactory fittingwas achieved atboth
temperatures, confirming the above postulation of two factors controlling the leaching process

throughout the whole leaching step.

To accommodate the heterogeneity of a miner
been further formulated by Britteff and used by Beolchini et & and Veglio et al?® in

Equaton 1Q This equation was solved by a rlamear regression analysis to estimate the
adjustable parameters. Note that, wher=l), Equation 10will represent a model with a

constant activation energy. The general assumptions for this refined SCM maaeidi@vs:

(1) The concentration of leaching reagent reduces with time;

(2) The mineral dissolution chemical reaction might not conform to linear kinetics with the

leaching reagent and targeted metals;

(3) Due to the different accessibility and reactivity of mihagecal forms, reactants in the

mineral varies with time, resulting in a variable activation energy during the leaching.

— #AQPp— -7 — # %8 # 2% BT (10)

whereb; andb, are the parameters about the conversion to the activation ebergy/nole;
be: dimensionless)X is the target metal conversio@Pis a constantEa is the reaction
activation energy (kJ/mole)° is a reference temperature (KJao and Cso are the nitial

leaching reagent 1 and 2 concentration (M) respectimalgndnsare the reaction order with
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respect to leaching reagent 1 and 2 respecti@lyandCssare the stoichiometric requirement

for leaching reagent 1 and 2 (M).

Beolchini et al?® used this variable activation energy SCM to model the manganese extraction
over the leaching time successfully. In this case, the leaching reagent 1 and 2 were sulfuric acid
and sucrose as reducing agent. The comparison between experimental data ahdethe v
calculated by the variable activation energy model (Equatpshoweda much better fitting
compared to thdty the constant activation energy modiesuggestdthat the leaching process

was controlled by chemical reaction with a variable atibweenergy.

Based on the above discussion, the mineral leaching kinetics mechanism is complseand
dependent The kinetics mathematical model iislated tovarious factors, including the
leaching reaction, the properties of leaching reagent, the-ahiparticle size, the liquidolid

mass ratio, the mineral particle shape, etc.

2.4 Leachingreagent comparison

In order to develop a variable industrial process of remo&igMs from low-rank coals by
chemical leaching, the selection of leaching reagents is essential. In selecting leaching reagents,

the followingfactors should be considered:

1) The effectiveness of removifgAEMs
2) Possibility of recovery and reusing

3) Availability and cost
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4) The change in calorific value dachedcoal
5) Effect of the leaching reagent residue on the washed coal on thiredddoiler
6) Environmental impacts of leaching reagents

7) Operation safety

The environmentally benign water unfortunately can only remove a part of sodium and trivial
calcium for a single stageachingunder the ambient conditions. The ammonium acetate
should be ruled out due to its high pri€emarginal effects on the removal©& andVig, and

the difficulty in the regeneration of ammongulfuric acidis also unsuitable in this study,
since lowrank coals have very high Ca contents, resulting in the quick formation of numerous
CaSQ upon the attack of sulfuric acid. As a result, thedoborn CaS®@precipitation within

the coal particles will clog the diffusion paths, ceasing thus the leaching process.

Nitric acid was also confirmed to mobilize high fracBaf AAEMs from low-rank coals.
However, the drawback of using nitric ad&hchingis notable. Firstly, the reaction between
coal compositions and nitric acid is sensitive to the operation conditions, generating various
products according to react®nil-14 1. The release of toxic 43 and NO might pose a
restriction on the application of nitric acid on cégdching Secondly, nitrating agent, NO

might form according to reactidh (H>SQs produced from reactioh3). Consequently, coal
might be oxidized and a new nitrogeantaining species in coal might be formed, resulting in

the reduction in calorific value of coal and increase in nitrogen cohtent
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FeS+2HNG:Y Fe NGBS +S (12)
2FeS+6HNG:Y 2 F eso N3BLS + S (12
6FeS + 30HNQ Y 3 £5€u)s + 3H.SOQy + 30NO + 12HO (13
¢ ?B+2¢,SBaz ? B +¢3BT+2¢SBy (14)

In terms of hydrochloric acid which is widely used in hydrometallurgy, it possesses a number
of advantages, compared to other acids, such as sulfuric acid and nitfit Eaistly, it has a
strong capacity of removing targeted AAEMs as summarizéichble 2.1 Secondly, it can

ease the leaching process without the prtipn trouble, such as CagO hirdly, a higher
leaching kinetics can be expected. Finally, metal complex has a higher solubility in HCI acid.
On the other handhe difficulty of disposing of the wastewater richdhlorides has always
been the big hutd for the application of HCI acitf. This problem is one of the core topics in
this study and will bexploredin depth inchapters 5. Regardindhe disadvantages, the acid
residual on thdeachedcoal might incur corrosion to the alloy in boilers, but this can be
mitigated significantly via using a bunch mifiysicalsolid and liquid separation unitsuch as
separation screen and centrifugsiso, this effect can be slashed through using-low

concentration HCI acid. Theomparisons summarized iffable 2.3.
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Tabd3&€ompawnif £@amc hi ng

reagents

Leaching

Advantages Disadvantages
reagents
Pure HO Environmentallybenign Weak ablllt.y to remové\AEMs for single stage
under ambient environment
1. Strong ability to remove AAEMSs, except Ca 1. The Ieachlrlg. process will cease qwckly dus
HoSQy o to the precipitation o€aSQ on coal particles
2. No volatilization . .
2. Corrosion to boiler steel brought from sulfu
1. Oxidation ofcoal causes the reduction on th
calorific value
. . 2. Increase in nitrogen within coal
HING Strong capacity of removingAEMs 3. Sensitive to operation conditions, might
resulting in elease of &S and NQduring the
leaching stage
Strong capacity of removinrAEM s
Fr_ee of prempltatl_on t_rouble, such as CaSO 1. Acid concentration should be low, to
HCI Higher leaching kinetics

abrwnpE

Higher solubility for metal complex
HCI acid can be recovered from the chloride waste

minimize its volatilization
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2.5 Water recovery techniques

To minimise the costs associated with the continuous consumption of leaching reagents and
make a coaleachingprocess economically viable, integrating the recycling and treatment of
the used water into the demineralisation of coalriscal. For salt water specifically, three
mature water recovery technologies exist to date: evaporation, electrodialysis arst rev

0SMOSiIs.

2.5.1 Evaporation

Multi-stage flash (MSF) vaporisation is the most widely used of the evaporation methods in
the desalination industry. It is a welstablished, simple technique that involves multiple flash
vaporising drums in series in @dto separate out the water based different boiling
conditions®? 33 The solution is pressurised, heated and then fed into a series of flash drums
where the sudden drop in pressure below its saturated vapour pressure causdsrthe
rapidly vaporise and separdtem the unwanted contaminani&his process is mosthpplied

for feed streams with salt concentration of greater than 50,000ppm and fesdalgeavater

treatment.

Although MSF vaporisation produces high qualigcavered water that has low levels of
contaminants, it requires considerable amounts of energy to heat and pressurise the water
before it can be flashedtranslating into high operating cost as showiTable 24 34 MSF
vaporisation requires between 19.5 and 27.3 kWi/hich is far more energy thather water
recovery technique®. MSF systems are quite large requiring large land areas and involve an
extensive amount of equipment and pipifiis gives them a large cagitavestment and

moderate maintenance co¥s
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2.5.2 Reverse osmosis

Reverse osmosis (RO) is a matseparation process that lcasitinued to improve over time.

It relies on a pressure differential to force water molecules acrosgpsemeable membranes,
leaving the unwanted contaminants that are not allowed to pass bEfifndperating
conditions are maintained at a pH o2 and tempetare of 555°C to maximize diffusion

and limit damage to the membrane. Any contaminant that has a molecular weight of more than
200 is likdy to be removed by an RO unifhis is due to particles smaller than 0.1nm being

able to pass through the membranthhe water.

The United States Environmental Protection Agency (USEPA) selected RO as the best
technology for removing inorganic contaminants, where numerousdad facilities exist in
industry*. Table 24 showsthat ROsystems are also cheap and sintplieuild; requiring only

1.5-3 kWh/n? 2 and can remove both inorganic and organic material with a satisfactory water
recovery rate especially foelatively lower salt concentration feed streams. However, they
require a clean in place (CIP) system, where regular maintenance and replacement of

membranes and pumps result in significant operating tosts

2.5.3 Electrodialysis

Electrodialysis (ED) is an emerging separation process that is able to reduce the ionic content
of water*%, ED runs in an equipment called electrodialysis cell in which several dilute
compartments and concentrate compartments are formed by anfmng&ganembranes and

cation membranes placed between the anode and cathode. Due to the selective permeability of

ion-exchangeable membranes, cations and anions will transport and concentrate in concentrate
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compartments under the effect of electric poteuliff¢rence. As a result, diluted water can be
obtained in dilute compartment8Vith a relatively low energy requirement of 2.6%6.5
kWh/m® % and little production of wasteED presents as a more environmentally and

economically friendly alternativ@.able 24 summarisethe technical specifications and costs.

As ED is only effective for desalination, it is inappropriate for removing orgaaiter and
other nonrionic contaminants. Suspended solids with a diameter larger than 10um (which
would be present in the black water) must also be removed to preventgdarfkamembrane
pores*. Membranes are also subject to fouling, although less frequently than for R@nwith

average seveyear lifesparf®.

ED is only economically efficit for brackish waters that have a total dissolselids (TDS)
content of less than 4,00@g/L. This is a result of power consumption being directly
proportional to the salinity of the watéf Additionally, more attention needs to be paid to
electrode corrosion and fouling, which might shorten the lifespan of electrode and increase the

maintenance cost. Compared to RO, the desalinizatierof&iD is lower.
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Tabd4&€ompari son of water recovery methods
Water . e Capital Operating Energy .
Recovery Technical Specification : Advantages Disadvantages
Method Cost Cost consumption
pH range: N/A 1. Long established
Temp range: 90-115°C*# 2. Higg ql:ality water | 1. High ene;gy
_ produc consumption
Evaporation | Concentration: >50000ppm $L£§(l)/2n%€9 $1$é(.)}r??49 &V?”‘?/rzr;g 3. Moderate . High capital
48 ' maintenance and investment
cleanin
H range: 211 0 1. Widely used
pH range. 2. High water
Temp range: 5-55°C4° L5 Irecoveryltratio for : (I\gesmbranﬁffouling;
. : ower sa -5 year lifespan
g:r\:]%rssii Concentration: <50000 ppm $%2§?n8?21 $0$g.24/rr?? 40 | KWh/m?3® concentration feed{ 2. Regular
50 ' 3. Low energy maintenance and
_ . 5 consumption cleaning
extent
_ - . Membrane foling
pH range: 2-11 1. High water (~7 year lifespan)
Temp range: 4.543 °C% ) a5 recovery ratio : g%g?\?; remove
ialvsig Concentration: 300012000  $600 $0.25 s | 2. Little waste :
Electrodialysis . $700/n752 | $0.35/n35° kwWh/m? produced . E:I%C;L?ﬁii corrosion
ppm 3. Lower energy 9

Particle size:<10um #®

consumption

. Lower desalination

rate than RO
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2.6 Hydrochloric acid regeneration from chloride wastes

HCl acid regeneration from the lixiviant which is rich in chlorides, is vital to the
commercialisation of the lowank coal leaching process, via slashing the cost through reducing
the amount of malep HCI acid, and eliminating the environmental imphobtigh producing
Cl-free/lean wasté*. This part will summarise the widely studied HCI acid regeneration

methods, incluithg electrowinning, metal sulphate salt crystallisation and pyrohydrolysis.

2.6.1 Electrowinning

Electrowinning was firstly used for HCI regeneration from a nickel chloride solution, as
illustrated inFigure 2.3 A cell with three compartments was createdeparate catholyte,
ampholyte and anolyte by two exchange membranes, so as to avoid the generation of chlorine
on the anode. It was claimed that 1 M HCI can be recovered when using a current density of
200 A m?, 1 and 0.2 M NiGlas catholyte and ampholyte, respectively at 50 °C. However, this
technique is largely hindered by membrane selectivity for chloride, durability and operating

cost. Since 1990s, related work has been published.

2.6.2 Metal sulphate salt crystallisation

Based on the chemical reaction between added sulphuric acid and chlorides, metal ions can be
precipitated out, during which Cl is released as HCI acid. This method is mainly used for
calcium chloride, attributing to the low solubility of calcium sulphétgas reported that the
crystallisation process can be affected by various factors, including the addition rate of
sulphuric acid, temperature, the using of seed material, sulphuric acid concentration and the
initial concentration of chloride¥. A slow sulphuric acid addition rate can promote well

crystallised gypsum, whereas a-fiké substance will form under a faaddition of sulphuric
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acid. The morphology of gypsum will exert a notable effect on the following-boglial
separation step. Higher operation temperature, the addition of seed and dilution of sulphuric
acid to around 50% help the crystal growth. Additily, an initial calcium chloride
concentration of 3l M is necessary for the production of azeotropic strength acid, followed by
an evaporation step. It was claimed that 5.5 M HCI can be regenerated from calcium chloride

through this method.

The most gnificant advantage of sulphate salt precipitation is the low operation temperature,
< 100 °C. However, it is susceptible to a bundle of operation parameters. Apart from the effect
factors discussed above, the sdigliid separation is also tricky. Pobltration rate can be
caused by the formation of fibrous calcium sulphate anhydrite, while calcium sulphate

dehydrate and alpkHaemihydrate enable effective soliquid separatio?> %8

2.6.3 Pyrohydrolysis

Theoretically, pyrohydrolysis can be applied for all metal chlorides, ending up with HCI acid
and metal oxides; however, it has been commercialised for only three metal chlorides, MgCl
NiClz and FeGl >%. The pyrohydrolysis of MgGiwas patented firstly as Aman process using
reaction temperature up to 800 *CThe MgC} solution and combustion gases are fed into a
3-10 m tall reactor from the top and bottom, respectively. Corsely 20% HCI acid can be
produced. However, the intensive energy requirement from Aman process prohibits its
application in larger scale. Similar issues affiliate the pyrohydrolysis of2RACAiming to
reduce the ergy requirement, an extra exothermic reaction was added, the oxidation of FeCl
into the pyrohydrolysis of Fe€1. Despite the favourable thermodynamics which enhances its

economic feasibility, the pyrohydrolysis of Fe@l hindered by théack of FeC} solution in
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most casesdn light of this, the study of pyrohydrolysis is far from completion to promote it to

more metal chlorides, such as widely spread ga even rare earth metal chlorides.

2.7 literature review summary and researclhgaps

According to the above literature review, lwank Xinjiang coal has abundant Na, Ca and Mg,
which results in the troublesome fouling of its ash in combustion. As a result of the unsuitability
of physical beneficiation methods for lenank coal, chenaial leaching has to be employed to
extract AAEMs out of coal matrixThis chapter has given andepth literature review of the
current state of knowledge regarding the d@mk Xinjiang coal property, coal leaching
techniques, leaching kinetics modedsgste water treatment methods, properties of leaching
reagents and HCI acid regeneration approaches from chloride wastes. Accordingly, the main

research gaps have been identified as follows:

1. Previous leaching studies have particularly focused on-ttmoegh leaching using
fresh reagents. Few was about the leaching using recycled leacipateally in
multi-step processes it is still capable to remove reasonable extents of target
elements, although this method can reduce water consumption significantly
Meanwhile, the corresponding study of kinetics models which can predict the

recyclability of leaching reagent is absent.

2. There is a lack of comprehensiteehneeconomic analysitr the flowsheet which
integrate leaching and waste water treatmenssilps restricts the scalg of low

rank coal leaching processes.
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3. With regard to the HCI regeneration from the lixiviant which is rich in chlorides, few
study was about the pyrohydrolysis of Ca@iot to mention the epyhydrolysis of
CaCb and MgC}, which coexist in the waste leachate discharged from therbovk
coal leaching process. There is no study on the mechanism exploitation of

pyrohydrolysis from atomic level, which helps us to manipulate the HCI recovery

effectively.
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The literature review irthapter 2has shown that there is a lack of teclwonomic viable
leaching process which is suitable for the selective removal of AAEMs froandokvcoals,
especially the integration of the treatment and recycling of waste leadloadgamine the
feasiblity of low-rank coal washing processes integrating leachate recycling and to promote to
large scale application, it is essential to conduct emm@hensive techneconomic analysis

first to obtain the most praising process configuratiofrour integrated leachingnd waste
leachate treatment and recycling processes have been proposed and compared comprehensively
using Aspen Plus and Aspen Process Economic Analyser in this cld@enost appropriate
process configuration was determined in terms of the AAEMs vamextents, energy
consumption and process costs. The overall efficiency of the process was also compared to a
typical black coal beneficiation process, proving its feasibility. This chapter has been
reformatted from a manuscript published-irel Processg Technology Zhou, S; Hosseini,

T.; Zhang, X.; Haque, NZhang, L.Selective Removal of Sodium and Calcium from-Rawwk

Coal 1 Process Integration, Simulation and TecHbmonomic EvaluationFuel Processing

Technology 2018,172, 13-28.
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Abstract

This paper has addressed the teeboanomic feasibility regarding the selective removal of
sodium (Na) and calcium (Ca) from lenank subbituminous coal, aiming to reduce the ash
fouling propensity in the pulverized cefded boilers. Four novel processtegrations were
proposed and simulated in Aspen Plus. Both a tbt@ge countecurrent water leaching
processand onestageacid leaching process have been proven to improve the ash fusion
temperature satisfactorily, reducing the mass fraction gONa ash from 4.32vt% to 0.85

and 0.21wt%, respectively. In addition, the use of acid removes around 13% Ca an&19

total ashFor the recycling and treatment of wastewater, the water gain is desirable for the use
of anevaporatorowing to the dewatig of the initially highmoisture coal (2Wt%) in the
centrifugal and the high water recovery rate from the evaporator. However, the good
performance of evaporator is counteracted by the considexahtal cost caused by the huge
heat transfer areageirement. Instead, the use of reverse osmosis (RO) results in a water loss
up to 251.2 kg/t coal. Additionally, prior to the RO treatment unit, the recycling and reusing of
the unsaturated water is critical in reducing both the water and power consuriipgomater
consumption drops to 41.9 kg/t coal and 51.8 kg/t coal for the-stage water leaching and

acid leaching process, respectively. Both are remarkably lower thanBat&gt black coal.

In terms of the power consumption, it decreases to KMIBt coal for the threstage water
leaching process and further down to 6.0 kWh/t for the acid case, which is even lower than 6.3
kWh/t for the black coal process. Furthermore, the integration of acid leaching and RO is also
demonstrated to be economnligaviable by its high NPV, IRR and short payback period.
Sensitivity analyses indicate that, the original Na content in raw coal is the most influential
variable on the water and power consumption of the overall process, followed by the initial
moisture ontent in the raw coal. For a les&nk coal containing >2152520 ppm Na and/or

<19wt% moisture, the leaching process proposed would turn economically unviable compared
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to the existing black coal leaching process. A minimum selling price of 136 RMR/o
deviation) is also necessary to keep both NPV and IRR positive as well as the payback period

shorter than the project lifetime.

Keywords: Low-rank coal; Sodium and calcium removal; Process simulaff@chnoe

economic evaluation
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3.1 Introduction

Low-rank coal, commonly referred to as brown coal andkstuminous coal, contributes to
more than 50% of t hleisabmdahtihdegions suehlas Ausirali@ and e s
China and provides an economically attractive alternative to -hagtk black coal (i.e.
bituminous coal and anthracite) for electricity generafioh The use of lowank coal is
becoming increasingly important with the ongoing depletion of-hegik bituminous coal.
However, lowrank coal boilers are afflicted by severe fouling inside the boiler caused by the

high content of alkali and lehline earth metal (AAEMSs, Na, Ca, K and Mg)of low-ran coal.

Conventional coal cleaning techniques are exclusitalyeted at higmank coal with a large
portion of its inorganic metals present as discrete grains and separate from the coal matrix
As the mineral matter has a larger dendiignt the carbonaceous matrix, it can be removed
physically®. Variations in surface properties can also allow for separatidowever, unlike

black coal, AAEMs in lowrank coal are deeply and chemically embedded within the coal
matrix. Therefore, they cannot be removed using any physical approaches based on either
density or surface property discrepancy betwedmeral matter and coal matrfx Instead,
chemical leaching or solvent extraction has been examined to removenbetements from
low-rank coal. In particular, research has been focused on the removal offalinasty metals

to produce ultraclean coals (UCC) or adree hypercoal (HPC), from both highank and
low-rank coals®!!. However, the corrosive acid/ alkali reagents and/or high pressure and
temperatue employed in existing chemical leaching processes raise severe environmental
concerns, the harsh requirement for equipment, and high capital/operating cost, limiting their
advance in practical applications. Solvent extraction is also inappropriate feaméwcoal

because of the low carbon yield (<82%) resulting from its crosBnked carbonaceous
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structure®. For conventional codlired boilers, the removal of all aghrming metals is also

unnecessary.

In this study, istead of removing all of the asbrming metals, only Na and Ca were
selectively targeted, considering that these two metals have higher contents and critical triggers
for ash fouling in a pulverized cefited boiler®> % 12 Moreover, based on the highater
solubility of Na in lowrank coals, the existing watkaching process for black coal was
adapted for the lowank coal. That is, multiplstage water leaching, either with or without
acid dosing was employed to leach the 4@mk coal, whereas the resultant leachate was
repeatedly used before it is saturatad then sent to the wastewater treatment unit to remove
the inorganic impurities. The innovative characteristics of the new \eatehing process are
hypothesized from the following three perspectiig¢$he water consumption can be reduced
significanty by the recycling of leachat&) the mature existing waste water treatment and
recovery techniques, once integrated efficiently with the coal leaching process, can further
help recover the water cestfectively; and3) the introduction of acid can giificantly

increase the extraction yields of both Na and Ca out of coal nidftix

In this paper, we have conducted process simulations to assess four scenarios so as to optimize
the integration of individual units to produce a leached-Hamk coal that has comparable
contents of Na and Ca with these in black coal. Furthermore, thef essultant leached coal

is expected to havan ash fusion temperature above the boiler operating temperature, at 1200
°C. Aspen Plus has been employed for the processdlmeting. Aspen Process Economic
Analyzer (APEA) was further used to perform tlter@omic evaluation based in the context of

China. Finally, sensitivity analysis was undertaken to examine the robustness of the overall
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process including the water and power consumption, and economic feasibility. As far as the
authors are aware, such adstinas yet to be examined in the literature. The results achieved
are expected to promote the deployment of-tamk coal leaching in a large industrial and

commercial scale in the future.

3.2 Methodology

3.2.1 Coal properties

A low-rank subbituminous coal, termed Xinjiang Zhundong coal was used for this study. The
low-rank coal leaching plant was assumed to be located beside a coal mine in Xinjiang, China,
which is rich in lowrank coal®. Additionally, a reference black coal was tested for
comparison. Their properties are tabulated a@ble 3.1 The volatile content (30.21%) in
Xinjiang coal indicates that it belongs to sbibtuminous coal®. It is much higher than the

value of black coal, at 7.81%. The subbituminous coal is also characterized by the high
moisture of 24.5% and low ash content of 7.8%, compared with black coal reference. The gross
heat value of 24.9 MJ/kg shows that this-Bitominous belongs to the intermedidteating

value coal®. With respect to the particle size distribution of themsed Xinjiang coal shown

in Table 3.2 one can see that this coal is very fine with a mass percentage of 49% less than 4

mm. One major reason is due to its lash content.
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Table 3.1Compositions of aseceived Xinjiang lowrank coal and black coal.

Components Low-rank coal Wwt%) Black coal (%)
Moisture 24.5 9.68
Ashd 7.78 22.49
Volatile 30.2 7.78
FCd 62.02 69.73
Chlorine® 0.09 -
Gross heat valu&' 24.89 MJ/kg 26.93 MJ/kg

adair-dried, dried basis®®' dry ash free basis

Table 3.2PSD ofasreceived Xinjiang lowrank coal and black coal.

Low-rank coal Black coal
PSD/mm wt% PSD/mm wt%

<0.2 8 0-5 30
0.2-0.6 12 5-40 60
0.61.0 8 >40 10
1.04.0 21
4.0-8.0 15

>8.0 36

Table 3.3compareghe ash compositions of the two coals, which are expressed as the most
stable oxide of each element. It is observed that the contents of b@haNd CaO in low
rank coal are significantly higher than in black coal, which is in agreement with theuolzess st

3412 1n terms of the modes of occurrence of Na and Ca in Xinjiang coal, it has been widely
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reported that more than half of Na was waeluble, with the rest being organically bound
with carboxylic acid that can be entirely leached away by ammonium atéfa@onversely,

Ca mainly present as discrete minerals, which can be mobilized by hydrochlorig acid

Table 3.3Typical ash compositions of Xinjiang levank coal and black coal.

Sample Ash? NaO MgO A0 SiO; P05 SO3 KO CaO FeOs

Low-rank 7.8

coal 432 22.65 3.27 5.67 052 15.06 0.21 46.96 1.34

Black coal 225 148 105 2814 5214 0.21 297 191 148 10.62

don the dried coal bas{s/t%)

3.2.2 Low-rank coal leaching process

The whole process consists of two major components, coal leaching, and waste water treatment
and recycling. The raw coal first undergoes sieving and crushing to obtain the particles less
than 4mm in diameter, before being sent to the leaching reactor lgltaconveyer. With

respect to the coal leaching unit, three options were proposed hereafter: the use of a single stage
water leaching shown iRigure 3.1(a), the use of threstage countecurrent flow of water in

Figure 3.1(b), andthe single stage ofcal in Figure 3.1(c) and (d)With respect tahe waste

water treatment and recycling, the mixture of leached coal and water from the leaching step is
firstly separated by a dewatering screen. Subsequently, the wet leached coal is transferred to a
centrifuge to squeeze out the remaining water and makm#h@roduct that contains around

11% moisture. The resultant water from the centrifuge is mixed with coawfter slurry
received from the dewatering screen, and then passes through a thickener and pressure filter to

yield the final byproducts, wetailings containing 22% moisture and wastewater with a low
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solid content. All the water streams are finally mixed together. It is either reused and sent back
to the leaching unit, or treated downstream by an evaporator or reverse osmosis (RO). Note
that, except the coal leaching tank, all the other units proposed are the same as these being used

in the existing black coal leaching process which will be detailed later.

Back toFigure 1, the fourscenarios were designed and compared hereafter to address the
discrepancy, between singdéage and mukstage water leaching unit via Scenarios 1 versus
2; between evaporator and RO on water recovery via Scenarios 2 and 3; and between water

leaching andicid-doped leaching via Scenarios 3 and 4.

Scenario 1 is the simplest process to mimic the black coal leaching process, using-a single
stage water leaching in combination with an evaporator for water recovery. Based on the
optimum condition from experiental examination, a liguidolid ratio of 1.5 is applied,
resulting in around 34% Na and 0.5% Ca removed in 30 min, under ambient conditions. After
a bundle of solidiquid separation units, the dirty water containing fine coal particles, Na and
Ca is trasported into an evaporator. Free flue gas at 150 °C produced by the adjacent power
generation plant is used as the heating source of the evaporator. Evaporated water coming from
the top of the evaporator is condensed inside a cooler, which uses codéngsvidne coolant.

The bundle of evaporatmondenser allows unwanted salts to be separated and exit the process

as waste.

Scenario 2 adopts a countarrrent threestage water leaching process, thereby removing more
than twice the amount of Na than Saea 1. However, due to the low watsrlubility of

organic Ca and CaO/CaGCQaSQ, Ca removal extent increased marginally, at 0.7% totally.
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The leaching conditions in each reactor remains the same as in Scenario 1. Thecootarter
leaching process isitroduced to rinse off any possible ions and the other unwanted species

deposited on the coal particle surface in the last reactor.

Scenario 3 was further proposed to evaluate the use of RO for the wastewater recovery.
Upstream of the RO, an ultrafiltran system (UF) to remove the suspended particles and a

strongacid cation ion exchange resin (IER) to trap calcium ions were instafied

Scenario 4 provides the integration of an acid leaching unit and the use of RO for water
recovery, aiming to reduce the amount of leaching tanks and meanwhile to improve the process

efficiency. The wastewater recycle process remains the same as that in Scenario 3.

Scenario 1
Dirty
Raw coal . Solid-liquid water Impuriti
—— Water washing > o ] 1qui »  Evaparator (Pt
separation
Fy
Washed coal Steam
L
Y
Recycled clean water
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(@)
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Scenario 4
Acid
Leached
Raw coal | Acid leaching Acid leached coal Solid-liquid coal
—_—> > . .
reactor separation
r
Recycled Dirty water
clean water
; Permeate
Rev ers.e < fon exchange - Ultrafiltration
OSIMOS1S resin
Retentate Retentate
(d)

Figure 3.1 Simplified lowrank coal leaching diagram for Scenario 1 (one stage water
leaching with evaporator), Scenario 2 (cowtigimrent wateteaching with evaporator),

Scenario 3 (countesurrent water leaching with RO) and Scenario 4 (acid leaching with RO).

3.2.3 Model development andvalidation

Aspen Plus is claimed as a commercially reliable fiekted software for more than 30 years

and widely used by engineering design compaffiied\spen Plus V8.4 was employed to
simulate the abovmentioned four lowank coal leaching scenarios, for a plant capacity of
400,000 tonnes coal per annum. In addition, thestatle oal leaching experiments were
conducted to produce the extraction yields that are essential for the Aspen Plus simulation.
Furthermore, to validate the accuracy of the Aspen plus model, an existing black coal leaching
process was simulated and comparedh wie plant data. A jig machine which can reduce the
ash content of black coal by ~50% (reported value from a black coal leaching plant from the

industry partner) was employed and simulated in the black coal leaching process.
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3.2.3.1Aspen Plus simulation

Based on the composition of Xinjiang lenank coal as iTables 3.1and3.3, it was assumed

that Na exists as a mixture of NaCl and®avhich represents the watsoluble and organic
sodium that is bonded with carboxylic acid, respectively. Similarlyw@s postulated to be
made up of CaSfand CaO. Carbon was assumed to make up the remainder of the coal, on the
dried and aslfree basis. Furthermore, to accommodate the default electrolyte module in Aspen
Plus, the oxides (N® and CaO) were further comted into the respective hydroxides (NaOH

and Ca(OHp). Table 3.4outlines the simplified composition of the two target elements in the

raw lowrank coal tested here.

Table 3.4The simplified composition of Xinjiang lowank coal for simulation.

Componerd wt%
Moisture 24.5
NacCl 0.15
NaOH 0.19
Ca(OH)» 3.57
CaSQ 0.87
C 70.72

ad gir-dried

The leaching reactor for lowank coal was modelled by a stoichiometric reactor block (RStoic)
20 For each reaction in RStoic, the reaction stoichiometry, fracticoralecsion of each

reactant and the reaction condition were specified, based on the experimental results that are
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summarised inrables 3.5and3.6. The experimental procedure will be outlined in the next
section. Except the leaching reactor and waste water treatment units, the same type equipment
as in an existing black coal leaching plant has been used, as summaiisdiei3.7 The
pressure inci@Ese in each pump was assumed to be approximately 1 bar, which wesidee

be sufficient in overcoming the pressure drop within the equipment (e.g. 0.5 atm in a vertical
flash separatot®), and the pressure drop caused by piping in the plant. The outlet temperature
of the cold side of the evaporator was set to be 101 °C dedthea saline water had a bubble

point higher than 100 °C but lower than 101 °C in this study (Based on Aspen Plus simulation

result between the bubble point of saline water and the concentration of salt).

Table 3.5Na and Ca removal yields.

Process Element Reactor Removal yield / %
Threestage water leaching Na First 34
Na Second 14
Na Third 10
Ca First 0.5
Ca Second 0.2
Ca Third 0
One stage acid leaching Na Acid 67
Ca Acid 13
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Table 3.60ptimum operational conditions.

Process Variable Value
Water leaching Residence time 30 min
Liquid-solid mass ratio 1.5
Particle size 1-4 mm
HCI leaching Residence time 30 min
Liquid-solid mass ratio 1.5
Particle size 1-4 mm
HCI concentration 0.7M

Table 3.7Summary of assumed input data in Aspen Plus.

Equipment item Variable Value
Pump Efficiency 0.75%
Pressure increase 1 bar
Reactor Operating condition 1 bar, 28C
Dewatering screen Cut-off size 0.5 mm
Centrifuge Water in solid outlet 0.08%%
Solid in solid outlet 0.97#
Pressure filter Water in solid outlet 0.22%
Solid in solid outlet 0.98%
Evaporator Outlet temperature of cold side 101°C
Ultrafiltration Water recovery rate 96%22
Suspended fine solieemoval 100%
Feeding pressure 310 kP&f?
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IER C&* removal yield 100%
RO (threestage) Water recovery rate 75.3%%2
Na’ removal yield 100%

Type of RO membrane TFC 2832 HF560 magnum
Feeding pressure 5,520 kP&?

Maximum allowable salinity 32,800 mg/L?2

In terms of RO simulation, the component separators were employed to simulate both the RO
membrane and the ultrafiltration membrane installed upstream of the RGttegirthe water

feed. In addition, thanion ion exchange resin (IER), a {treatment unit to RO to remove

Cc&*, was simulated by a combination of RStoic and component separator, with the former one
in which a reaction between $and C&" occurgo precipitate C& and the latter to remove

the CaSQ@ precipitate. In this study, TFC 2832 F#60 magnum RO membrane was chosen,

due to its high maximum allowable salinity of feeding stream, at 32,800 mg/L, when the
feeding stream pressure is 5,520 kPa, at 25°D achieve a high water recovery rate, a three
stage RO system was eloyed hereafter, ending up with a 75.3% water recovery rate shown

in Table 3.7, where each stage of the RO was simulated as a pressure vessel containing four
membranes in series (11% water recovery rate for single membrane). In addition, the feeding
strean pressure and water recovery rate were set to be constant at 5,520 kPa and 75.3%
respectively, although a lower salinity of feeding stream can increase the water recovery rate
slightly and requires a lower feeding pressure. This assumption can simpkiythlation and

cause a lowest water recovery rate and a highest power consumption, enhancing the credibility
of simulation. The UF system was assumed to recover 96% of water and remove all the

suspended fine solid&
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3.2.3.2Lab-scale experimental procedure

Lab-scale experiments were conducted to clarifydkiaction yields of the two target ions,
Na and Ca as a function of residence time, coal particle size -tiggsmlid mass ratio, the use

of fresh and used water, as well as acid, to yield the necessary data as the input in Aspen Plus.
The singlestageleaching was firstly conducted in a glass beaker to examine its optimum
operating condition. To conduct the thistage countecurrent water leaching experiment in
the laboratory, the pure water was first used to leach raw coal for 30 min rather t&&h the
leached coal shown in the leaching parFmfure 3.1(b), yielding a leached coal, termed as
Coal A and used water. This is because tHdezched coal is unavailable at the stgt
Subsequently, the used water was applied to leach Coal A for aB6than to attain a two
timesleached coal, as Coal B, which was finally leached with pure water to obtaiff the 3
leached coal and*lused water as shown Figure 3.1(b). Afterwards, 1 used water was
employed to leach Coal A for 30 min, obtainiij @sed water and"2leached coal. Finally,

raw coal was leached by th& &ised water to gettleached coal andBused water. All the
leaching experiments were conducted at a bsatete. The acid leaching experimental

procedure is the same as theglrstage water leaching process, except the utilization of acid.

Inductively coupled plasma optical emission spectrometry -OES) was employed to
quantify the contents of Na and Ca in both raw coal and leachates, following a previously
established stalard proceduré®. Additionally, the ash fusion temperature of raw coal and
leached coal was calculated by a commercial thermodynamic equilibrium software,
FactSag®!. The ash compositions in a coal sample, such as the results for raw coal ash listed
in Table 3.3were used as input for the calculation, plus a weak gas environment (1 vol% CO,
5% O, 10% HO and N in balance) at Atm asan input toc®®. This is to mimic the local gas
environment near aoakfired burner in the boiler. A temperature span of 80@c°C600 °C
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was simulated, and the built FToxide ?Slag database in FactSage was selected to quantify

the ash melting percentage versus temperéature

3.2.3.3 Black coal leaching validation

An existing black coal leaching plant with a coal feeding rate of 50 t/h of raw coal for a plant
capacity of 400,000 tonne coal per annwas simulatedThe black coal leaching process
mainly consists of a jig machine to remove the coarse minerals biffdrente in the specific
density of coal and coarse minerals in the pulsating water, and a variety of downstream liquid
solid separation units that are the same as these for the proposeghkowoal leaching
processAs shown inFigure 3.2 the coal idirstly screened by a vibrating screen with a cut

off size of 40mm. The resultant oversize is then sent to a crusher to reduce its size down to 40
mm. Subsequently, coal is leached in a jig machine which employs an air stream of/64t6 m

and a water tgolid mass ratio of 2.8 to remove the ash content by ~50%, same as that reported
by the plant operation. A component separator was chosen to simulate the jig machine.
Subsequently, the outlet stream from the jig machine is transferred to a dual detitkgvibra
dewatering screen with two eaff sizes of 25mm and 0.7mm, separating out the lump coal
larger than 25 mm with a moisture content of 8%, and those between 0.7 mmisz®ing a
moisture content of 28%, respectively. Afterwards, the slurry offc@alvater is sent to a peat
screen with a 0.3nm cut-off size to remove the fine coal particles. Simultaneously, the
overflow of the peat screen and the coal with a size e29mimis transferred to a centrifuge

to reduce the moisture down to 11%, as well as to recover water. The water coming from both
centrifuge and peat screen is then mixed and sent to a thickener where the coal fines is
agglomerated by using a coagulant namelygmarylamide (PAM), with a mass concentration

of 1 g/mi-slurry. The agglomerates passes through a pressure filter to squeeze out the water.
The thickener, which is not a buitt block in Aspen Plus was simulated by a component
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separator. Finally, the wates recycled back into the jig machine to reuse and therbguct

wet tailings of 22vt% moisture is obtained.
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Figure 3.2 Aspen Plus flowsheet for the black coal beneficiation process.
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3.2.3.4Cost estimation methodology

Aspen Process Economic Analyzer (APER)was finally integrated with Asm Plus to

estimate the cost for each scenario proposed above.

Since the plant is located in Xinjiang, China, all the cost figures were expressed as Renminbi
(RMB) by a USD/RMB currency conversion rate of 6.60, based on 2017 data. Subsequently,
necessaryparameters were specified, including the project type, project starting date, annual
operating time, project fluids, utilities, labor cost, raw materials and product streams, as
outlined inTable 3.8 For the flue gas used as a hot stream in Scenariat2, & was assumed

as free of charge since the adjacent power plant is able to provide it. So was the hydrochloric
acid that can be provided by an adjacent electrolyzer for the production of sodium hydroxide,
according to the report of the industrial jp&r,Hubei Yihua Chemical Co LtdHowever, effort

was still made to vary the price of HCI acid to assess its effect on the process feasibility. The
prices of raw coal, electricity, water, coagulant polyacrylamide and labor were obtained based
on the existing black codéaching plant. Té net present value (NPV), internal rate of return
(IRR) and payback period were calculated by cash flow anal¥siad the corresponding

parameters were also outlinedTiable 8.
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Table 3.8Input economic parametersAgpen process economic analyser

General economic
parameters

Plant location Xinjiang, China
Currency conversion ratt RMB/USD 6.60
Project type Clear field
Source of utilities Across the fence
Project fluids Liquids and solids
Operating hours per yea 8000

Start date for engineerin 1-Janl7

Raw material process

Raw Xinjiang coal 46 RMB/#

Polyacrylamide 6500 RMB/t

Hydrochloric acid (31%) Freé

Water 3.7 RMB/m? 2
Products

Leachedow-rank coal 200 RMB/#
Wet tailings 10 RMB/#

Cash flow analysis
parameters

Depreciation 5% per year

Tax rate 30%
Interest rate 10%
Project lifecycle 20 years
Discount rate 10%

Depreciation methoc Straight line

Working capital 6.7% of the fixed capital cos!

Utilities

Electricity 0.255 RMB/KWH

Flue gas Free

Labour

Operator 9.17 RMB/Operator/A

2Reported values from a black coal leaching plant in China

Based on the equipment cost library in APEA, each unit in Aspen Plus needs to be mapped to

size and further estimate the cost referring to the vendor quotes in the specified plant location.

Centrifugal pumps and rotary lobe pumps were applied for pumpirgvpater and wategsoal
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slurry, respectively®. Due to the volatility and corrosion of 8% HCI, an enclosed agitated

tank reactor of carbon steel shell lined by PVDF (polyvadegie fluoride) was employed.
Additionally, the pump in contact with HClI was mapped by the plastic centrifugal pump.
Carbon steel was used for all other agitated agenvater leaching reactors as the shell
material. In light of the residence time of 30nmieactors was sized as an internal diameter of
2.59 m and height of 9.14 m. Rotary crusher was used for sizing of the coal crusher. The
conveyor length and belt width of all belt conveyors were assumed to be 10 m and 500 mm,
respectively, which was capabof conveying coal of any flow rates in the proc&sd.ong

tube vertical evaporator and field assembly cooling tower were selected for evaporator and
cooling tower, respectively. However, due to the lackwlttin model for RO in APEA, the

cost of RO units were calculated based on an existing water treatment plant using RO in USA
28 which was further corrected by taking into accotie plant capacity, location factor,
inflation index, and currency exchange r&teThe assumptions for RO cost estimation are

summarized iMable 3.9

Table 3.9The assumption for RO cost estimation.

Variable Value
Plant capacity (Million gallon per dagj 150
Currency conversion rate RMB/USD 6.38
Location factor for Chind° 0.95
Cost index 200%’ 406
Cost index 2017’ 1125

3.3 Results anddiscussion
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3.3.1 Simulation validation using the existing black coaleaching process

Table 3.10illustratesthe simulation results including the water and power consumption per
tonne raw black coal, and the total equipment cost, with the actual plan operating data for

comparison.

Table 3.10Comparison of the actual anidnsilation values for black coal beneficiation

process.
Variable Simulation result Actual value? Unit

Water consumption 71 51-85 kg/t of raw coal
Power consumption 3.9 3.56.3 kwh/t of raw coal
Total equipment cost 51 4.2 (5.5) million RMB

2 Reported values from a black coal leaching plant in China which was built in 2013. The
number in the bracket is the present value by converting 4.2 in 2013 to 2017 when this

simulation is being conducted.

It is clear that the Aspen Plus simulation results are credible, particularly for the high accuracy
for the total equipment cost by comparing the simulation result (5.1) with the present value of
actual data (5.5). It is worth emphasizing that the actalalev(4.2) in the year 2013 needs to

be converted to the present value (5.5) based on 2017 firstly by taking into account the cost
inflation indexes of 852 and 1125 for the year 2013 and 2017 respeéfiiety the other two
variables, the simulation results are also reasonable and right in the range of the plant data. It
should be noted that the plant operation generally has a fairly large fluctuations on coal
compositions and operatal conditions, leading to a large variation on the water and power

consumptions. Even so, given the fact that the major ligalidl separation units including
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dewatering screen, thickeners, pressure filter and centrifuges in the black coal leaclsg proc
have been considered and included in the modelling and the same units will be used for low
rank coal leaching, the resultsTable 3.10provide a reasonable credibility to the simulation
results obtained for the lovank coal leaching results to besdiissed later. In addition, it is
noteworthy that, the water loss for the black coal leaching mainly takes place in the centrifugal
stage where the final product reaches an equilibrated moisture contenmit®6.1With respect

to the power consumption,ig mainly attributed to the jig machine that consumes a power of

2.3 kWh/t coal.

3.3.2 Comparison oflow-rank coal leaching sages via Scenarios 1 and 2
3.3.2.1Lab-scale coal leaching results

Table 3.11compareshe ash composition change of leached coal produced by the Scenarios 1
and 2, where coal was leached by a shstggle and threstages, respectively. The total ash
rarely reduces in Scenario 1, although the mass fraction & Maash decreases noticeab

from original 4.32wt% down to 1.02wt%. Scenario 2 is clearly more pronounced, achieving

a reduction of 1.4vt% for the total ash, and a lower value of 0\@86 for N&O in the ash.

Figure 3.3demonstrates that the majority of the ash produced by Scenario 2 does not melt until
the temperature reaches 1200 °C, which is the design temperature for the combustion chamber

in a pulverized codlired boiler.

73



Chapter Flow-sheet Establishment, Simulation and Teckieonomic Analysis

Table 3.11Ash composition changester different leaching processes.

Samp AshiNaO MgO AOs Si2CP.0s S@ KO CaQFegs

Raw 7.¢€4.322. 3.25.¢0.

(@11

15. 0. :46. 1.3

Scene 7.€1.024. 3.04.CCO0.

(@]

16. 0. :47. 2.1

Sceneg 6.4 0.821. 4. 3 6.

en
(@)
N

19. 0. 245. 0. 4

€0
o

Sceneg 6. .219. 4.87.¢0.437.0.:29. 0.5
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Figure 3.3 Ash melting point comparison for Scenarios 1, 2 and 4.

3.3.2.2Aspen Plus simulation results

The Aspen Plus flovsheets for Scenarios 1 and 2 share same process units, except the leaching
stages. The water recovery rate, water and power consumption of both scenarios are presented
in Table 3.12 Interestingly both new processes can produce, ratih@&n lose about 140 kg

water per tonne raw coal. This is a result of the 24% moisture content in raw coal that is

down to 11wt% after centrifugal dewatering, resulting in more water recovered than what is
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lost in the tailing and other units. In terms of the external fresh water added into the process,
the proposed two scenarios can recycle almost same fraction that is close to 93%, which is also
close to the black coal leaching process. However, the ttamconsumption for Scenario 2

is more than twice that for Scenario 1, 10.3 versus 5.1 kWh/t raw coal. This is mainly due to
the use of extra pumps and agitation tanks for the-tegge leaching that consumed 7.4 kWh/t

coal in Scenario 2, triple of th@wer caused by only one tank in Scenario 1.

Tabl eCB8mAd&r i son of water and powsetrage nwaitmgprt

| eaching.

Vari abl e Singl € Thrseteag Uni t

Water consumpl44. 1 137.0 ( kg/t of

Wat er recover 93. 3 92. 8 %
Tot al power co 5.1 10. 3 kWh/t of
Agi ttagdreld power ¢ 2. 4 7. 4 kWh/t of

3.3.3 Comparison ofwaste water treatment methodwia Scenarios 2 and 3

Since the waste water treatment unit is crucial for the feasibility of the overall process, efforts
were made to assess Scenario 3 where the-stage leaching unit plus a downstream-RO
based wastewater treatment unit are adoftatle 3.13demonstratethe simulation results

for its water and power consumption as well as water recovery rate, with the results of Scenario
2 included for comparison. Unsurprisingly, Scenario 3 consumed much more water, due to the
low water recovery rate of the RO system,3%b (Table 3.7). Accordingly, the application of

RO system caused a lower water recovery rate for Scenario 3. A total of 251 kg/t coal water

was thus lost in Scenario 3, compared with 137 kg/t coal water gain for Scenario 2. The water
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loss ratio in Scenar 3 is also far more than the 85-water/t coal consumed for the black coal
leaching process. In this regard, the RO system seems to be overshadowed by the evaporator.
However, the better performance of Scenario 2 about water recycling rate might be
courteracted by the considerable capital cost was caused by the huge heat transfer area of the

evaporator and cooling tower (further discussed later).

Table 3.13Comparison of water and power consumption for tistage leaching using

evaporator and RO.

Variable Using evaporator Using RO Unit
Water consumption 137.0 (gain) 251.2 (loss) kg/t of raw coal
Water recovery rate 92.8 68.3 %
Power consumption 10.3 13.4 kwh/t of raw coal

With respect to the large discrepancy in the power consumption between these two scenarios,
the feeding stream pump in the RO system is crucial. Two feeding pumps had to be added in
to satisfy the specific feeding stream pressure into ultrafiltrationreyatel reverse osmosis
system, at 310 kPa and 5,520 kPa, respectively. As a result, the total power consumption of
Scenario 3 is 13.4 kWh/t of raw coal, which is larger than 10.3 kWh/t raw coal of Scenario 2,
as evaporator consumes hot flue gas ratherdleantricity. In addition, compared to black coal
which requires approximately.3 kWh/tcoal for leaching, the energy consumption for4ow

rank coal leaching, as predicted here, is much higher especially for Scenario 3, indicating that

a further optimizatio is necessary.
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The discrepancy in the capital and operating costs between Scenarios 2 and 3 is also
noteworthy. Although both scenarios require further optimization, clarifying the costs of
different waste water treatments and their percentages in the total capitaliocgsirtant for

the following process optimizatiofigure 3.4 (a) presents the breakdown of capital costs for
these two scenarios. The total capital cost of Scenario 3 using RO was estimated to be around
half of the figure of Scenario 2 incorporating peeator and cooling tower, due to the smaller
equipment and piping costs for Scenario 3. By breaking down the equipment cost, it is found
that for Scenario 2, the cost of evaporator and cooling tower is the largest contributor to the
purchased equipment £tp might due to the requirement of large heat transfer area. It is made
up of 69.5% and is more than four times the cost of RO system in Scenario 3. Additionally, the
annual operating costs for the two scenarios are demonstrddigaiie 3.4 (b). Two sca@arios

have similar operating costs, of which the total raw material cost makes up the largest
proportion. Due to the higher power consumption for Scenario 3, it is reasonable that the
expenditure of utilities is higher than that of Scenario 2. Similéiy,marginal higher total

raw material cost is also observed for Scenario 3 due to a slightly larger water consumption.
However, Scenario 3 required much lower maintenance cost than Scenario 2, based on an
assumption of allocating around 2% of the fixeitzd cost to the maintenance f@ecausing

its even smaller total opating cost.
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Figure 3.4Breakdowns of capital and operating cost per year for Scenarios 2 and 3.

3.3.4 Optimization of Scenarios 3 for theintegration of multi-stage leaching unitsand

RO technique
3.3.4.1 Increasing the cycle numbers of waste water

The first optimization option chosen is to reuse the s#eain water obtained after the bundle

of the solidliquid separation units. Suchaaaste waterif unsaturated with salts, could be still
sent back to and reused in tHé I8aching tank. The hypagsis is that the unsaturated used
water still has the capability to extract sodium out of the coal matrix, since the water solubility

of Nabearing species is usually large, e.g. 359 g/L for NaCl under the ambient conditions.

To find the possible maximum allowable cycle number of the stgain water, experiments
were first conducted to leach the raw coal with pure NaCl solutions aft®2and 1wt%,
under the optimum condition as mentioned in the subsection 2.3.1. Thesa@ksdlutions
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were made to mimic the water that has been reused once and six times, respectively. Due to
the reusing of the water, the concentration of 8teould increase steadily upon a continuous
dissolution of NaCl out of coaFigure 3.5shows timeresolved concentration profiles of Na

in the two NaCl solutions. Clearly, the use of @46 is still able to extract Na out of coal.
However, the content of Nin the 1wt% NaCl solution remains relatively constant, indicating

that the Naconcentrationn the bulk solution might be equal or close t0t% NaCl and thus

has no momentum to diffuse out. In other words, thve% Na" referring to the reusing of
water for six times is the possible maximum allowable concentrafibia® in the used water.

In addition, such a maximum allowable concentratmnNa" is far lower than the highest
salinity of the feed strean32,800 mg/L with an equivalence of approximatelywt3o NaCl

that can beolerated by thd FC 2832 HF560 magnum RO membrane chosen here. However,
the concentrate @ ROmembrane is the feed to the next RO membrane. Therefore, the salinity
of the feeding stream to the thistage RO membrane is the highest, which was calculated to
be 4,307 md/ based on the simulation result after the first cycle of leaching. The maximum
possible cycle number by RO membrane is thus seven times (4,307 divided by 32,800), which

is close to the six cycles determined by NaCl leaching experiments.
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Figure 3.5Na" concentration change in 0uw&% and wt% NaCl versus time.

Table 3.14compares the change in the water and power consumptions upon implementing the
maximum six cycles for the reusing of the wastewater prior to it being treated by the RO
systemIinterestingly, the water loss rate declines significantly from around 251 to 42 kg/t coal,
which is even less than the half of the value for black coal leaching process. The power
consumption also decreases by 3 kWt/t coal, resulting from less use eédiregf pump prior

to the RO system. However, it is still larger than that of black coal leaching process, since the

three agitation tanks are still the major component which consume huge energy.

Table 3.14Comparison of water and power consumption bedmek after the recycling.

Variable Before After Black coal process Unit
Water consumption 251.2 (loss) 41.9 (loss) 85 kg/t of raw coal
Power consumption 134 10.3 6.3 kWh/t of raw coal
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3.3.4.2Acid dosing

Further effort was made to reduce the coal leaching steps by introducingoatiadlled
leaching. The hypothesis is that the acid dosing would achieve a close or even higher Na/Ca
removal extents than the threge water leaching using less leachingssteonsidering that

the acid will mobilize the part of Na/Ca which cannot be removed by water. In light of this, the
coal leaching process was further optimized as Scenario 4, in which only one coal leaching

tank is used.

Back toTables 3.5 it is obvious that the removal of both sodium and calcium has been
improved remarkably. Back fbable 3.1] the percentages of M@ and CaO in ash decline
significantly to 0.21 and 29.5081%, respectively, resulting in a decrease of 19% in total ash
conent. Consequently, the ash fusion temperature of leached coal by Scenario 4 exceeds 1200

°C, as presented figure 3.3

Table 3.15compares all the simulation results for the Scenarios 3 and 4. With regard to the
possible maximum allowable cycle timéise number for Scenario 4 is smaller than Scenario

3 (4 versus 6), due to the higher Na and Ca removal extents in a single cycle. Therefore, the
Scenario 4 consumes more water, at around 52 kg/t coal, which is however still far lower than
85 kg/t coal requed for the black coal leaching process. In addition, the power consumption
declines greatly, by 40% from 10.3 kWh/t coal for Scenario 3 to 6.0 kWh/t coal that is slightly
below the black coal case, 6.3 kWh/t coal. Clearly, the use of less agitatioy energch

more influential than the increased energy consumption for the RO system. The use of less tank

also reduced the capital cost.
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Table 3.15Comparison of Scenarios 3 and 4 after recycling

Variable Threestage with RO  Acid with RO Unit
Na removalield 58 67 %
Ca removal yield 0.7 13 %

Water consumption 41.9 (loss) 51.8 (loss) kg/t of raw coal
Power consumption 10.3 6.0 kwh/t of raw coal
Capital cost 64 50 million RMB

Operating cost 24 23 million RMB/Year

3.3.5 Sensitivity analysis for Scenario 4

3.3.5.1Effects of the principal variables on the number of water recycle, water and power

consumptions

Considering the heterogeneity of raw coal, and uncertainty related to the dewatering
performance of centrifuge caused by the hydrophilicity diffezebetween the differently
ranked coals, sensitivity analyses were further carried out to assess the changes of water and
power consumption in Scenario 4, upon the variation of raw coal properties outlifiaiolen

3.16 In brief, the moisture content inwacoal varies from 1t% for the equilibrated content

to the maximum possible value of 8@% as that was reported for Xinjiang cdal with an
interval of 5wt%. The mass percentage of coal size less than 0.5 myoffaite of the screen

after the coal leaching unit) varies from nil to@B%b at an interval of 2Wt%, considering that

the lowrank coal is generally soft and fine compared to black coal. Iniaaldibhe contents of
chlorine (CI) and Na in the raw coal are crucial, affecting the recycle number of waste water.
The contents of Cl and Na varies from 200 to 2000 ppm and 700 to 5200 ppm in raw coal,

respectively, which is considered to include all flgsscontents’. Finally, themoisture of
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coal out of centrifuge is also varied. This is based on the concern that the commercial plant for
low-rank coal leaching and dewatering does not exist yetstale experiments have been
conducted in a batetcale centrifuge (Allegra 222 Certrifuge). It confirms that the lowest
moisture in the dewatered Xinjiang coal is aroundwa2. The discrepancy between the
industryreported value (&t%) and labbased value (221%) might be a result of the different
configuration of centrifuges as wels the strong hydrophilicity of lowank coal. Therefore,

the moisture of centrifugdewatered coal is set as a sensitivity variable with a variation range

of 8 to 22wt%.

Table 3.16Sensitivity variables and variation ranges.

Variable Variation range Variation pace
Initial moisture of raw coal 10 ~ 30wt% 5 wt%
Mass fraction of coal fines < 0.5 mm 0 ~ 90wt% 20 wt%
Total Cl content in raw coal 200 ~ 2000 ppm 200ppm
Total Na content in raw coal 700 ~ 5200 ppm 500ppm
Moisture in dewatered coal 8 ~ 22wt% 2 wWt%

As shown inFigure 3.6(a),the Na content in raw coal is the most sensitive variable, varying
the wastewater recycle number from fourteen to only one upon the rise of its original content
in coal from 700 to 5200 ppm. Accordingly, the water and power consumptions are also highly
sensitive to the variation of the original Na content, as evident in the panels (b) and (c). The
highest cycle number for a minimum Na content of 700 ppm leads to the lowest water and
power consumption, around 14 kg/t coal and 5.1 kWh/t coal, respectivehever, once the

Na content in raw coal reaches around 22520 ppm (the base case is 1670 ppm), the water
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consumption and power consumption of Scenario 4 will reach the same values, 85 kg/t coal
and 6.3 kWh/t coal for the black coal, respectively. Wagpect to another element of interest,

Cl in the raw coal, its influence is marginal on the three dependent variables.

The initial moisture in the raw coal is the second most influential variable, which directly
determines the amount of total water emigrthe process. The cycle number is therefore
proportional to the initial moisture in the raw coal, ranging from three to five upon the change
in the initial moisture from 10 to 30t%. Consequently, the water consumption declines from
103 to 30 kg/t coareaching the same water consumption figure for black coal in the case that
initial moisture is around 1®t% in the raw Xinjiang coal. Compared to the black coal with 10
wt% moisture, such a threshold value in the Xinjiang coal is clearly high. Thec#ibe the
Xinjiang coal is fine in size, resulting in a percentage oiv1% for the waste tailing. More
interestingly, although the entry of highoisture coal into the system results in the rise on the
amount of the waste water to be processed in thamQsuch a side effect is counteracted by
the increase in maximum cycle number. Therefore, the rise of coal moisture content from 10
to 30wt% indeed results in a slight decline in the power consumption from 5.9 to 5.6 kWh/ t

coal, as evident in panad)(

With respect to the mass fraction of coal fines, its decrease results in more coal to be sent to
the centrifuge that produces a much lower moisture contemit@ajlin the resultant dewatered

coal, compared with the moisture of the wet tailings ithgenerally 22vt%. As a result, the

water consumption decreases slightly from 58 to 46 kg/t coal when the particles smaller than
0.5 mm reduces from 90 tov%. Nonetheless, such a change ige@umnarginal and affects

little on the water cycle numb@nd power consumption, as evident in panels (a) and (c).
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Finally, the increase in the moisture of coal out of centrifuge causes larger water consumption
and smaller power consumption due to the decline in the water transferred to RO feeding pump,

the mainpower consumption unit. However, it affects little on the cycle number.
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Figure 3.6 Sensitivity analyses of the variables on the number of cycles (a), water
consumption (b) and power consumption (c) for Scenario 4.
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3.3.5.2Effects of theprincipal variables on NPV, IRR and Payback Period

Cash flow analysis was implemented to determine the variation of NPV, IRR and payback
period for Scenario 4. To reiterate, the income of this project is from the sale wiathe
product, leached coal with a price of 200 RMB!/t in the local market, ajpaddajuct tailings at

10 RMB/t. With an economic lifecycle of 20 years for the base case Scenario 4, NPV, IRR and
payback period are 87 million RMB, 28% and 4.7 years, respectineligative of a strong
investment temptation. IRR is almost fivefold larger than the highest inflatiomr@taéna in

recent ten years, at 5.9% showinga strong risk tolerance. In particular, considering the high
NPV of 87 Million RMB and ashortpayback period of 4.7 years, a satisfactory profitability is

envisaged.

Figure 3.7demonstratethe sensitivity of the economic analysis results upon a +£50% variation

of the principal variables except the HCI price changing from 0 to 260 RMB/t that is the market
price in China. Based on tipanel(a), it is obvious that the NPV mostly susceptiblgo the
variation of the selling price of the final product, leached coal. A 50% increase in the selling
price can make NPV soar to 220 million RMB approximately. By contrast, NPV turns negative
when the selling price decreases by 32% (136 RMB/t). Witheatso the annual operating

cost, its 50% increase causes NPV to drop to 20 million RMB, compatad 154 million

RMB when the operating cost decreases by 50% from the base case. The capital cost is a
relatively insensitive parameter for NPV, as suggrtdy a much less steep slope. The HCI
price also exerts a marginal effect on the NPV. Its 260% increase only results in NPV to decline

from 87 to 50 million RMB.
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In regard to the IRR in panel (b), the selling price of the final product is still themflagntial
parameter. A decrease to 45% for the final product price results in the IRR plummeting from
~52% to nil, and then negative upon a further decline in the selling price of the main product.
The variation of capital cost can also change thedRfatly from 53% to 19% upon its change

by -50% and +50% respectively. A similar trend is observed for the impact of the annual
operating cost on IRR. A 50% increase in the operating cost makes IRR decline to 14% or so
from 28% (the base case value). H@te is the least sensitive variable to IRR, indicated by

its rather flat slope. The IRR still remains above 20% even with a 260% increase in the HCI

price.

Regarding the payback period, the selling price of the product also presents the highest
sensitivty. Here again, a minimum selling price of 136 RMB32% deviation fronibasecase

value) is essential to ensure that the payback period smaller than the lifespan of the project (20
years). A 50% rise in the sellinmices, howevenyill shorten the paylek period from 4.7 to

2.4 years. The sensitivities of payback period towards the annual operating cost and capital
cost are close, increasing from approximately 2.5 yearS086 deviations of each of the
variables to 10.8 and 7.7 years upon +50% deviatafrthe operating cost and capital cost
respectively. With the increase in HCl price from 0 to 260 RMBI/t, the payback period increases
gradually from 4.7 to 6.8 years, indicating the lesstsitivityof the variation of HCI price to

payback period.

Findly, it is noteworthy that, the simulation and cost estimation results here are merely for a
preliminary estimation and comparison with black coal purpose. The cost calculation results of

this stage could have +30% erf8rDetailed and more accurate pilot plant testing is underway
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to further adjust the results predicted here. Even so, one still can envisage that the proposed
low-rank coal leaching process is a promising technology solving the alkali elemedated

problems during the combustion of leank coals.
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Figure 3.7 Sensitivity analyses of effects of capital cost, annual operating costlting
price of product and HCI price on NPV (a), IRR (b) and Payback Period (c) for Scenario

4.

3.4 Conclusiors

This paper has performed the tecleumnomicanalysis of four different scenarios for the
selective removal of Na and Ca from a foank subbituminous coal, targeting to improve the
ash fusion temperature of the leached coal to reduce its fouling propensity in the pulverized

coakired boilers. Thanajor conclusions achieved are as follows:

1) From the technical perspective, the use of a thtage countecurrent water leaching
or a singlestage acid leaching is essential for the improvement of the ash fusion
temperature above the operating tempeeatf the boilers. These two scenarios can
reduce the mass fraction of X&ain ash from original 4.3&t% down to 0.85 and 0.21
wt%, respectively. The acid leaching is also able to remove 13% calcium and 19% total

ash.

2) For the recycling and treatment of stewater, the water gain is desirable for the use of
evaporator for a base case loank coal containing 2&t% water. This is because the
water in coal can be mostly squeezed out in the centrifuge. Instead, the use of RO results
in a water loss accountirfgr maximum 251.2 kg/t coal. However, prior to the RO
treatment unit, the reusing of the unsaturated water is beneficial in reducing both the
water and power consumption. The water consumption drops to 41.9 and 51.8 kg/t coal
for the threestage water lezhing and acid leaching process, respectively. Both are
remarkably less than 85 kgater/t coal for the black coal case. The power consumption

drops to around 10.3 kWh/t coal for the thetage water leaching process and further
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3)

4)

5)

down to 6.0 kWh/t in thease that acitontrol leaching is adopted, which is lower than

6.3 kWh/t for the black coal.

For the best scenario integrating acid leaching and RO unit, its base case is
economically viable. Based on a local selling price of 200 RMB for the leached coal,
an NPV of 87 million RMB and IRR of 28% as well as short payback period of 4.7

years have been confirmed.

Sensitivity analysis indicates that the original Na content in raw coal is the most
influential variable on the water and power consumption of theradl process,
followed by the initial moisture content in the raw coal. For afamnk coal containing
>21502520 ppm Na and/or <1®t% moisture, the leaching process proposed would
turn economically unviable compared to the existing black coal leaphoogss. The

influence of other three variables is rather marginal.

The selling price of leached coal influences the economic indexes mostly. Its 50%
increase can improve the NPV and IRR from 87 million RMB and 28% (base case
values) to 223 million RMB ah52%, respectively. A minimum selling price of 136

RMBI/t (-32% deviation) is essential to keep both NPV and IRR positive as well as the

payback period shorter than the project lifespan.
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In chapter 3, closelbop single/multistage leaching flowsheets have been developed and
comparedcomprehensivelylt demonstrated that both the thistage countecurrent water
leaching process and singdeageHCI acid leaching process are feasible. For both processes,
the recycling of unsaturated leachate can help reduce the water and power consumption
significartly. However, ® far, few stugt was about the leaching performance using recycled
leachate, not to mention the respective kinetics model, which is essential for thepsohibe

coal leaching process. In this chapter, leaching using recycled leachatesHCI acid) via

both multicycle threestage countecurrent water leaching and singleage acid leaching
process were studied in detail to reveal the recyclability of leachideachieve this, apart
from experimental investigations, a kinetic moeaeds developed and validated for water
leachingcaseandan existing model can fit HCI leaching scenario well. This chapter has been
reformatted from a manuscript publishedEimergy & Fuels Zhou, S; Hosseini, T.; Zhao, J.;
Zhang, X.; Wu, H.; Zhang, [Selective Removal of Sodium from Lleank Xinjiang Coal upon

a Multi-Stage CounteCurrent Water Leaching: Experimental Investigation and Kinetic

Modelling Energy & Fuels 2019, 33, 3, 2142152.
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Abstract

Coal prior leaching is an essential steptfierminimisation of ashelated fouling inside a coal
fired boiler. With regard to the coal leaching process, the recyclability of the leaching reagent
is critical from both coseffectiveness and efficiency perspectives. This paper addresses the
leachingkinetics of AAEMs from three lowank Xinjiang coals using both fresh and recycled
water and HCI acid, to alleviate the agated fouling in lowrank coalfired boilers. Apart
from oncethrough fresh reagent leaching, leaching using recycled leachatere&stage
countercurrent water leaching processes and nwyltle singlestage HCI acid leaching
process were studied in detail to investigate their recyciakilifdditionally, a modified
shrinking core model (SCM) was developed to reveal the wgatable Na removal
mechanism. Experimental results shows thatwdtersolubleNa* removal decreases with the
recycling of water, due to an increase in thé blancentration in the recycled water and/or a
decrease in the Naontent in the leached codlhe modelling approached further confirms
that the removal of watesoluble Ndis dominated by the intrparticle diffusion of Nawithin

coal matrix. The effective diffusion coefficient of Nis within the range of 0.28.75 10°
cmé/s, which agrees wh reported values in the literature. Additionally, a novel iterative
calculation method integrating the modified SCM into the tstage countecurrent leaching
process has been proposed to predict tHa@&oval at each stage for each cycle. The tesul
show that the Naremoval decreases exponentially with the water cycle number, with the
maximum of 15 times in the courteurrent process. By contrast, asioluble element
removals can only be fitted well by a" khtra-particle diffusion model whichansiders a
decreasing proton concentration in bulk acid. Consequently, a constant removaliextent

obtained upon the recycling of HCI acid providing the initialddncentration being same.

Keywords: Kinetic model;alkali and alkaline earth metaémoval;Low-rank coal recycling
of water and HCI acid
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4.1 Introduction

Electricity generation from codired power stations is projected to continue to increase ~1
trillion kWh by 2040 although its share is foreseen to decline from the current 38&gjolbial
energy matrix. Use of lowrank coals for power generation becomes more attractive because
of its abundant reserves and much lower price coetpaith black coals. For instance, 90%

of the power in Victoria, Australia is generated in power stations firing the local hugely
reserved brown codl The situation is similar in Xinjiang Uyghur Autonomous Region, China

3. However, boilers firing lowank coals are known to suffer from severe fouling, among which
the abundance of alkali and alkaline earth metals (AAEMs, sodium (Na), potassium (K),
calcium (Ca) and magnesium (Mg)) is the maasorf °. It is estimated that billions dollars

have to be spent annually on abating the foutelgted issue$

A prior leaching to remove AAEMs out of coal is the most straightforward and efficient
approach to increase the fusion temperature of ash, and hence, reduce its fouling pfopensity
To date, nearly all the coal beneficiation technologies were developed and/or tested for the
high-rank coals which are ain in discrete mineral grains. None of these technologies are
suitable for lowrank coal that is rich in organically bound species éowlith regard to the
researches on lovwank coal leaching, most of them were conducted based on the use of
different fresh leaching reagents without considering tleeiyclability at all. The recycling is
critical for a costeffective operation of the process and in particular important for the plant

location where the water is scarce, such as the Xinjiang region in €hina

For leaching kinetic modelling, Neavel et®tlaimed that the wat-soluble N& removal from

lllinois coal by fresh water can be fitted by a graphical solution of a diffusion model proposed
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by Crank®. The diffuson coefficient of Nawas found sensible to the leachng time even for a
fixed particle size range. However, no explanation has yet been given. This model was later
applied by Readett et df to the removal of watesoluble N& from a different lignite. It was

found that the model for smaller particle size ranges failed to correlate satisfactorily with the
experimental observations. Therefore, a sempirical model was proposed and claimed to
match the experimental rd®1 The empirical nature of this model caused a failure of
calculation on the diffusion coefficients. Moreover, these existing models always assumed that
the amount of water was significantly in excess of that of coal, which is, however, instinctively
different from the reality where the liquid-solid ratio usually remains as small as possible to
minimise the water usage and Iésk addition, the leaching mechanism underpinning a multi

cycle leaching processes where the spent reagent is reused has yet to be explored.

This study for the first timaims to investigate the leaching kinetics of both watduble N&

from low-rank Xinjiang coals in a mukltycle threestage countecurrent leaching process,

and acidsoluble AAEMs removal in a muittycle singlestage HCI leaching process. A low
liquid-to-solid ratio close to industrial application is employed. Results are firstly reported from
intensive experiments to assess the effect of various process parameters including coal particle
size, liquidto-solid ratio, and in particular the number of legcfor reusing the used water/HCI

acid. Specific efforts are made to explore the saturation point, and hence the maximum cycle
numbers of water/HCI acid, via the use of NaCl solutions/its mixture with HCI acid mimicking
the recycled water/HCI acid withtagh N& concentration. Subsequently, effort was made to
derive a modified shrinking core model (SCM) to accommodate the use of both fresh and used
water. For HCI acid leaching, it can be fitted by ardiffusion based model which considered

a decreasingl* concentration in bulk leachate.
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4.2 Methodology

4.2.1 Coal properties

Three Xinjiang sukbituminous coal samples (namely Coals A, B and C hereafter) were used.
Coal A and B were used for water leaching process, and Coal C for HCI acid leaching case.
Tables 4.14.3 list their properties with a variety of particle sizdote that, these sizes are
abundant and make up the majority of the two coals here. The moisture contents of these coal
samples range from 10 to 22 wt%-(aseived). The ash contentitioese coal samples exhibit

a similar dependence on patrticle size, broadly the ash content deceasing with increasing coal
size. However, the ash content of coal B is twice higher than that of Coal A, approximately 12
wt% in Coal B versus 6 wt% on averaige Coal A. Coal C has the lowest ash content, at

around 4 wt%.

The contents of AAEMs in coal samples (on theex®ived coal mass basis) were quantified
by inductively coupled plasma optical emission spectroméi@P-OES), following a
previouslyestablished standard procedtiteSince the water leaching process is only able to
remove AAEMs that are water soluble, effort was thus first made to determine the content of
watersolubk, i.e., maximum water leachable AAEMs in each coal. The raw coal was firstly
crushed to a sample less than 100 méslhich was then leached using fresh water (deionised
water) at a liquieto-solid ratio (on a mass basis) of 2.5 for 90 minutes. After solid and liquid
separation, the residue was rinsed with fresiter to remove any possiblgmaining ions.
Finally, the content of watesoluble AAEMs in the raw coal was determined via analysing the
leachate by ICRDES. For three coals, around-60% of the total Na are wateoluble. The

Na content of Coal B is thiewest, about half of these of the other two. By contrast, the

proportions of watesoluble Ca and Mg are tiny, despite the total content of Ca is very high,
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reaching 10,000 ppm approximately. The K content is negligible, which agrees with the

literaturestudy*3. A distinct correlation between AAEMs content and particle size seems to be

absent.
Table 4.1Properties of raw Xinjiang Coal A.
Particle s 0 .-02. 6 0 .-16 1-4 4-8
Proxi mat e ( wep)
Moi sd%ur e 20.24 21.0 21.35 21.9
Vol atil e 35.33 34.5 37.12 35.0
Fixed 9%ar | 58. 41 59. 4 56. 65 60.7
Ash 6.26 5. 9¢ 6.23 4. 22
Ulti mate a (wt %,
Carbon 70. 24 71. 8 71.40 73.0
Hydr ogen 3. 77 3. 9: 4. 02 4. 014
Oxygen 24. 73 22.9 22. 71 21.7
Nitrogen 0.69 0. 6" 0. 66 0. 77
Sul phur 0.57 0. 6( 1. 21 0.4¢
(ppmneas
El ement co
raw co
Total Na 2930 275¢ 3036 2919
Maxi mums whutubk 1604 190¢ 1400 1562

ad gir-dried,9 dried basis
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Table 4.2Properties of raviXinjiang Coal B.

Particle s 0 .-02. 6 0 .-16 1-4 4-8
Proxi mat e (wt %)
Moi stur e 16. 1 16. 16. 16. 7
Vol atil e 27.5 29. 28. 29. 0
Fi xed Car 61.9 6 2. 6 3. 65. 4
As h 12.5 12 10. 8. 6
Ulti mate a (wt %,
Carbon 70. 3 70. 71. 73. 6
Hydr ogen 3.3 3.3 3. 3.2
Oxygen 25. 54 24 . ! 24. 22.0
Nitrogen 0.61 0.7 0. 0.76
Sul phur 0. 35 0. 4 0. 0. 3
(ppm, as
El ement <co
raw coz¢
Tot al N a 1138 132. 1234 1365
Maxi mums whtbk 602 720 727 751
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Table 4.3Properties of raw Xinjiang Coal C.

Particle ¢ 0 .-02. 6 0 .-16 1-4 4-8
Proxi mat e (wt %)
Moi stur € 11. 85 12. 7 10. 9 12. 1(
Vol atil e 34.57 33.4:¢ 35.9 33. 2¢
Fi xed Car 60. 514 63.0 59. 9 62. 9¢
As h 4. 89 3.46 4. 16 3.75
Ul t ianadley < (wt %,
Carbon 70. 04 71. 7' 71. 2 72. 7:
Hydr ogen 3.80 3.91 4. 03 4. 04
Oxygen 24.98 23. 1. 22. 8 22.0¢
Nitroger 0. 68 0.67 0. 65 0.73
Sul phur 0.50 0.55 1.16 0. 45
(ppmre@as The number n par
El ement ¢
raw co wa tseorl ub | con
N a 2522 (12390 (2355 (2450 (
Ca 9711 (196009 11513 9695 |
Mg 1189 (. 1253 1351 1296 |
K 6 2 51 46 45

4.2.2 Experimental procedure

Three sets of water leaching experiments were conducted at room temperature and atmospheric
pressure, as illustrated Figure 4.1 These three sets are namedflesh wateri raw coal

used watei raw coal andused wateil leached coalrespectively. Te first set refers to the
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simplest oncghrough singlestage fresh water leaching experimenpamel (a) Briefly, 30 g

of raw coal and 45 g fresh water were mixed and magnetically stirred in a glass beaker at a
liquid-to-solid ratio of 1.5 (close to the practical value used in the inddstior different
liquid-to-solid ratios, the mass of water was adjusted proportionally while the coal mass
remainedunchanged. During the leaching, the leachate was sampled at intervalk5of 1
minutes. The leachate samples were then analysed USPPES for quantifyingthe
concentration of Nain leachates according to a standard procedfuréfter leaching, the
resultant leachate and solid residue were separated via vacuum filtration using a filter paper
with a cutoff size of 2mm. This set of experiments were conducted to determine the optimal
leaching condibns. The second set for theed water raw coalis shown irpanel (b) aiming

to determine the maximum allowable N@ncentration in the used water. It is expected that
upon recycling the used water, the'Maaccumulated in the solution and™aay dso possibly
redeposit on coal surface. Therefore, the $dduration point has to be determined to guarantee
the leaching effectiveness of the used water. To start the-sitagje multicycle water leaching
experiment, fresh water was used in the firsleyAfter filtration, the used water was used
instead of fresh water for leaching in the next cycle, until the used water was inactive to remove
Na'. The lasuused watei leached coaket is designed in a batch scale to mimic the practical
threestage cantercurrent water leaching process showpamel (c) In this case, fresiater

is firstly used to wash the raw coal for 30 minutes, yielding a leached coal, termed as Coal 1
and used water. Subsequently, the used water was applied to wash Coal dtHer a6
minutes to attain a twbme-leached coal, as Coal 2, which was finally leached by fresh water
to obtain the ' leached coal andf'used water as shown franel (c) Afterwards, the $used

water was used to wash Coal 1 for 30 minutes, obtairffhgs2d water and"2leached coal.
Finally, the raw coal was leached by tH¥ @sed water to getlleached coal and®used

water

105



Chapter Multiple Cycle Leaching Using Water and Hydrochloric Acid: Experimental
Investigation and Kinetic Modelling

Three sets of HCl acid leaching experiments were castiedt ambient environment, as shown
in Figure 4.2 Apart frompanel (a)for fresh HCI acid leaching raw coal which used as the
same procedure &sgure 4.1(a) expect the application of acid, other two sets of experiments
were carried out subsequentlyn& HCI can remove both the wataiuble and HCGkoluble
elements, it idirstly necessary toemove the formerAs show inpanel (b) firstly, raw coal

was leached by fresh water for approximately 5 times until no target elements can be detected
in leachate. Proceeding is a fresh HCl leaching stage, where theeeateed coal was leached
by fresh HCI by applying the optimal leachirgnditions (fresh HCI leaching raw coal)
decided beforehand. In terms pdinel (c)for used HCIi raw coal, it is totally as same as
Figure 4.1(b), except the using of HCI. To note, to guarantee a constacritentration in

the spent HCI for each cyclextra HCI was added after each cycle after quantifying the

consumed Hvia NaOH titration method.

(a) (b) Recycled water
Fresh water Used water Fresh water [%
A4
Leached Leached
Raw coal | [ eaching Vacuum coal _ Raw coal | 1 eaching Vacuum coal

reactor filtration reactor filtration
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2" used wate(Cy?) Recycled
Fresh watef  \water(Cy)

(Coo=0)

\ 4 A 4

1% leached 2" leached
coal (M, 2"leaching| coal(M,) N 3 leaching
reactor "I reactor

A

3 leached
coal(M;

Raw coal

1*'leaching
reactor

1*used water
3“ used water (Coo)

Figure 4.1 Water leaching experimental diagrams ((a): Fresh water versus raw coal, (b):

Singlestage multicycle water leaching, (c): Thh&age countecurrent water leaching).

(b)

(a) Fresh HC1
Fresh HC Used HCI Fresh H:0 W ater-washed coal
(No water-soluble Leached
Leached Raw coal r 1 t
Raw coal coal Water o o

Vacuum
filtration

Leaching
reactor

leaching leaching

Used water Used HCI
—> >

(©)

Recycled HCI

Fresh HCI

Leached

Vacuum
filtration

Leaching
reactor

Figure 4.2HCI acid leaching experimental diagrams ((a): Fresh HCI versus rayw(lopal
Fresh HCI versus watéeached coal (no wataoluble elements), (c): Singktage

multicycle HCI leaching).
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4.2.3 Modified shrinking core model

Considering that the proposed coal leaching process is a dissolution ckulat#de Na of

coal, the overall rate for Naemoval is very likely intraparticle diffusion controlled. In light

of this, the widely applied leaching model, shrinking unreacted model (SCMj*is firstly
considered here. However, there are two substantial differences between the classic SCM and
the required model in this study. Firstly, in the classic SCMdéf$insion-controlled formula

is derived based on the liquid reactant diffusingdrivto the unreacted shrinking core.
However, the watesoluble Na removal is an opposite process which might be governed and
driven by the concentration gradient of Netween internal pore and the bulk water outside

the coal particles. Therefore, theéraparticle resistance against the outward diffusion of Na

out of coal particles might be ralieniting. Secondly, the classical SCM assumes a sharp
reaction interface and an unreacted shrinking core with a constant molar density of solid
reactant, so a® achieve a relationship between solid reactant conversion and the decreasing
radius of the shrinking, unreacted core. However, in this study, the-scitdrle N&
concentration remaining in the shrinking core keeps decreasing, because treolubteNa*
dispersed in a whole coal particle gradually diffuses outwards during the process. This does
not agree with the fundamental assumption of a constant element concentration inside the

shrinking core in the classical SCM model.

In this study, the folling assumptions are made to modify SCM depicteeidgare 4.3

1) In the original coal particle, the watsoluble Na is present in the capillary water

entrapped inside the ports!® 16
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2)

3)

4)

5)

6)

The overall removal of Nas controlled by its outward diffusion towards the bulk water,
whereas the diffusion resistance in bulk water and liqurd Gut of particle can be

eliminated at a certain stirring spe¥éd
All coal particles are spherical and homogentius

The radius of particle remains constant during the leaching process. It is valid since the

coal particle size distribution remains unchanged;

All the watersoluble N4 is assumed to exist in a hypothetical centre point of a single

particle, and hece, its distribution is irrelevant to particle radius;

The flux of Nd is constant throughout particle radits

Bullowaer Pores in coal filled with

) water as the pathway of Na*
Hypothetical centre

point containing all
water-soluble Na*

J

J = Flux of Na*
through the coal
(outward +, inward -)

Surface of particle/

0

»

Concentration of Na* in
@]
o

coal particle (mg/L)
@]

R r 0 R
Radial position

Figure 4.3Diagram of a reacting particle when infrarticle diffusion of Nais the

controlling resistance.
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The modified SCM derivation block diagram is showrFigure 4.4. In brief, based on the
above assumptions and specific to one single coal particle, thmaés change in bulk water
can be expressed by the classic formula of
conversion and integration in terms of time, a virgin model formula including an unknown
parameter Ccan be derived. Afterwards, & expressed via Namass conservation, so as to
obtain the final model equation. Aside from the sirgjkege frestwater leaching, this model

is further combined with the Nanass balance in each stage and overall process and applied
into the threestage couter-current process, in order to predict the" Removal in each cycle

and the recyclability of wateFigure 4.5illustrates the derivation diagram for the thetage
process. According tBigure 4.1(c) andFigure 4.5, two N& mass balance equationsliming

only two unknown variables, the Neemoval extents in"® and 3¢ stage respectively, can be
finally derived and solved. Furthermore, by plugging these two values into the model; the Na
removal in the ¥ stage can be acquired easily. Finally, &a removal in each cycle can be

calculated via an iterative calculation. The detailed derivation is shown below.
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Flux of Na* (J) definition equation
dmy
= 4nR*
ac R
: —— Na™ concentration change in bulk water dC, /dt
Fick’s first diffusion law to express J expression
C—cC g
Jr:_De”M d&: M(Q_g{))
R dt W15R2 Pc
Mass change dmy /dt to
concentration change dC, /dt
A A
dm, dc, Integration in terms of time ¢
dat ' dt
Co - COO — kt
CI - Co
_ 3Derrpy
WisR?p, Final model equation: relationship between

Co and ¢

4

: ktCro(My + WisCo0) + CooMy
Na’ mass conservation to express Na* Co = WisktCro + Mu(1 + kt)

concentration in the hypothetical centre point of
particle (C;) by Na™ concentration in bulk water

(o)

W;.C W;.C,
MA + Vs OO/PJ _ s O/Pl
MH/CIU

7=

Figure 4.4Modified SCM derivation block diagram.
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Assume two unknowns C,, and C,,

o - The amount of Na removed in stage 2 (mg)
02

The volume of bulk water

= The amount of Na removed in stage 3 (mg)
03

The volume of bulk water

}

Express the Na* concentration in leachates at any time ¢ in three reactors (denoted as

Coy |t, Coz |t and Cy3 |t respectively) by replacing C,, and C, into the modified
SCM

Na* concentration in fresh/recycled water
(Coo): Cog =0 for fresh water

v

Equation 1: For reactor 2, Na* concentration in the leachate after a total
leaching time T (C,2 | =7 ) - Na* concentration in the 13t used water (C,3 + Co0)

—
_Cc2

Coﬁ

Equation 2: For reactor 3, Na™ concentration in the leachate after a total
leaching time T (C,5 | =1 ) - Na~ concentration in fresh/recycled water (C,q) =
r

!

Obtain the values of C,, and C,, by solving Equations 1 and 2, which involves these
two variables only

A 4

The Na removal in stage 1=C,, | «—r — Na* concentration in the 27 used water

v of Na removal extent in eac

Yes

Coo=Coy |t:3~ for recycled water

stage =0

Obtain the Na* concentration in the 37 used water (C,4 | =7 ) which is recycled to

:I Stop calculation |

A

h

use in the next cycle

Figure 4.5Threestage countecurrent process model derivatiblock diagram.
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Assume that is the mass of Ni@n bulk water, the mass change of*Nabulk water can be
expressed bfquation (1) based on a single coal particle, whéie the flux of Nathrough

the exterior surface of eaghrticle (mg/(s- crf)) 14

A
AO

TA2 * p

wheret is the leaching time (s), aflis the radius of coal particle (cm).

As per the assumptions No 5 and Nd 6an be expressed Bguation(2)accor di ng t o F

first diffusion law*.

# 4t

PTTT C

whereDerr is the effective diffusion coeffient of Nd in coal particles (cis),# and# are

the Nd concentration in the hypothetical centre point (mg/L) and in bulk water (mg/L) at any
time t, respectively. Same as the derivation of the original SCM, the diffusion distance is
simplified asR without the consideration of the tortuosity of coal particles. Combining

Equations (1-2), Equation (3) is obtained.

Al # 2
Fo AR% —

PTTT o
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The mass charghl j A @ converted to concentration change of Mabulk water as shown

by Equations (45).

Al 6A#
AO ° RO !
%/\2/\/\
6 7 pTTT v
M

where6 is the volume of bulk water corresponding to a single coal particlg (L)s liquid-
to-solid mass ratio, and andm are the density of coal particle and water (kg/L), respectively.

Substitutingequations (45) into (3), we have

Through the integration @&quation (6) with respect td, and based on the boundary conditions

of # =# att=0 and# =# att, we can yield

# 2 O'$M©
#H 2 7 2 M

where# s the initial Nd concentration in bulk water (mg/L), which is zero for a fresh water

whilst not zero for a recycled/used water. Upon the combination of all the constants in the right
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hand side of Equation (7) as a rate constam (Equation (8)), Equation (9) is further

established.

. 0% Mm
E

7 2 Mm v

# & A

—m EO w
According to the conservation of Nemass# can be expressed Bguation (10).

7T # 7 #
# _ M2 M L
6 P
6 PP

where- is the maximum watesoluble Na content in the raw coal (mg/kgpal), 6 is the
volume of accessible pores of coal particles filled by water ¢céaj), which is assumed
constant during water leaching, a#id is the maximum Naconentration in the water

contained in a coal particle (mg/L),

Substitutingequations (1311)andm =1 kg/L for water intdequation (9),

- 7 # 7 #
MY
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Finally, the Na concentration in bulk water##() can be expressed &xuation (13) by

rearrangingequation (12).

The Nd& removal extenX is defined as

o _ - AATTAAT GOAGRIFAOAs
~AQET-CNGADT OAATAT GAETRR T

# 7
8 —Zi Spmim b pPT

For the threestage countecurrent water leaching process showrrigure 4.1(c), the values
of - and# in Equation (13)vary from one stage to another. The value dbr maximum
watersoluble Na decreases gradually from the initial value of"Mantent for raw coal at
stage 1 to the lowest value for th¥ Rached coal at stage 3. In contrast, the valde ofor
the oncentration of Nain water increases gradually from zero in fresh wat&rcgtle) at
stage 3 to the highest value in tHé @sed water at stage 1. It is impossible to Egeation
(13) directly to predict the Naconcentration in the leachate of stdge&lue to the lack of Na
conversion in the other two stages and thus an unk#owm this equation. Similarly, if
Equation (13)is used for a back calculation from stage 3 first, an unknowemists and it

does not allow for a completion of the caldida either.
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To address these concerns, the following derivations are further conducted in regard to the

threestage countecurrent water leaching, as illustratedrigure 4.5

According toFigure 4.1(c), at stage 1 flleaching reactor), the Na@orcentration in the ?

used water, denoted #s , can be expressed Eyguation (15).

where#® and#° are tle amounts of Naremoved in stage 2 and 3 divided by the volume of
bulk water, respectively (mg/L), asd is the original Na concentration in recycled water

(# 1tfor fresh water).

Replacing# in Equation (13) with # , Equation (16) is obtainedwhich involves two

variables#® and#® (# =0 for first cycle using fresh water).

where# is the N& corcentration in leachate at timien reactor 1 (mg/L) ané#t can be
determined in single stage. Assigning symbdbr the total leaching time in one reactor, the

Na content of % leached coal, denoted as (mg/kg-coal), is then equal to the difference
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betveen the Nacontent in raw coal-() and removed Nain reactor 1 after leaching tinle

shown inEquation (17).

For stage 2, thBla* concentration in the®lused water is defined &s .

Similar to stage 1, after substituti#g in Equation (13)by# , we obtainEquation (19).

" E®H - 7 # # -
7 EH® -p EO s
where# is the N& concentration in leachate at tirhi reactor 2 (mg/L). Meanwhile the

Na* content in the 2 leached coakl, (mg/kgcoal), can be expressed Byguation (20).
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After leaching for a total time ofF in reactor 2, the value & in Equation (15)is equal to

the difference between the Neoncentration in the leachaté ( ) and the value in the’'l

used water# ), shown inEquation (21).

Similar to stages 1 and 2, we obtain the equations for stage 3 as follows.

4 E® - 7 # # -
7 E® -p EO 66
where# is the Na concentration in leachate at tirim reactor 3 (mg/L).

Similar toEquation (21), Equation (23)can be obtained.

At the first cycle when the fresh water is used in stage 3, the valie of zero. There are
thus only two variableg®> and#° involved inEquations (21)and(23). After obtaining the
values of#° and#° by solvingEquations (21)and(23), the Nd removed in stage #°

can be calculated dyquation (24).
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# o # -3 CT

Based orEquation (13), the Na removal percentage at each stage at any time can be finally

attained.

The Nd removal extent in the following cycles can be obtained by an iterative calculation. As
shown inFigure 4.1(c), in the second cycle, the Neoncentration of the recycled water back

to stage 3# ) is exactly the same as the value of thei8ed water after a total leaching time

T# ) in the first cycle. Thus, the Neemoval extent in the secondaby can be obtained

by repeating the above calculation and substituting the valtte ¢#¢ =0 in first cycle) with

# . Finally, the relationship between the N@moval extent and cycle number can be

obtained by an iterative calculation.

4.3 Experimental results anddiscussion

Experiments were repeated for at least three times per run. A satisfactory accuracy has been

confirmed, as evident iRigure 4.6which bears a standard deviation of around 0.5% only.

4.3.1 Fresh water leachingraw coal
4.3.1.1Effect of stirring speed

Figure 4.6 demonstrates the effect of stirring speed onvihersolubleNa" removal extent
after a leaching duration of 90 minutes, for the coarsest coal particle siz@ wing and a

liquid-to-solid ratio of 2.5. Note #ht, coal A was used hereafter, otherwise specified. Clearly,

120



Chapter Multiple Cycle Leaching Using Water and Hydrochloric Acid: Experimental
Investigation and Kinetic Modelling

the Na removal extent increases marginally with the initial increase in the stirring speed and
reaches a plateau in excess of 300 rpm. This can be contributed to the elimination of liquid film
layer outside of particles and external diffusion resistahd¢& However, a further rise on the
stirring rate to 350 rpm results in a decrease in the Na removal down to the same level as that
achieved at 100 rpm. It is believed that the coal particles may rotate with the liquid water
synchronously, which in turn lead to the regeneration of the negative influence of external
diffusion and liquid film outside the coal particl€s Therefore, a stirring speed of 300 rpm

was empbyed for the remaining experiments in this study.

60

50 -

40

30 -

20 -

10 L Liquid-solid mass ratio: 2.5
Paticle size: 4-8 mm

Water-soluble Na' removal extent (%0)

0 1 1 1 1
50 100 150 200 250 300 350 400

Stirring rate (rpm)

Figure 4.6 Effect of stirring rate on the watspluble Na removal extent.

4.3.1.2Effect of liquid-to-solid ratio

Figure 4.7illustrates the effect of liquitb-solid ratio on the removal extent of Nigom two
extreme particle size ranges, the smallest size bin €.6.2nm and the coarsest one 8 4

mm inpanels (aand(b), respectively. For the smallest size of-0.8 mm panel (a), the Nd
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removal extent remains constant across the threeattfeatios and levels off rapidly in around

5 min. It suggests that there is a negligible external diffusion resistance whereas the intra
particle diffusion resistance may exiét?® In contrast, the Naemoval extent for the coarsest
size of 48 mm experiences a remarkable rise when the htpa&blid ratio increases from 1.25

to 1.5.Upon a further increase in the ligttioksolid ratio to 2.5, there is however no change on
the removal of Na This is a clear indicator of the existence of an external diffusion at the
lowest liquidto-solid ratio in the case of the coarsest coal sizechvcannot be eliminated
unless the liquido-solid ratio reaches 1.5 or above. This is different from the smallest coal
size and shall be attributed to the smaller contact area from the coarse coal particles. Since the
coal leached in reality is a mixeiof various sizes, a liquiab-solid ratio of 1.5 has been chosen
hereafter, which is noted to be considerably lower than that (reported to¥éo2 J8lack coal

leaching process.
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Figure 4.7 Effect of liquidto-solid masgatio on wateisoluble Na removal extent for coal

particles of 0.20.6 mm (a) and-8 mm (b).

4.3.1.3Effect of coal particle size

Figure 4.8 shows the removal extent of Nas a function of coal particle size at optimised
conditions (liquidto-solid raio: 1.5, stirring speed: 300 rpm). Clearly, the" Kamoval extent
decreases quickly with increasing coal particle size. For the smallest coal particles (0.2
mm), the Naremoval soars up to 60% in the first five minutes and then only increases slowly
to 70% within the subsequent 25 minutes. For the two medimed coal samples, the Na
removal extent increases much slower, approaching the final Na removal extent of 70% in a
considerably longer duration of ~90 minutes. For the largest coal partedebing is the

slowest and time&onsuming, resulting in a Naemoval extent of only 45% after 90 min
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leaching. Clearly, intrgarticle diffusion plays an increasingly important role irf Kanoval

from coal particles as coal particle size increases.
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Figure 4.8 Effect of coal particle size on watsoluble Na removal.

4.3.2 Used/Recycledvater leachingraw coal

Following the experiments on the leaching of raw coal by fresh water, Coal B was selected for
experiments in the second scenario showRigure 4.1(b) to assess the Naemoval extent

from raw coal upon the reuse of spent water.

The change of Naremoval efficiency upon using the repeatedigycled water is presented
in Figure 4.9 It is clear that the Naemoval extent declines steadilith the increasing cycle
number of water. This shall be due to a continuous increase in ttemiNzentration dissolved

in the recycled water, as evident for the concentrations of the major ions fdt theydled
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water inTable 4.4 It results in a gadual decrease on the diffusion driving force. More
interestingly, for the ® to 4" cycle where recycled water was used, the first five minutes
always witnesses a rapid rise in the" emoval extent, which then slows down and levels off
gradually fromfive minutes onwards. This indicates that the dissolvedrNihe leachate can
quickly reach an equilibrium with those remaining in the coal particles, thereby hindering the

further outward diffusion of Na

50
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Figure 4.9WatersolubleNa" removal extent change upon the recycling of used water

leaching of raw coal.

Table 4.4Concentration of main ions in the used water after four cycles.

l ons ( Ci N & S@ Ca* Mg * K*

Value 0.04 0.04 0.01 O0.00 ©0.00O0 0. 00C

Based orTable 4.4, it is obvious that the content of Nia almost equivalent to that of ¢lhe

most abundant anion) on a molar basis. It is thus inferable that almost all of the dissdlved Na
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shall be associated with Qlvhich is in line with previous repos'® In light of this, the pure

NacCl solutions with different concentrations were used to reveal the saturation or the turning
point by which the recycled water losses its leaching capability of W& use of pure NaCl
solution ratler than the recycled water is due to the fact that the concentration witNia it
increases very slowly. As shownTable 4.4 the N& content only increases to 0.045 mol/L
after four times recycle, which is far below the theoretical solubility foaCINia water, 6.14

mol/L 2. It was also assumed that the other elements includifija@ed SQ? found in the
recycled water inTable 4.4 played little role on the removalf Na'. These ions were
speculated to dissolve in parallel with*Niato water. The raw coal sizing of4lmm was used

for the test here, and the results achieved are depickedure 4.10
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Figure 4.10Na" concentration in leachates change uponHieagtime in different NaCl

solutions.

As shown inFigure 4.1Q the Nd in the leachate keeps increasing over time when the coal is
leached by the 0.5 wt% NacCl solution, suggestive of an unsaturation state for this solution.
Instead, the concentration of Nia the leachate remains unchanged when the coal is leached
by 0.77 wi% NaCl. However, when the coal is leached by the two higher concentrations, the
original N& in the leachate is quickly absorbed on the coal surface in less than 10 minutes.

After it, a Nd concentration equilibrium inside and outside coal particleshieaed, leading
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to an unchanged concentration of‘Nia the leachate. Clearly, the maximum allowable Na
concentration in the recycled water shall be around the value of 0.77 wt% NaCl solution
(~3,000 ppm), beyond which the leaching capability of the kEtactill be lost, due to the
reverse deposition of Nan the coal surface. Such a saturation point is far below the solubility

of NaCl in water, 359 g/L (~36 wt%) at room temperafire

4.3.3 Three-stage countefcurrent leaching

Effort was further made to explore the ultimate tkste, countecurrent water leaching

process in which the used water encounters the leached coal. The results are ptagted in

4.11 In agreement with the results shown in above section, the used water still has the
capability to remove Naeven from the leached coal. In terms of thé Manoval extent, it
reaches around 51% in stage 1 wher tr,22he r aw
in stage 2 where the | ess | eached coal encou
stage 3 where the intensively leached coal further encountered fresh water. Such a decrease
reflects a continuously reducing driving force which is th& concentration difference

between the inside and outside of coal particles.
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Figure 4.11Experimental watesoluble Na removal extent in each stage.

4.3.4 Fresh HCI acid leachingraw coal
4.3.4.1Effect of leaching time

Figure 4.12illustrates the leaching kinetics of the three elements (Na, Ca & Mg) franv a

coal particleof 1-4 mm under a liquido-solid ratio of 1.5 via 0.7 M fresh HCI acid. Coal C

was used throughout the HCI leaching. The three elements show an almost same leaching
performance, with nearly 80% removed out of coal in 90 imi& gradual increase rate.igt

similar to the leaching of wateoluble Na from the same particle siz€igure 4.8 and the
application of HCI acid fails to shorten the leaching time. This suggests arpantrce

diffusion control for the three elements.
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Figure 4.12Leachingkinetics ofNa, Ca & Mgby fresh HCI from raw coal

4 .3.4.2Effect of HCI acid concentration

Figure 4.13demonstrates the effect of HCI concentration on the removal extents of Na, Ca and
Mg after a leaching duration of 30 min, for coal particle size-4fldm and a liquigo-solid

ratio of 1.5. An around 15% growth of Na removal is observed with an increase in the HCI
concentration from 0.1 to 0.4 M. Afterwards, no further Na can be removed even at a higher
HCI concentration. A similar relationship canfbend for Ca and Mg, despite the stable point
being 0.7 M especially for Ca whose removal experiences a relatively large increase from 0.4
to 0.7 M. It is likely to suggest that the acdluble element removal might be dominated by
intra-particle diffuson of proton or chemical reaction which can be boosted by the rise of acid
concentration. And the higher HCI concentration for Ca and Mg could be attributed to their
higher contents in raw coal as showifable 4.3 0.7 M was hence employed for the renragn

experiments to attain the highest element removals.
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Figure 4.13Effect of HCI concentration.

4.3.5 Fresh HCl leachingwater-leached coal

The HClsoluble element removal efficiency by fresh 0.7 M HEIQ@re 2(b)) is plotted in

Figure 4.14 To note, the removal extent was calculated based on the content-ebldle
elements. Interesting, the removal rate of Na is almost double than these of Ca and Mg which
are almost same. This might be attributed to their different modes of occunened’f. The
HCI-soluble Namainly exists as io@xchangeable cations associated with oxygamtaining

sites, sub as carboxylic acid, which can be accessed easily. By contrast, Ca and Mg occur in
fine minerals primarily which are dispersed deeply in coal matrix, resulting in them being
harder to be reached by acid compared to Na. Slower removal rates of Ca andthlgsdze

expected.
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Figure 4.14HCI-soluble element removal vs leaching time by fresh HCI (0.7 M).
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4.3.6 Used/Recycled HCleachingraw coal
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Figure 4.15Element removal extents vs cycle numbeHCI acid

Last effort was made to explore the elememmhoval efficiencies from raw coal upon the
recycling of HCI acid with a constant initial proton concentration for each cycle (0.7)M H
The result is compared Figure 4.15 To note, the first four cycle used recycled HCI, whereas
the other results (cje 9, 12 and 16) used the mixture of fresh HCl and pure chlorides
(Na/Ca/MgCh) with various concentrations. For cycle 16, the initial chloride concentration
reached its saturation point in 0.7 M HCI acid, which was determined by trial and error method.
Because it is impossible to conduct the recycling experiments for so many times-staléab

The three chlorides were mixed in a ratio which is as same as that of the leachatecwéier 1

It can be observed that the Na removal extent is almostacdrist the first four cycles, then

drops to 40% approximately in the18ycle, and finally plummets to nil upon the using of
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leaching reagent which is saturated taCN&aCl, andMgClz. Regarding the removal of Ca

and Mg, they are almost invariant feach cycle until the using of saturated leachate which
results in zero removal extent. This leaching behaviour differs from that observed for water
recycling leaching which displays an exponential decrease in-g@ltdsle Na removal upon

the recycling ofwater. This might imply that the H@bluble element removal is dominated

by the intraparticle diffusion of proton, considering that the initial acid concentration for each
cycle is persistent. The decrease in the Na removal should be attributed tordasel®n the
watersoluble Na removal upon the recycling of leachate which has been discussed before. It
is reasonable to conclude that providing a constant initial acid concentration for each cycle, a
constant element removal extent can be achievetraatihing the saturated point where nil

element can be removed any more.

4.4 Kinetic modelling

For the case of water leaching, the modified SCM was first validated by fitting the result of the
first set experimentdresh water versus raw caarhis aimsto verify that the watesoluble

Na' removal is mainly controlled by the intparticle diffusion of Na Afterwards, the second

set experimentsised water versus raw coalas modelled to validate the application of the
modified SCM to used water leaoli and to predict the recyclability of water. Finally, the
ultimate threestage countecurrent water leaching experiment was simulated, to predict the
Na" removal extent of each stage at each cycle and the maximum allowable recycle number of
water. On th@ther hand, the removal of aesluble elements was modelled by a proton intra
particle diffusion control model which took a decreasing proton concentration in the bulk

leachate into account, namely Zhuravlev, Lesokhin and Templeman fAodel
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4.4.1 Modelling of fresh water leaching raw coal with various particle sizes

For comparison, the removal of Nlom raw coal by fresh water was firstly modelled against
both the chemical reaction control and irpeticle water diffusion control defined by SCM

4 The respective correlatiomefficients R) for the modelling accuracy atisted in Table

4.5, Clearly, the original SCM failed to fit the experimental data accurately, with the exception

of the coarsest particle of8mm with aR? of 0.9959 for the diffusion control.

Table 4.5R? using the reactiogontrolled model and diffusion controlled model defined by

the original SCM.

Di ffusi on
Reaction con

Particle si mo d e |
1-( axy'3 17 3( KF'# 2X)
0 .-02. 6 0.4435 0.6195
0 .-16 0.6252 0. 7963
1-4 0.8060 0.9461
4-8 0.90091 0.9959

Instead, the Naintra-particle diffusion control defined by the modified SCM presented in
Equation (12)was proven to fit all the experimental results satisfactorily. As evidéngure
4.16 the correlation coefficients achieved are beyond 0.98 for all the four Aagisionally,
based orEquation (8), the effective diffusion coefficieerr of Na* through the water phase
contained in coal particles can be calculated, as list8alite 4.6. These values fall in the
reported range of the order of 2Q0° cn?/s & 24 On the other hand)erincreases with the

6

increasing coal particle size, which is consistent with previous stfdfes?® It can be
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explained as follows. As shown Equation (25) 25, in which D is molecular bulk diffusion
coefficient of N& that is an invariant at a fixed pressure and temperaRyeis only
proportional to the porositif of coal particles if the tortuosityis assumed to be same for alll
particle size ranges. Therefore, the larger coal particles tend to possessetagyece it has
higher porosity values as evident by elsewér8oth the reasonable value D§sandright
relationship betweeBesrand coal particle size verified the physical meaning of this modified
SCM.This further confirmed that the watsoluble Naremoval out of raw coal by fresh water

is dominated by its intrparticle diffusion.

$_§ CU
$ 1z

8 R2=10.9852
¢ (.2-0.6mm x06-lmm ol-4mm  A4-8mm

R?=0.9879

(Co-Co0)/(CI-Co)

R2=0.9966

R?=0.9931

0 15 30 45 60 75 90
Time (min)

Figure 4.16PIlots for Nd diffusion out of coal particle defined by the modified SCM.
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Table 4.6Effectivediffusion coefficient Des) of each particle size range.

Particle dia Average

partic Detfl 2OM s

0 .-02. 6

0 .-16

1-4

4-8

0.

0.

4

8

0.28
0.56
3.13
3.75

4.4.2 Modelling of single-stage multicycle used water leachingf raw coal

For the singlestage multicycle used water leaching fitting restdiyle 4.7summarises thi?,

overall rate constark (the slope oEquation (12)) and the initial Naconcentration in water

for the first three cycles. The value lofs only a function oDes (Equation (8)) for a fixed

particle size, which should be independent of &dmcentration. Therefore, aside from the high

R?, the relatively constant value kffor each cycle verifies the good fitting of the modified

SCM. In adition, the applicability of this modified SCM has also been proven by the

satisfactory fitting to Coal B to some extent.

Table 4.7R? andk using the intrgparticle N& diffusion-controlled model defined by the

modified SCM.
| ni ticaolncNeant r at i
Recycle r R? k( mi)n
(ppm)

15t 0.98¢ 0.01 0

2nd 0.981 0. 02 262

3 d 0.982 0.01 565
0.5 wt%® 0.981 0. 02 2175
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To examine if the modified SCM can be extended to the leaching by used water whose Na
concentration is accumulated to a very high value, the experimental result of 0.5 wt% NaCl
leaching raw coal shown Figure 4.10was further simulated. It can be observed fitable

4.7 that R? is above 0.98 for such a high initial Neoncentration. This satisfactory fitting
allows us to use this model to predict the" Kamoval change upon the recycling of the used
water. Based on the resultsTable 4.7, the average df values of the first three cycles and

the Nd concentration irthe leachate after three cycles were calculated and substituted into
Equations (1314). Subsequently, the Naemoval in the fourth cycle was predicted and
compared with the experimental result. As demonstrat&dgure 4.17, one can see a close
match beteen the model prediction and the experimental observation. By an iterative
calculation, the relationship between"Mamoval extent and the cycle number of water can be
further predicted, which is illustratedfigure 4.18 This indicates that the Neemoval extent
decreases exponentially upon the increase in the water recycling number. Once the recycling
number approaches 20, the water nearly losses its leaching capability for the raw coal, and

hence, has to be desalinated.
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Figure 4.17Comparison between calculated and measurédétiaoval extent at the fourth
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Figure 4.18Na" removal extent change upon the recycling of used water.
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4.4.3 Modelling of three-stage countercurrent water leaching process

The fitting result of threstage countecurrent water leaching is tabulatedTiable 4.8 The

high R? of each stage indicates that all leaching conditions included in the countent
leaching can be modelled very well by the modified SCM, irrespectivresh or used water,

and raw or leached coal. In addition, the validation of the modified SCM is substantiated by
the close value défor each stage, which is independent on theddacentration in bulk water

and Né& content in coal.

Table 4.8R? andk for threestage countecurrent leaching fitted by the modified SCM.

Stage num R? k( mH)n
15t 0.99814 0.0239
2nd 0. 9942 0.0235
3 d 0. 9842 0.0238

Pluggingthe value ofk into the calculation oEquations (1524), the watersoluble Na

removal at each stage was further predicted, to examine the proposed calculation approach
specific to the countezurrent leaching procesgigure 4.19 compares the calculated and
experimental Na removal extent of each stage. The excellent linear rataiavith highR?

proves that this calculation method can accurately predict theeN@val extent at every stage

at any time.
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Figure 4.19Comparison between calculated and experimentaréaoval extent of each

stage.

Similar toFigure 4.14 therelationship between the total N@moval of threestage counter

current water leaching process and the recycling of water was predicted and presented in
Figure 4.2(0a).Again, the total Naremoval extent (sum of Na removal extents of three stages)
decrases exponentially upon the increase in the recycling number. However, the water loses
its Na removal ability after 15 times recycles, which is less than 20 times confirmed for the
singlestage multicycle leaching iRigure 4.18 This is mainly a result othe higher Na
removal extent in each cycle that can be achieved by the-dtage leaching process.
Moreover, the relationship between™amoval and the initial Naconcentration in water can

also be obtained, as shown Figure 4.2Qb). This confirmsa linear decrease in the Na

removal extent upon the rise of N@ncentration in the leachai®, the recycling of the water.
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It can be expected frofaquations (1314). Once the original Nareaches around 3000 ppm,

the recycled water losses its washability.
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Figure 4.20Total Na removal extent of threstage countecurrent leaching versus the

recycling of used water (a); original Neoncentration in water (b).
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4.4.4 Modelling of fresh HCl leaching

In the simulation of HGkoluble element removal, both the original and modified SCM were
firstly proven to be unsuitable. Afterwards, attention was paid to the concentration profile of
proton in the bulk leachate with thgtension of leaching time. The proton concentration as
illustrated inFigure 4.21was calculated according to the stoichiometric relations between
proton and the three elements (N&&* and Md¢*). A notable decrease tendency can be
observed, especiallyithe first five minutes, and an around 40% of decline is achieved in 30
min. This explains the failure of the fitting by SCM which assumes a constaonldentration

in leachate with leaching time. In light of this, it was found that a protonpairticle diffusion

model with a decreasing‘tldoncentration profileRquation (26)) 2% can simulate our case well

as shown irFigure 4.22 The detailed derivation can be found elsewR&r&his satisfactory
fitting confirms that the HCGoluble element removal is predominated by the -ipéndide
diffusion of H" but with a decreasing concentration in leachate. It explains why an invariant
element removal extent is achieved upon the recycling of HCI acid which keeps a constant

initial H+ concentration for each cyclEigure 4.15.

pB*Hp EO (26)

whereX andt are the element removal extent and leaching time, respectively,igriitting

constant.
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Figure 4.21The concentration profile of proton in bulk leachate versus leaching time.
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Figure 4.22Plots for H intra-particle diffusion with a decreasing ldoncentration defined

by Zhuravlev, Lesokhin and Templeman maodel
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45 Conclusions

A comprehensive investgion on the leaching propensity of Na, Ca and Mg from three types
of low-rank Xinjiang coals using both fresh and used water/HCI acid has been performed, from
both experimental and modelling perspectives. Apart from the parametric study on the once
through fresh reagents leaching raw coal, other two nuyitie leaching scenarios including
threestage countecurrent water leaching and singltage multicycle HCI leaching have also
been conducted. This aims to reveal the element removal extents upayttiagef lachates

and the recyclability of leaching reagents. The major conclusions achieved are as follows:

1) A modified SCM integrated with iterative calculation is developed for the isialtje
countercurrent water leaching processes, which is successfully validated by high
correlation coefficients between experimental and model results, and readdgable
ranging from 0.283.75 10° cm?/s which is in line with the reported values. The model
indicates that the watesoluble Na removal rate is controlled by the irfparticle

diffusion of Nd.

2) Specific to the threestage countecurrent process, it is fmd that the water loses its
capability to remove Naafter recycling 15 times. Upon the increase in the cycle
number, the overall Naemoval extent decreases exponentially from around 90% in
the first cycle quickly down to negligible in the®™8ycle. The overall Na removal
extent bears a reverse proportion to the concentration ‘odd¢mmulated in the used

water.
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3) The removal of acigoluble elements can be fitted satisfactorily by*arttta-particle
diffusion model which takes account in a decnegugiroton concentration in bulk acid.
This explains the reason why an stable element removal extent for each cycle is
achieved provided that the initial acid concentration for each cycle is constant. No
element can be removed after recycling for 15 timeemthe concentration of NaCl,
CaCb and MgCp in the recycled acid reach the saturation point, at 15900, 67400 and

10600 ppm, respectively.
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It has been hypothesised and validated that HCI acid can remove AAEMs fremarnkw
Xinjiang coal in a more efficient way than water in b@apters 3 and 4. Howevet,will

result in enormous waste leachate which is rich in €& MgCh (as demonstrated Figure

1.1) and is forbidden from discharging directly due to its obnoxious environmental effects. This
chapter has explored a novel and efficient HCI esttbvery method from the mixture of CacCl

and MgC} at the presence of silica and steam, ande@i/free solid byproducts can be
obtained simultaneouslithe synergistic effect from Mg&hnd silica has been investigated
intensively. This chapter has eeaeformatted from a manuscript published ACS
Sustainable Chemistry & EngineeringZhou, S; Qian B.; Hosseini, T.; Girolamo, A.D.;
Zhang, L.Pyrohydrolysis of CaGlwaste for the recovery of HCI acid upon the synergistic

effects from MgGland silica ACS Sustainable Chemistry & Engineering019,7, 3,13-28.
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Abstract

In this paper, an efficient HCI acid recovery method from the mixture of alkaline earth metal
chlorides waste was demonstrated vigogoohydrolysis in a lalscale horizontal furnaca a
temperature range of 700000 °C, and fixed additions of Si@nd steam. The synergistic
effect of MgCh on the HCI recovery from CagWwas explored intensively. A doubséded
effect is revealed-or the reaction temperatures below 1000 °C, the Madilition delays the
HCl release through competing with Cafr the inclusion into silica matrix. In contrast, once
the chloride mixtures are subjected to 1000wvith a noticeable residence time (e.g. 2 h) and
at a minimum molar ratio of 0.5 of Mg€to CaCb, the MgCt addition promotes the HCI
release remarkably, via promoting the conversion of{%@u)Cl2 into CasMg(SiOs)4Cl2. A
portion of Mg* derived from the early decomposition of MgGlbstitutes the Ca(l) site in
Cas(SiOs)Clo, thereby resultingn the formation of weak M| bond that is in favour of the
HCl release. Additionally, the remaining kKfgonsumes the excessive $&d as to cause the
skeleton of [Si@* to befully affiliated and balanced by cations to forms@ig(SiOs)4Cly, in
which the weaker ionic polarisation between?Cand adjacent anions further enhances the

breakage of the C&l bonds.

Keywords: Pyrohydrolysis Alkaline earth metal chloridedHCI regenerationCl release

Silica
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5.1 Introduction

In the field of hydrometallurgical processing industry, hydrochloric acid possesses notable
merits compared with other acids for the extractive leaching of metals, offering higher
extraction kinetics, simpler leaching condition, larger solubilities of Inetmplexes, and
simplicity of the pretreatment requiremerit2 However, one major barrier to hydrochloric
acid leaching is the difficulty of disposing of the waste lixiviant that is rich in chlorides. The
chlorinebearing lixiviant is prohibited for a direct landfilling, since it is corrosive and
detrimental to th@quaticenvironmeng 4 On the other hand, as an important chemical in most
chemicalindustries?, hydrochloric acid is primarily produced by the elegtsid of NaCl
solution that is energy intensive, cost ineffective and prone to electrode corrosion and fouling
>8 Due to these considerations, a successful regeneration of HCI acid from ehéséde

lixiviant is crucial br the sustainability of the H&ased industries across the world.

To date, extensive research has been conducted to regenerate HCI gas from chloride solutions,
including electrowinning, sulfation precipitation apgrohydrolysist. Compared tdhe other

two methods,pyrohydrolysishas only been proven and commercialised for three metal
chlorides, MgCl, FeCh and NiCh . To further advance the pyrohydrolysis technology on a
large scalgit is critical to investigate the other metal chlorides such as Ca@ich is an
abundant byproduct produced from a broad variety of hydrometallurgy proce¥¥es
Moreover, since they have similar properties anéxet in a large number of natural minerals

and manAmade wastes, Catand MgCh are often producesimultaneously, such as from the
leaching of lowrank coal and its ash by HCI acid?, the production of magnesia from
dolomite by HCI acid leachintf' 13 and he production of higipurity magnesia from brine via

the addition of slaked lime that generates 12385 tonne CaGitonne MgO'.
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The pyrohydrolysisof MgClz involves dehydration, hydrolysis, and thermal decomposition in
sequencé®. An intermediate product, MgOHCI is formed at 28%Rat subsequently converts

to MgO and HCI gas &15 °C via the reaction with steam. By contrast, the pyrohydrolysis of
CacCbis refractory due to the larger ionic bond energy ofCC#éhan MgCl, 409 vs 327 kJ
molt 18, To resolve the breakage of 4 bond, the ceaddition of silica and steam has been
examined at 77870 °C, for differentnolarratio of silica to CaCl various acidic solids and
partial pressure of steath The overall reaction route has beeognsed as reactidéquation

(1) below. At the temperatures below its melting point (772 °C), £&@ds to dissolve into
the cage of solid acid to form the Ca@liO; solid solution, from which HCI gas is then
released. However, the detailed crystal&tiees of CaClSiO; and any of its intermediate
compoundsave yet to be clarified, and hence, the mechanisms underpinning this reaction still
remain vague. More importantly, the effect of Mg@h thepyrohydrolysisof CaCbk has not
been explored at all. Upon the-ewistence of these two alkaline earth metal chlorides, a quick
decomposition of MgGlat low temperatures presumably results in the formation of free MgO
that may compete with Caffor the inclusion into silica atrix, thereby delaying the
decomposition of Ca@lHowever, in the later stage when CaSIO; solid solution is formed,

the invasion of M§" cation into the matrix and its substitution tc?Ceould weaken the Gal

affinity, and hence, promote the deqausition of CaCl.

CaCh-SiQ (s)+¢-B( g) H-SBG@)+ 2HCI (g) (1)

In this study, a series of experiments were designed to prove therakatiened hypothesis,

and to explore theynergism between Mg&hnd CaCl during the cepyrohydrolysis. The
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pyrohydrolysis experiment was conducted in adadle fixed bed reactor, under the conditions

of 7001000 °C, a fixed steam partial pressure of 0.7 bar and vargiegtiontime at the

terminal temperature. A nesothermal heating procedure was first employed, so that the
residues produced at intermediate temperatures were quenched and subjecteay to X
fluorescence (XRF) and-Kay diffraction (XRD) to quantify the remairgnCl content and its
crystalline species, respectivelgcanning electron microscopy (SEM) analysis was also
conducted to distinguish the phase of the residues. The changes on the atomic structure of the
residues were further determined by CrystalMaketwso 8. In addition, thermodynamic
calculations were conducted in FactSage 8.4All these effots were made to attain the
mechanistic insights governing the-pgrohydrolysis of CaGland MgCh, and hence, to

promote the HCI regeneration rate from this abundant, mixed waste.

5.2 Experimental methodology

5.2.1 Experimental rig and conditions

An electrically heated horizontal furnace was employed, the schematic of wliicistrated

in Figure 5.1 The thermal decomposition took place inside a quartz tube with an inner
diameter of 51 mm and a total length of 1200 mAn.sampleladen corundum plane
(Al203>99.7%)was placednto the middle of the furnace. Argon was blended with steam and

used to purge the reactor continuously, which also swept away the HCI gagoecated
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Flowmeter

Sample

Argon Steam Corundum
generator 36 mm " plane

| »|

94 mm

Figure 5.1Horizontal thermal decompositioig schematic and sample loading pan. (1.

Sample loading pan; 2. Heating furnace).

For each run, approximately 1 g of Ca@H»O was blended thoroughly with Mg&sH.0O by

roll mill, with varying molar ratios. The amount of Mg&8H.O varied from O to 4nole/mole

of CaCb-4H>0. Additionally, SiO, was further mixed with each chloride mixture on an equi
molar ratio. All the reagents used are analytical reagent grade with a purity > 99% and
purchased from Merck. Ltd (chlorides) and SigAldrich Co (silica). The reaction
temperature ranged from 700 to 1000 °C with an interval of 100 °C. The temperature was
ramped from room temperature at a heating rate of 10 °C/min and then maintained at the target
temperature for various durations, ranging from 0 to 6 heQine experiment was finished,

the sample pan was quickly pulled out and moved to the cold end g@danztube, whereas

the steam was stopped immediately while pure argon of around 10 L/min was turned on to
guench the hot decomposition residue. The volumetric percentage of steam in the feeding gas

was fixedat 70 v/v%, to guarantee a complete conversion oaditals released to HCI gas.
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The overall Clbearing gas is simply HCI, and its release extarthe pyrohydrolysisof CaCb
or MgCl alone or their mixtures was determined by the mass difference of Cl between the

original chloride sample and its desposition residue, as shownHguation (2) below.

Overall Cl Release extent (%)—=27 p TITT (2)

WhereM: andM: are the mass of the original chloride and its residue respectivelip, amad
P> denote the Cl mass percentage of the original chloride and its residue tested by XRF
(SPECTRO 1Q II), respectively. The XRF was prior calibrated by thbe@ting mixtures

(MgCl2 and SiQ) with different CI contents.

5.2.2 XRD and crystal structure analysis

Each reaction residueas ground to less than 45mo minimise the preferred orientation and

improve the statistical distribution of the lattice plains in the refleclibe. XRD patterns were
recorded on a Rigaku,adMiantiifolne x( @ 0=0 Owilt5M 0Gu Kl
15 mA.The powdered samgs were scanned between 10° and 80° with a D/teX Ultra detector,

with a scanning speed of 5°/min and a scanning step of 0.02°. The optical configuration was a
fixed divergence slit (1.25°) and a fixed incident antiscatter slit (2.5°). The standardsrused fo

the XRD fitting are listed imable 5.1 Note that, a portion of these standards highly overlap

with one another at their most intense peak of approximately 33°. However,"thaird23

most intense peaks are highly distinctive and sufficient foemifftiation. All the Gbearing

standards bear a very large discrepancy of peak positions, and hence, can be identified easily.
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The crystal structure for each identified species was further extracted frosoftinare

CrystalMaker through simply importnthe respective CIF files shownTable 5.1 In order

t o extract

t he

| ocal

at omi c

envi

was applied via defining the cluster range centering on the target&tom

Table 5.1The species used for XRD peak fitting.

ronment

Mo s t i n
2Most i IMost i
Chemic peak
| CSD

for mul (h (h
2 th 2 th 2 th(h

) )
Ca S4#30 2655345.9 33(27.6 13:27.5 12
Mg O 24838 43.0 00:62.4 02:78.8 222
Ca e:16.6 59142 41.7 12:22.5 11(32.0 111
M@S i 40 3481636.4 11232.2 13(52.1 222
CaMgsi ( 3110633.6 13:34.7 11:50.2 222
CaMg ( 9iCo 6824333.5 04:60.0 44¢30.7 115
CaMg ( 9% C 2600233.4 01:33.5 41:33.8 020
C aSi 0% 3835932.6 1&# 31.3 31(26.3 020
CaSiaO 81096 32.0 18 32.5 20(32.1 12
Ca e:l2-6 960 31.9 12:20.5 11142.8 204
CaMg (i 10222 29.7 222 35.8 00:30.5 310
Cacel 26686 29.1 117119.8 11 8.54 211
Caf »:Ct 122654 28.9 13:30.3 13:230.9 006
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CaSs O 2057127.7 12 36.1 40:241.2 521

Si20 174 26. 6 01:20.8 01(50.1 112

5.2.3 Thermodynamic equilibrium calculation

FactSage 6.4 was employed to conduct thermodynamic equilibrium calculations. The
equilibriummodewas chosersOPENthat is specifically designed to simulate a continuous
flow system as used in this study. The total step numbejeaiting gases in the OPEN mode

was setas the largest allowable number of @bbe as close to the practical condition as
possible. To reiterate, the inlet gas was defined as 70 v/v% of steam and 30 v/v% argon, which
are exactly the same as the experimkenbndition mentioned above. The thermodynamic
databases applied included FactPS and FToxid. The output products idelaidgs, liquid

and solids phasés.

5.3 Results anddiscussion

Table 5.2provides ssummary of all the HCI release extents from the experiments conducted
throughout this study. Note that, the reliability of these experimental data has been assessed by
repeating some of the pyrohydrolysgperiments three times. A high accuracy has been
confirmed. For instance, for the condition of Cagily at 1000 °C foR h, its HCI recovery

extents were found to be 89%, 89% and 90%, bearing a standard deviation of 0.6% only.
Additionally, the gaseou<l-bearing species has also been sampled by impinge trains
containing sulphuric acid. The collected @n was quantified by a chlorine ion selective

electrode detector. The mass balance of Cl reach&8%bin most of the cased.
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Table 5.2Summary oHCI release extents obtained at each experimental condition.

Holding  Overall HCI

Molar ratio HCl release
Reaction time at release from
Sample of Steam? SiO;? extent from CaGl
T (°C) target T  mixture (%)
CaChk:MgClz (%)
(h)
MgCl2 - No No 600 2 46 -
MgCl> - Yes No 600 2 99 -
CaCb - Yes No 1000 2 - 0
CaCb - Yes Yes 1000 2 - 90
CaCb - Yes Yes 700 0 - 0
CaCb - Yes Yes 800 0 - 25
CaCb - Yes Yes 900 0 - 60
CaCb - Yes Yes 1000 0 - 89
CaCb - Yes Yes 1000 2 - 90
CaCb - Yes Yes 1000 4 - 91
CaCb - Yes Yes 1000 6 - 92
CaCb & MgCl2 1:4 Yes Yes 700 0 80 0
CaCb & MgCl2 1:4 Yes Yes 800 0 90 20
CaCb & MgCl> 1:4 Yes Yes 900 0 93 43
CaCbh & MgCl: 1:4 Yes Yes 1000 0 98 84
CaCkh & MgCl: 1:4 Yes Yes 1000 2 99 94
CaCkh & MgCl: 1:4 Yes Yes 1000 4 99 98
CaCbh & MgCl: 1:4 Yes Yes 1000 6 99 99
CaCk & MgCl2 1.0 Yes Yes 1000 2 90 90
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CaCb & MgCl» 1:0.25 Yes Yes 1000 2 93 90
CaCb & MgCl2 1:0.5 Yes Yes 1000 2 96 93
CaCb & MgCl> 11 Yes Yes 1000 2 98 94
CaCb & MgCl> 1:2 Yes Yes 1000 2 98 94
CaCb & MgCl> 1:4 Yes Yes 1000 2 99 94

5.3.1 Pyrohydrolysis of MgClz and CaCk alone

1 - MgCl,-6H,0 4
2 - Mg(OH)C1-0.3H,0
3 - Mg(OH)CI
4 - MgO
4
MgCl,:Steam=1 :54
4
4
e A _ A
123
121 1
1 1.2 1 23 No steam
R AN ——
| ' | ' | ' T ' | ' T ' | ' |
10 20 30 40 50 60 70 80
26 (%)

Figure 5.2 Effect of steam on the decomposition of Mgé&i 600 °C.

The decomposition of Mgghlone was first conducted as a reference. As showabie 5.2
and Figure 5.2 the addition ofsteam is essential, promoting the decomposition extent of
MgCl2 to 99% at 600 °C fo2 h, relative to 46% only in the absence of steam. In contrast, for

the pyrohydrolysisof CaCb alone, a higher temperature up to 1000 °C is critical, so is the co
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addition of steam and SiQas evident iTable 5.2 Upon the addition of Sigat an equimolar

ratio to CaC, the HCI release extent reaches 90% at 1000 °C for 2 h, relative to-a non
detectable extent in the presence of steam dilg.XRD patterns for the resgtive residues

in Figure 5.3demonstrate that the Ca@IH.O feedstock is only partially dehydrated in the
absence of silica. The inset SEM picture indicates a dense surface for the residue due to the
melting of CaCJ which has a low melting point of 772 %€ In this case, instead of gaseous
HCI, the gaseous Cafkhould be formed due to its liqughs equilbrium partitioning.
Moreover, the molten cluster could hinder the outward diffusion of Cl radicals and the inward
diffusion of steam water molecules. By contrast, the addition of I8&dls to the conversion

of CaCb into the form of Ca(Si-0O7)3Cl2> which has a melting point of 1065 °C. The residue
thus remains as fine solid particles with large porosity evident by the inset SEM picture. Such
a large surface area and the iraemmic clearance in the solid crystal clearly facilitates an easy
dissociation ofCl, and an inward diffusion of steam to react with Cl radicals to form HCI. This

finding is in line with theprevious study’.
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1 - CaCl-2H,0 5 - SiO,
2 - CaCl, 6 6 - Ca,(Si,0.), Cl,
3 - Ca (SiO,),

26 (°)
Figure 5.3Effect of SiQ addition on thgyrohydrolysisof CaCk at 1000 °C for 2 h. (The

SEM of decomposition residue is included).

5.3.2 Co-pyrohydrolysis of CaCl. and MgClz in the presence of ilica

5.3.2.1HCl release from CaCk as a function of temperature
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Calculated from CaCl, (N)
- N
-~ Calculated from CaCl, (Y)
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Figure 5.4Experimental and Factsage calculated HCI release extent with and without MgCl
addition versus reaction temperature. (Y and N in parenthesis refer to the cases with and
without MgCk addition, respectively; solid and dash lines are for the experimetal an

calculated results, respectively; molar ratio of Gad@jCl, = 1:4).

Figure 5.4shows both the experimental and thermodynamic equilibrium prediction results for
the co-pyrohydrolysisof CaCband MgCp at a fixed molar ratio of 1:4 and different reaction
temperaturedNote that for the experimental works conducted at different temperatures, the
X-axis refers to the terminal temperature to which the samples have reached upen a non
isothermal heating. Oedhe terminal temperature was reached, the solid residues were quickly
guenched. Moreover, considering the full decomposition of Mbéflore 700 °C, the xis

was calculated for the HCI release extent from €afdne, by assigning the remaining Cl in
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the residue to Cag&lFor all the conditions examined here, the molar ratio of silica was fixed

as 1 mole/mole to Cagl

In principle, upon the absence of MgQCaC} alone can decompose entirely into HCI from

700 °C. The addition of Mgeivould howevepostpone the full decomposition of CaGhtil

900 °C, due to their competition on the inclusion into silica matrix. However, the experimental
investigation reveals a very slow release of HCI from ga@kspective of the addition of
MgCl.. This is an idicator of the kinetic control for the overall reaction before 1000 °C. At
1000 °C, the HCl release extent is much closer to the thermodynamic prediction, demonstrating
a diminutive effect of the kinetic control. Moreoveahe inhibitory effect of MgGl is
experimentally confirmed, which commences at 830 maximises at 900C, but slightly
reduces at 100TC. Apparently, this links with the change on the crystalline structures of the

Cl-bearing residue and its intermediates.
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Figure 5.5Molecular ratio of Cl/Ca of the €dearing species in the decomposition residues
obtained from experiments and Factsage calculations versus reaction temperature. (Y and N
Y and N in parenthesis refer to the cases with and without Mygidition, respectsly;

Experimental results were determined by XRD).

Considering that each residue only contained oree@ting species which also consists of Ca
(due to the strong affinity of these two elements), the molecular ratio of Cl/Ca ofitlea@ig
species irthe resultant residue is plotted versus reaction temperature as solid lngsran

5.5. For comparison, ththermodynamic equilibriunsalculation results are included as dash
lines. According to the thermodynamic eduilum prediction, no Gbearing pecies is present
(thus Cl/Ca = 0) for the case GACh aloneacross the whole temperature range. In contrast,

CaCb remains stable until 900 °C for the case of the addition of Mgllis proves the
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thermodynamic preference for the inclusion of M@rived from MgC) into the silica
matrix before 900 °C. With regard to the experimental observ&@@Gb disappearat 900 °C
when no Mgl is added, converting into €&iO4)Cl2 as the sole Gbearing component with

a molar Cl/Ca ratio of 0.67, reia¢ to 2.0 for CaGl Upon a further rise of the temperature to
1000 °C, the Cbearing species converts into 16t&>O7)3Cl> with a Cl/Ca ratio of 0.2,
demonstrating the continuous release of the remaining Cl out of #{& &finity. The
remaining Cl sbuld be tightly embedded within the matrix, and hence, not able to be released
easily.Regardinghe case with MgGladdition, CaCldoes not disappear until the temperature
reaches 1000 °C where £{8i04)Cl> with a Cl/Ca molar ratio of 0.67 is formed. @iy, the
addition of MgC# delays the formation of the above two intermediate products that are not
predicted by the thermodynamic equilibrium model at all. The stronger ability of MgO to react

with SiO, agrees with the calculation results.
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5.3.2.2HCI release from CaC? as a function of reaction time at 1000 °C

100

Ca Mg(SiO,),
CaSiO,
CaMgSiO,
MgO

i Ca,Mg(Si0,),Cl,

HCl release extent from CaCl2 (%)

90 |
_ Ca,(8i,0,),Cl,
85 |
Ca,(Si0,)Cl,
“ | | | 1 | ] |
0 1 2 3 ! 5 6

Reaction time at 1000 °C (h)

Figure 5.6 Experimental HClelease=xtentsfrom CaC} with and without MgCl after

different reaction time at 1000 °C. (The-l@aring species determined by XRD is included).

To furthernarrow down and even eliminate the inhibitory effort of Mg@ifferent retention

time at 1000 °C was experimentally explored. The resultant residues were characterised by
XRD. Figure 5.6 compares the HCI release extent with and without the addition GiM\g

a function of retention time, where the principald@aring species and other major compounds

in the residues are also listé%s expectedthe HCI release extent with the addition of MgClI

is slightly lower than that without Mggt the beginning84% versus 89%. Interestingly, the

HCl release extent upon the addition of Mgi@treases quickly to 94% after a retention period

of 2 h, overtaking the value achieved in the absence of M@t is almost unchanged. It
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further increases exponentiallygaching almost 100% in 6 Klearly, the effect of MgGl

addition turns positive upon the increase in the reaction time at' €000

For the absence of Mgg&lCao(Si207)3Cl2 is the only Clbearing species in the residue,
regardless of the retention time. It is transformed froa{$i@s)Cl,, which is also the only €I
bearing species at 900 °Eidure 5.5. Upon the addition of Mg@J the Clbearing species
changes its structarfrom Ca(SiOs)Cl2 (Cl/Ca = 0.67) to CéMg(SiOs)4Cl> (Cl/Ca =0.25), and

then to the mixture of G&Ig(SiOs)2, CaSiOs and CaMgSi@with none of them containing Cl

at all.
@ O
’A\‘ & @ a
Cay(Si,0,);Cl, “ \ @ s
a 0 Ca
[Si,05] Ca(l) Ca(IT) Ca(III)

Figure 5.7 Crystal structure of Ga(Si2O7)3Cl> obtained byCrystalMakersoftware(clusters

size defined as 3 A).

The crystal structure of @#Si2O7)3Cl2 is displayed inFigure 5.7. It holds a monoclinic
structure with a pace gro2i/a 2+23, Its basic skeleton is made of iatéd groups of [$D7]°,
whi c¢c h asrhea roifnagcoe, Figars 5.7sHaah y6i07]% istransformed from two units
of [SiO4]* (the basic skeleton of @&i0s)Cl,) via sharing one oxygen apex. The isolated
[SiO4]* only exists in the case of sufficient cations to reach a charge bafahcether words,
when the molar ratio of Cag8iO; is only one in this study, éhmolar amount of Cais far

from enough to establish a [Si®-based structure requiring
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Consequently, [Sig)* sites may have to combine on its own to transform into@fi-based

structure, Ca(Si207)3Cl> with a smaller Ca/Si of 1.67. This is accompanied by the
combination of a portion of silica (S#¥pwith free C&* to form another state species, CasSiO

and unreacted SiOdue to the insufficiency of Ga Back to the sole @earing species
Cao(Siz07)sClz, [SO71® i s &fhace ngd in its atomic struct
three types are coordinated with oxygens and/or chlorines. Ca(l) is coordinated with two
chlorine and six oxygen, Ca(ll) with one chlorine and nine oxygen, and Ca(lll) vitiettn

oxygen?3. The remarkable ionic polarisation betweeR'@ad its adjacent anions {@nd Cl)

might induce the deviation of their electron cloudsetich other, thus leading to varying

degrees of overlap of their outer orbitals. Consequently, the bond length and polarit€lof Ca
decrease, resulting in a transformation of theGda bond from purely i oni
bondd wit h tchvalenpbond¥Tkisigbenefiial forfthe release of Cl out of the

solid matrix.

Substitution ‘ T
of Mg for Ca N

Mg-Cl bond
cleavage
Mg site in
Ca(I) in Cas(SiO,)Cl, CagMg(Si0,),Cl,
@ O
@ a
@ si

(b)  CagMg(SiO,),Cl,

[Si0,] Ca(Il) O Ca

Figure 5.8Role of Mg in the formation process of g (SiOa4)4Cl> from Ca(SiOs)Cl2(a)

and the local atomic environments of Si and Ca(ll) iBMEgSiO4)4Cl2 (b).
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Regarding the addition of Mg&lCa(SiOs)Cl2 forms at the reaction time of O h is of a
monoclinic structure, with space groBf:/c and [SiQ]* tetrahedrons as the basic skeletbn.

It was studied that a portion of €an this species is present as Ca(l) that stays in between the
lamellar layers of [Si@* tetrahedrons, being the mostly weakly bonded and thus the most
favourably substituted by any other divalent cations such &4 Mgtead, the remaining €a

as Ca(l) and Ca(lll) sitting in the plane of [SK} tetrahedrons are too tough to be substituted
24 A portion of Ca(l) in C&SiOs)Cl; is gradually substituted by Myand transferred into
CaMg(SiOs)4Cl2, as shown irFigure 5.8@). The resultant MgCl bonds easily breaks down
and releases the Cl. Such a sdalid substitution reaction is obviously slow, and hence, its
effect is only observed when the reaction time is extended to 2®08t Q. In addition, a
portion of the original silica is consumed by Mgo form magnesium silicates, leading to
sufficient cations to balance the negative charges of the][S#Releton. In other words, the
addition of Md@" inhibits the seHcombination of [SiG]*. In terms of the G4 coordination
environment, Ca(ll) as the only site bonded with chlorine is coordinated with six oxygen and
two chlorines, as illustrated Figure 5.9b). It is affiliated with less anions fCand Cl) than

in Cao(Siz07)sClz. This may result in weaker ionic polarisation between tité &al adjacent
anions and the longer bonds of-Chin CaMg(SiO4)4Clz 21 22 25 26 Consequently, the ClI
release is easier from gag(SiQy)4Cl> than Cao(Si207)3Clo. Upon the release of Cl, the
skeleton of CeMg(SiOs)4Cl> collapses gradually, leading to the formation of various

nesosilicatecluding CaSiOs, CaMg(SiOs) and CaMgSiQ@
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5.3.2.3Effect of MgCl2 amount on the HCI release from CaGl

95

93 Ca,Mg(Si0,)CL,

92 -

HCl release extent from CaCl, (%)

90 u

Ca, (S1,0,),Cl,

89 1 1 I I 1 1
1:0 1:0.25 1:0.5 1:1 1:2 1:4

Molar ratio of CaCl, to MgCl,

Figure 5.9Effect of the MgCl} addition amount on the HCI release from CGedZl1000 °C
for 2 h obtained by experiment&@ he Clbearing species determined by XRD is also

included here)

Last effort was made tiurther confirm and optimise the promotion effect of Mgaiddition
at 1000 °C. The decomposition experimentye conductedby mixing various amounts of
MgClz into the mixture of CaGland SiQ at equimolar ratio at 1000 °C for 2 h. As
demonstrated ifrigure 5.9for both HCI release extent from Ca@hd the major Gbearing
species in the residues, the HClI release extent is almost stabilised at 90% at theddityGh
ratio less than 0.2%@nd then experiences a notable increase to approximatelptQiéoequi

molar ratio between these two chlorid@gain, this is due to the transferring of-karing
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species fronCawo(SiO7)3Cl2 to CasMg(SiOs)4Cl2 that is formed at the Mg/Ca molar ratio of
0.5 and aboveClearly, the CeMg(SiOs)4Clz is fully saturated and stabilised at this ratio. The
excessive MgGladded simply converts into free Mglhe reason for optimum dosage of 0.5
mole MgCk/mole CaCi should be attributed to the atomic coordination structure of

CasMg(SiOs)4Cl2. A robust explanationrdbm atomic perspective will be necessary.

5.4 Conclusions

Upon the assistance of silica and steam, HCI has been successfully recovered from the co
pyrohydrolysis of alkaline earth metal chlorides (Gaf@id MgCb). The effects of a variety of
variables have been examined, including reaction temperature and time, and molar ratio
between two alkaline earth chlorides. In particular, the synergistic effect of .NgChe
pyrohydrolysis of CaGlhasbeendiscussed extensively. As far as the autlwesaware, a
doublesided effect of the MgGladdition has been revealed for the first time in this stliyly:
impediment of HCI release in the temperattise period (7001000 °C) via competing with

CaCb for inclusion into the solid silica matir2) promotion of HCI release in the retention
period at 1000 °C through the formation of an intermediatebe@ling compound,
CaMg(SiOs)4Cly, in whichthe weakeionic polarisation between the €and adjacent anions
facilitates the release of Cl as H&Hditionally, the addition of 0.Bnole MgCbh/moleof CaCh

is found as the optimal dosage, which increases the HCI release notably due to the formation

of CasMg(SiOs)4Cla.

This study is primarily significant for the environmental management of the dbloamstes
which has not yet found a viable manner for the disposal. Additionally, this study and the

results achieved are critical to a variety of hydrometallurgy processing industry, in which the
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HCI acid recovery from the alkaline earth metal chloride csitical step to improve both the
environmental friendliness and ceadfectiveness. Upon a successful regeneration from the
solid chlorides, the resultant HCI gas can be further reused in the process, while the resultant
oxide residueare applicabledr a variety of downstream applications suchexsent additives

27 Although the engineering design was not touched based irsttidy, a rotary kiln or
fluidised bed is apparently suitable for the pyrohydrolysis of alkaline earth chloride wastes
since it allows a longer residence time and sufficient mixing of chlorides and Bitire

works will be conducted specifically to exptothe overall reaction rate and the optimum
conditions underpinning the design and operation of the specific equipment, in particular the

pyrohydrolysis reaction rate of saturated droplet that is supposedly injected into a fluidised bed.
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It has been approved that 99% CI can be released from the mixture e@d®™gC} at 1000

°C inchapter 5. However, thiateraction between Gaand Md* in terms of their affinity with

ClI at the cepyrohydrolysis which is crucial for the exploration of Cl release cannot be unveiled
from atomic structural level via XRD analysis. Consequently, a substantial interpretdtien o
mechanism upon the effect of Mg@dditions is absenfhis chapter hastudied the local
atomic structure of chlorine (CI) and its transformation upon the interaction between different
cations during the epyrohydrolysis of CaGland MgC} for the regeneration of HCI. An
advanced analysis technique, synchrotrera)X absorption spectroscopy (XAS) was used to
fingerprint the Cl kedge XANES spectra and Cadfige EXAFS spectra. In particular, the
change on the local atomic environment off'Capon the intrusion of Mg atom was
interpreted. Consequently, an intermediate structure @»-®g,-Clx wasrevealed to address

the synergism between these two cations in the atomic coordination environment level. This
chapter has been reformatted froomanuscript which has been submittedJturnal of
Hazardous MaterialsZhou, S; Qian, B.; Liu, C.; Hosseini, T.; Zhang, ISynchrotron XRay
Absorption Spectroscopy (XAS) study on the atomic structures of chlorine and calcium derived
from the cepyrohydolysis of alkaline earth metal chloride wastdsurnal of Hazardous

Materials 2019(Under review).
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Abstract

Chlorine (CI) speciation and its atomic structures in fieghperature pyrohydrolysserived
silicate crystals affect both its recovery as Ig&$ and environmental impacts upon landfilling.
However, they are poorly understood. This study for the first time investigated the local atomic
environments of Cl and calcium (Ca) in various silicate crystals obtained from the co
pyrohydrolysis of Ca/MgG under 7001000 °C, and at the eexistence of steam and silica.
Synchrotron Xray absorption spectroscopy (XAS) was employed for the detailed coordination
environments of both elements. As have been found, the silicate crgstaled from
pyrohydrolysis are highly ordered in the crystal structures, and bear less resemblance to CacCl
than those reported in the glassy melts. Unambiguous evidereeniged cation Ggy-Cly
intermediate (proposed elsewhere) was not found, sinteialways preferentially bound

with O% at its first atomic shell. Instead, it is very likely that an intermediate form @d-Ca
Mgy-Clx is formed from the c@yrohydrolysis of the two chlorides, based on thexistence

of Mg?* and C1 on the second shell centred the C&". Consequently, the intrusion of Kfg
compels the third shell which comprises of?Ca go far away, causing a lesg/stalline

structure and thus promoting the Cl release

Keywords: PyrohydrolysisAlkaline earth metal chlorideSilicate crystalsXANES; EXAFS
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6.1 Introduction

Chlorine (CI), whose compounds are toxic industrial chemicals in most cases, is involved in a
broad variety of natur al phenomena and i ndus
silica melts and its transport in subduction settings is a fundaiyzart of the global Cl cycle

1.2 Additionally, Cl is being used intensively in hydrometallurgiegldhing and extraction of

brine and various ores However, one big hurdle to these processes is to dispose of the
numerais waste chlorides, which have been widely proven to pose deleterious impacts to the
environment, human health and the lifespan of industrial equipfiferts the majority of
chlorides are extremely soluble and very mobile, and there is no natural process by which
chlorides can be broken down, metabolized or rem8yv&Hus, studies have been carried out

to immobile or reuse the chloride waste, such as vitrification ofdBlradioactive wastes into
borosilicates, and pyrohydrolysis of chlorides for the regeneration of 3HCHowever,
understanding the local chemical and structural environment for Cl in thadmgkrature
solids/melts is still far from completion, though it is essential for the effective release and/or
recovery of Cl at highemperature processes. This is mostly due to the relatively low
concentrations of Cl and the extreme complexity of its affiwith other elements in the high

temperature solids and/or melts.

Synchrotron based -Xay absorption spectroscopy (XAS) is an advanced analysis for the
concentrations of an element on the parts per million (ppm) level, referring to the modulation
of ana t o mday aborption possibility due to its chemical and physical stités It
typically consists of two regimeX-ray absorption neagdge spectroscopy (XANES) for the
coordnation geometry and oxidation state of the absorbing atom, and extendeg X

absorption fine structure spectroscopy (EXAFS) for the detailed atomic coordination
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environment, including bond lengtR)( coordination numbenj and disorder (Deby&/aller

factor or(?) of atomic shells around the absorbing element. To date, this technique has been
employed to determine the speciation of Cl in Higimperature synthetic glasses and natural
ones?. However, the information achieved is sparse. In the silicate melts achieved under the
typical crust subduction environmeng(1250 °C and 0.5 GPa), emphasis was given to prove
the existence of mixed @dgy,-Clx species in the melts. However, unambiguous evidence was
not found yet. Similarly, in the borosilicate melts derived froml@aring radioactive wastes,
efforts were made to reveal the atomic structure of Cl upon its affinity with Ca in batbhCa

and Calean glases, upon the eexistence of alkali metals (sodium and potassium). However,
attention was not paid to magnesium although it is also present in most of the borosilicate
samples. In addition, as far as the authors are aware, no study has yet been conducted on the
speciation of Cl derived from higiempeature pyrohydrolysis reaction which is a critical step

for the regeneratiorof HCI in the mineral processing industy Compared to the melting
conditions detailed elsewhefe®, the pyrohydrolysis usually employs a temperature up to
1000 °C and hence, thesultant solid products/residues are still present in a solid orsexichi

state.

This study aims to clarify the Cl speciation, in particular its local coordination with béth Ca
and Mg in the solid residues derived from the mgrohydrolysis ® CaCk and MgCh under
different conditions. Silica was added into the chloride mixture to assist the cleavage of the
strong CaCl ionic bond, facilitatinghe formation of unstable Gal-Si intermediates that is in
favour of the HCl release. Moreover pdading on the reaction temperature, thexistence

of MgCl, can either weaken the @& affinity in the silica matrix, or compete against CaCl

for the reaction with silica (thus inhibits the Ch breakage}?. Upon a benciscale X-ray

diffraction (XRD) analysis, it was inferred that the promotive effect of'Mgght be attributed
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to the substitution of a portion of &dy Mg?* in the Chbearing silicate matrix, thus distorting

and breaking the G&l bond. However, the mixedCaMgy-Clx intermediate cannot be
confirmed from the XRD analysis, and a solid evidence for the explanation of the promotion
effect of Mg was also absent. Bearing these in mind, we have further conducted synchrotron
XAS (XANES and/or EXAFS) for the fingprints of both C& and Cl in the pyrohydrolysis
residues, aiming to explore the existence of the aboationed mixed chloride and any other
intermediates using this highly sensitive instrument with a strong focus on the atomic structure.
Such an effdris expected to promote the understanding of the interaction between the two
cations, C& and Md@"* in terms of their affinity with Clin nonmolten silicates, which is an
arguably interesting question for the knowledge related to chlorine in silicatie,raad also

helps us confirm the promotion mechanism of2Mgn the Cl release from the atomic

perspective.

6.2 Experimental methodology

6.2.1 Pyrohydrolysis experiment

The detailed pyrohydrolysis experimental condition was provided in our previous'&tirdy

brief, the mixture oCaCb-4H>O and SiQ at an equimolar ratio was completely blended with
MgCl.-6H-0, at varying Mg/Ca molar ratios froml (CaCk alone) to 4. All the reagents are
chemical grade and mixed thoroughly prior to the test.pymehydrolysis was conducted in

an electrical latscale horizontal furnacd-or each test, the sample was loaded inside the
furnace and then heated to the tatgetperature ranging from 700 to 1000 °C with an interval

of 100 °C. The sample then remained at the target temperature for varying retention time from
0 to 6 h. A mixed gas of 70 v/v% steam in argon was continuously fed into the reactor to

facilitate the grohydrolysis reaction. All the experimental conditions and the respective Cl
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content in the pyrohydrolysis residues measured bgyfluorescence (XRF) is summarised

in Table 6.1.

Table 6.1 Pyrohydrolysis conditions and the respectivev@P) contents in the solid

silicates.
Molar ratio of Reaction T Reaction time Cl content
Sample
CaCb:MgCl» (°C) at target T (h)
CaCb - 700 0 17.3
CaCb - 800 0 14.8
CaCb - 900 0 9.8
CaCb - 1000 0 3.1
CaCb - 1000 2 2.8
CaCb & MgCl> 1:4 700 0 10.7
CaCb & MgCl» 1:4 800 0 8.8
CaCb & MgCl» 1:4 900 0 6.7
CaCb & MgCl» 1:4 1000 0 2.1
CaCb & MgCl» 1:4 1000 2 0.8
CaCb & MgCl» 1:0 1000 2 2.8
CaCbk & MgCl> 1:0.25 1000 2 2.6
CaCbk & MgCl2 1:0.5 1000 2 1.8
CaCh & MgCl2 1:1 1000 2 1.5
CaCbk & MgCl» 1:4 1000 2 0.8

6.2.2 XAS measurement
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The XAS spectra were collected at the National Synchrotron Radiation Research Centre
(NSRRC) in Taiwan on beamline BL16A1, which has a fixed exit double crystal Si (111)
monochromator with a nominal beam size of 0.28.235 mn3. This beamline can deliver
monochromatic photons from 2 to 8 keV with an energy resolution of 0.5 eV. For the analysis
of both standards and pyrohydrolysis residues, all the samples exceptwea€lfurther
crushed in a nitrogen protection chambed transferred onto a-@ke kapton tape with a
paintbrush. The Cagls highly hygroscopic and hence, the removal of its hydrate via a prior
drying is implausible. However, this is not a problem since the nearest atom for Cl is Ca, rather
than the hytate oxygen (O§. All the other samples including MgGuere fully dried before

the analysis. In particular, the dried Mg@las immediately transferred to the sample chamber

to avoid its secondary hydration. Hydrogen (H) has been reported to be the nearest atom next
to Cl in the MgC} hydrate?. Eight pieces of sampladden kapton type at a time were loaded

on the sample holder and introduced intogample chamber. For the Cl analysis, the sample
chamber was purged with helium for minimum one hour to remove air prior to the analysis.
This is however unnecessary for the Ca analysis. Both elements were analysed on the

fluorescence mode, and the analygdiblank type did not detect any Cl and Ca signal.

Cl K-edge XANES spectra from 2622 eV to 2852 eV were only collected in this study, due to
the interference of argon at an absorption edge of 3207 eV. The element Ru at 2838 eV was
used for the emgy calibration. In terms of the Ca-&dge, its full energy span for EXAFS
analysis from190 eV below to 250 eV above 4038 eV was recorded, and the element Sb at
4132 eV was employed for the energy calibratidpart from the two pure chlorides
(CaCb-2H20O and dehydrated Mgg;lcrystalline reagents with a purity of >99% from Merck

Ltd), three extra chloride references were synthesised and analysed, inclugii@.Cla,

Cawo(Siz07)3Cl2 and CaMg(Si0s)4Cl2 that have been detected from the XRD analyseseof th
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pyrohydrolysis residues. These three standards were synthesised from analytical reagent grade
chemicals including CaglCaO, SiQ and/or MgC}-6H-0O, at 800 °C, 1000 °C and 1050 °C,
respectively as per the procedure reported elsewhére The respective XRD patterns
collected fromRigaku, Miniflex 600 with a scanning step of 0.G2%& shown irFigure 6.1.

As can be seenno impurities were detected in the synthesisedMg&SiOs)sCl> and
CasSiOsClo. However, Ca(Si07)3Cl2 contains impurities including SEQCa&SiOs, and

CaSiQ. Since these inclusions do not contain Cl, their presence exerts no negative effect on

the ClI XANES spectra at dlf.

I - Ca,Mg(Si0,),Cl, 4 - Si0,
2- Ca (Si,0,).CL, 5 - Ca,SiO,
3 3-Ca,Sio,Cl, 6 - CaSio,

33 3 3 Ca,Sio,Cl,

260 (°)

Figure 6.1 XRD patterns of reference calcium/magnesium silicate chlorides.

6.3 XAS data analysis
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6.3.1 CI XANES

All the Cl K-edge XANES spectra were processed using ATHENA software (a part of
DEMETER packagé’) by conducting standard peglge lirear background subtraction and
normalisation'’. Afterwards, the values of two parameterssfnd B were determined from

the first derivative of the spectra. The former parameter refers to the position of the maximum
first derivative for the main absorption edge, while the latter one represents the position of the
energy where the first derivative passes through zero immediately after the main absorption
edge, denoting the position of the first peak in the-pdge rang 2. In addition, linear
combination fitting (LCF) was applied for the quantitative speciatfo@loTo evaluate the
reliability of the LCF results, pur@aCb-2H.O and CaMg(SiOs)4Cl> were mixed at five given

mass ratios. Afterwards, the Clédge XANES spectra were recorded for the mixtures, and
the resultant XANES spectra were processed via [Egfure 6.2 compares the LCF results

and actual given percentages @ACb-2H>O in the mixture. It is clear that, the XANES
measurement is reliable, offering a Cl signal in a linear proportion to the mass ratios of
individual speciesEquation (1) was thusderived for the calibration of the following LCF

analysis in this study.
Y =0.9823X + 0.0182 (1)

where X and Y refer to th@éaCb-2H,O percentage obtained by LCF analyses and its respective

actual value in a standa@hCb-2H,O-CaMg(SiO4)4Cl> mixture, respectively.
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Figure 6.2 LCF analysis calibration of Cl4dge XANES spectra.

6.3.2 Ca EXAFS

Ca EXAFS data were fitted using Artemis (part of Demeter) with FEFF versfoiii8e value

O (the scattering amplitude of phestectron) was first determined to be 1.0 by fittingghee
referenceCaCb-2H-O. This value was then used for the analyses of @ade EXAFS spectra

across all the sampleghe fitting result for pur€€aCb-2H.O based on th&-space is shown

in Figure 6.3. The peaks correspond to different coordination spheres around the absorbing Ca
atom, whereR (bond length)n (coordination number) an@f (DebyeWaller factor) for each

atomic shell can be quantified. Due to the scattering phase shift, the peak gosisitimic

bond distance was found to be around 0.5 A less than the actual bond distRocall the
samples in this study, RO eRAtdveriigiasnanymearesie wa s

neighbour peaks as ggible. The peaks beyond this range cannot be fitted due to the karrow
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space EXAFS range( k3 7 1)9As pan be observed iRigure 6.3, the predominant
contribution to the Ca #dge inCaCb-2HO consists of the G® single scattering path at
2.32 A and CeCl path at 2.73 A, which are very close to the reported bond length-©fadal

CaCl at 2.31 A and 2.74 A i@aCb-2H.0, respectively.

A
Y

Figure 6.3 The fitting result of thé-ourier transfornof CaK-edge EXAFS spectrum for the
reference CaGi2H.0. The solid (in black) and dashed (in red) curves refer to the measured
and fitted EXAFS spectrum, respectively. The fitting range is shown by the green dashed

line. The scattering paths of @aandCaCl are indicated as blue dash and pink dash,

respectively.

6.4 Results anddiscussion

188



Chapter 6Atomic Structures o€l andCaDerived from the Cd?yrohydrolysis of Alkaline

Earth Metal Chloride Wastes

6.4.1 CI XANES

6.4.1.1Cl-bearing standards

Normalized Adsorption (-)

MgCl,

2832.5¢eV

\C\&Mg(SiOQﬂlz

2832.0eV

2810

2831.5 eV
- ¥ Ca,(5i,0,),Cl,
—_’I/ ! 1 !
2820 2830 2840 2850 2860

Energy (eV)

Figure 6.4 Cl K-edge XANES spectra of chloride references.

The Cl K-edge XANES spectra for the chloride references are showigume 6.4. They can

be readily distinguished by the variation in edge features. All XANES spectra exhibit a doublet

first peak (inside the dashed rectangle), with varying ratios ohtaasities for the two peaks.

The doublet peak has roughly equal intensity for dehydrated Mtk is slightly different

from the hydrated MgGI6H.O showing a much larger intensity for the first p&akhe

distinctive asymmetries are observed for the remaining standards. The hydrated CacCl

produces a relatively large second peak, same as thdtdmm observed elsewheéreThe

remaining three silicate references each produce a much sspegtia with a postdge peak
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located at 2831:2832.5 eV, which should be due to the distortion effect from the silicate
crystal and/or M§". The references GBIg(SiOs)4Cl2 and CaSiO4Cl2 are most featureless with

the first peak nearly disappearing. The largest intensity ratio of the second to first peak is
witnessed for Ca(SiO7)3Clz. Additionally, it is evident that none of these silicate standards
bear a close resemblance to GaSlch a finding is opposite the phenomena observed for the

synthesised glasses/melts containing alumingQa\? °.

The variation in the Cl kedge XANES spectra reflects the different coordination environments
of CI' in these chloride refenees. As shown irFigure 6.5 obtained by the software
CrystalMaker'?, CI in dehydrated MgGlis associated with 3 Mg In CaCbRH.0, each Cl

is entirely bonded with 2 Gaas the nearest neighbour via a strong ionic Bofegarding
Cawo(Si207)sClz and CaSiOsCly, the Clin both species is surrounded by 4?°Cadowever,

their tetrahedral geometries is disordered to different extents, thereby bearing distinctively
different XANES spectra ifrigure 6.4. It has been confirmed that the Clddige XANES is

highly sensitive to the local chemical environmeht Regarding the last reference
CasMg(SiOs)4Cly, it features Clin a disordered octahedral configuration with the apexes being

c&* only.
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J

MgC12 CaC122H2O CagMg(SIO4)4C12

Cayp (Si,0,);Cl, Ca,Si0,Cl,

Figure 6.5 Local atomic environments of Cl in reference chlorides obtained by the software

CrystalMaker.

191



Chapter 6Atomic Structures o€l andCaDerived from the Cd?yrohydrolysis of Alkaline
Earth Metal Chloride Wastes

6.4.1.2Cl XANES LCF fitting results

()

1000 °C (2Zh)

1000 °C (2h)

1000 °C

1000 °C

Relative Intensity, [-]

T T T T T T T
2810 2820 2830 2840 2850 2860 2810 2820 2830 2840 2850 2860

Cl K-edge Energy, eV

Figure 6.6 Cl K-edge XANES spectra and the LCF fitting results for the G#Q-Cl
silicates obtained withoifa) and with(b) the addition of MgGlto the reaction system. In
both panel, the solid (in black) and dashed (in red) curves refer to the measured XANES

spectra, and the fitting results from ATHENA, respectively.

Table 6.2 Comparison of Cl Kedge XANES LCF results and XRD analyses with respect to
the Clspecies distribution in the residue obtained at different temperatures. The numbers in

parenthesis reféo XRD results.

CaCkonly CaCb:MgCl>=1:4
T, °C
CaCb CaSiOsCl2  Cao(Si07)3Cl2 CaCk  Ca&SiOClz  CaMg(SiOs)4Cl2
700 100 (100) 0 (0) 0 (0) 100 (100) 0 (0) 0 (0)
800 100 (100) 0 (0) 0 (0) 100 (100) 0 (0) 0 (0)
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900  10.4(0) 89.6 (100) 0 (0) 100 (100) 0 (0) 0 (0)
1000  0(0) 0 (0) 100 (100) 0(0)  97.8(100) 3.2 (0)
1000  0(0) 0 (0) 100(100) 0 (0) 0 (0) 100 (100)
(2h)

Figure 6.6 illustrates the Cl Kedge XANES spectra for the Ce®&O,-Cl silicates obtained

upon the pyrohydrolysis of Cadadt the presence of silica from 70D up to 1000 °C, with and
without the addition of MgGl Note that, once the target temperature was reached, the solid
residues were quickly quenched. The spectra for the pyrohydrolysis residues obtained at
1000 °C witha retention time of 2 h is also included. The LCF fitting results are summarised
in Table 6.2 and the respective XRD data are included for comparison (The detailed XRD
analysis can be found in our previous sttflyFor the case of Caglith silica only inpanel

(a), thespectra of the residues produced up to 80B€a a close resemblance to that of GaCl
standard irFigure 6.4. The LCF fitting results ifable 6.2 confirm an intact CaGldue to its

strong ionic bond. From 900 Whwards, it is obvious that the doubliest peak becomes more
featureless. The 1000 ¥€sidue possesses a notable jgagfe peak that is the unique feature

for the silicate standards iRigure 6.4. The LCF results inTable 6.2 quantifies 10.4%
unreacted Caglin the 900°C residue, which is @ompanied by G&iO4Cl.. The XRD
analysis failed to detect the unreacted Ga®@hich might occur in amorphous structure that
should be caused by melting. A further increase in the reaction temperature led to the release
of nearly the entire Cl, as well e agglomeration of [SK]* into the large cluster, [$D7]°.

A longer retention time of 2 h at 1000 °C resulted in a small increase in the Cl release from 3.1
wt% down to 2.8wt% in the residue. The CI d€dge spectrum shape is also unchanged,

suggestive of the stability of the structure foid{%i>07)3Cl2. Regarding the addition of Mg£l
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at a molar ratio of 4 to CagZshown inpanel (b) the spectra of pyrohydrolysis residued sti
bear a close resemblance to that of Gd@H the appearance of an asymmetric doublet first
peak up to 900 °C. The LCF resultsTiable 6.2 confirms that CaGlis the sole Gbearing
species in these products. Compared to the absence of,Bigei a diay on the disappearance
temperature of Cagtan be attributed to the competition from Mg€@ir which the resultant
MgO scavenged all the silicd With the temperature up to 1000, the doublet first peak
disappears, and is replaced by a featureless sharp peak tha¢ssmblance to the standard
CasSiOsClo. When the reaction time at 1000 °C is further extended to 2 h, the edge peak
broadens and resembles the edge feature e §{&i04)4Cl2. The LCF fitting result infable

6.2 further confirms this. Clearly, the intrusion of Rignto the silica matrix took place,
promoting a structural change fromsS&D4Clz to CaMg(SiOas)4Cl2, both of which possess a

same skeleton of [SK]F.

100

Bl C- (5i,0).Cl,

80 [ ca Mg(Si0,),ClL,

5 60
= 5
E

5 3 40
4 <
o

20

I T T T 0

2810 2820 2830 2840 2850 2860 1:0 1:025  1:0.5 1:1 1:4
Cl K-edge Energy, eV CaCl,:MgCl, molar ratio

Figure 6.7 Cl K-edge XANES spectra for the residues produced froqpycohydrolysis of
CaCb and MgC# at different molar ratios, and the respective LCF analysis results. The molar

ratio of CaCi to MgCk is indicated. Conventions figure 6.6 apply.
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To further eyplore the effect of MgGl addition on the change of the CI coordination
environmentco-pyrohydrolysis of CaGland MgCh were conducted at different MgCa*

molar ratios at 1000C. Note that, silica was still added at an eguailar ratio into CaGlfor

all the runs here, and a fixed retention time of 2 h at 2d0@as also appliedFigure 6.7
demonstrates the resultant Cledge XANES spectra and the respective LCF fitting results.
As the MgC} addition increases, the Cl| XANES edge peak broadens @hadthis is due to

the formation of CéMg(SiOs)4Cl> and its substitution to Ge(Si20O7)3Cl,. Such a substitution
commences once Mggk present in the system, as evident by the LCF results for the case of
CaCb/MgCl, = 1:0.25. Upon the increase in the Mg@&@mount, the content of @#Si>O7)sCl2
decreases further, disappearing entirely when the two chlorides have -amodguiatio. Such

a phase transformation facilitated the release of Cl, as evident by its nas®gge reduction

from 2.8wt%in the absence of Mg&to 0.8wt%in the presence of Mggat a molar ratio of

4 to CaCl. This hints that the enhanced HCI release observed here should be initiated by the
free Mg* derived from the earlier decompositionN§Cl, at 600°C in steam?. If that is the

case, the intermediate Mgl bond or a mixed G#gy-Clx bond could be formed to facilitate

the HCl release. However, based on the Cl speckFmures6.6 and6.7, none of these spectra
bear a resemblance to the pure Mg&iown inFigure 6.4. There is also not any unfitted
peaks which could be an indicator for the presence of a mixed chloride. Bearing this in mind,

efforts were made to analyse the Ga#ge EXAFS spectroscopy.

6.4.2 Ca EXAFS
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FT magnitude (A™)

R (A)

Figure 6.8 Fourier transform of Ca +€dge EXAFS spectra for the residues derived from co
pyrohydrolysis at different molar ratios at 10@in 2 h. The molar ratio of Cagio MgCh

is indicated next to each spectru@anventions irFigure 6.3 apply.

Due to the shortdedge range, it is essential to fi(DebyeWaller factor for disorder) at the
value of 0.005 for all the paths, allowing the refinement of the other parameters, in&lEgling
(energy shiftivhich is shared by all paths, andndkR (change in halpath length)vhich are
pathdependent®. As shown inFigure 6.8 for the Ca Rspace EXAFS spectra, the model that
best fits the spectra demonstrates édCscattering patfor the peak near 18, a CaCl path
and CaMg path near 2.6 A, and a @a path near 3.1 A. Additionally, the peaks nk&rA

are presumably the noise that are too close to the absorlfihce@ae to be fitted by any paths.
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Regarding the structurahange of Ca upon the increase on the addition of Mg@® obvious
that the peak intensity for the Ga path decreases gradually and even disappears from the
molar ratio of 0.5 for MgGlto CaCp. Simultaneously, the peak intensity for the second, path

CaCl/CaMg increases monotonously.

Table 6.3 C&* nearestheighbour fitting results for the residues obtained at various molar
ratios of CaGlto MgCl. (? (A?) was set as 0.005 for all fifEhe numbers in parenthesis

refer to the fitting error.

Molar ratio of CaG:MgCl2 R-factor R(A) n (atoms)

CaO

1:0 2.36 (0.04) 2.9 (0.6)
0.08

1:0.25 2.34 (0.09) 2.7 (0.9)
0.01

1:0.5 2.34 (0.03) 2.8 (0.6)
0.08

1:1 2.34 (0.04) 2.9 (0.6)
0.10

1:4 2.34 (0.07) 2.8 (0.9)
0.14

CacCl

1:0 2.99 (0.11) 0.9 (0.7)

1:0.25 2.98 (0.35) 0.9 (0.4)

1:0.5 3.02 (0.06) 1.2 (1.1)

1:1 3.01 (0.03) 1.2 (1.0)

1.4 3.02 (0.30) 1.1 (1.0)

Ca-Mg

1.0 - -

1:0.25 2.99 (0.37) 1.1 (1.3)
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1:0.5 3.01 (0.03) 2.2(1.8)
1:1 3.03 (0.07) 2.4 (1.7)
1:4 3.03 (0.40) 2.5(1.9)
CaCa

1:0 3.65 (0.06) 2.2 (1.1)
1:0.25 3.63 (0.20) 1.2 (1.1)

The fitting results for Ca ¥dge EXAFS spectra are tabulated @ble 6.3. The most accurate
parameter obtained from EXAFS fitting is the bond length, while the coordination number is
highly correlated with other parameters and the nakaange of EXAFS oscillation¥ For

the CaO bond, itdbond length and coorditian number are almost constant regardless of the
MgCl; addition amount. The aton?Qlways stays in the first shell that is nearest t& e
second atomic shell can be contributed to two scattering pattGS| &a CaMg. Assigning

this peak solelya CaCl is implausible, since the Cl content in the residue decreases upon the
increase in the Mg@lddition, as evident ifable 6.1. Its trend is opposite the enhancement

in the intensity of the second peak upon the increasing Mag{dition. Alternatef, ignoring

the CaCl path completely is not reasonable either, because Cl is still present in the residue and
the CaCl length in the residue is quietly close to the position of this peak, according to the
crystal structure refinement. In this sense,itizeease in the peak intensity should be mainly
attributed to Mg" which has an increased opportunity to intrude into the second atomic shell
of Ca* and share with Cl with an increase in the addition amount of M@@ktonvolution of

the second peak wasus conducted carefully to include both paths into the fitting of the second
peak. The modelled @sg distance (shown inrable 6.3) is slightly smaller than the
theoretical value from the crystal structure refinement @igéSiOs)4Clz, ~3.0 A vs ~3.2 A,

This might be a result of higlemperature reactions which slightly modulates the crystalline
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structure of residues. For the-Chbond, its bondength increases slightly upon the increase

of MgCl> amount. This shall be attributed toetdistortion effect from Mg. In terms of the

CaMg path, despite a marginal growth of the distance between the two cations, the increase in
the atomic number of Mg surrounding C& is most pronounced. In particular, upon an
increase of the Mg@lfraction up to 0.5, the atomic number of Ma@round C&" is doubled.

These Md" atoms should be derived from the decomposition of MgtCthe earlier stage. The
resultant Mg* atoms should be highly mobile and have opportunities to enter the crystal
structurevia the interatomic gaps. Once getting close t&"Caportion of the mobile Mg

might affiliate with Ci, creating an intermediate Mgl bond that immediately decomposes

into oxide and HCI. Vacancy are thus left on the second shell and occupiedflaetMgr™.

The intrusion of Mg" atoms even comples the T the third shell to go far away, as evident

by a reduction on the atomic number ofCan the CaCa shell from 2.2 for Caghlone to

1.2 for 0.25 MgCl mixed with CaC4, and nil onwards. Note that, this model may not be the
sole explanation of the Ca EXAFS features observed for thgyrodhydrolysis residues.
However, it is the best deconvolution we can achieve so far, considering the nature of the data

and the complextof silicate crystal structures.
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(a) (b)

CoCl Ca-Cl1
a-C
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Ca-O 2.98-2.99A Ca-O ® o
_— e
2.34.236A 234A
Cl
Mg
Ca-Ca
E—
3.63:3.65A N /
Ca-Mg Ca
3.01-3.03A

Ca-Mg
. 0 or2.99A
Figure 6.9 Hypothetical atomic structures of the-pgrohydrolysis residues depicting
plausible C#" sites determined from EXAF$a): CaCb:MgCl,=1:0-0.25;(b):

CaCb:MgCl>=1:0.54.

As per these observations, effort was finally made to plot the hypothetical atomic structures
centred on G4 in the two typical pyrohydrolysis residues, one having low M@ZICk molar

ratios of 0.251, and another one with higher Mg@acCb ratios. Asillustrated inFigure 6.9,

the first shell for CaD is barely changed upon the variation of the Mg@hount. This is
reasonable since O is always the first atom affiliating with Ca. The average bond length of Ca
Clincreases marginally by only 0.03 A frahe low end group to the high end one. Again, the
most substantial difference is the third shell ranging from-3.63 A which comprises of &a

in Figure 6.9 (a), but not inpanel(b). The presence of the third shell demonstrates a highly
crystallisedstructure for the silica matrix, in which ‘G$ bound intensively and solely with
Ca". In contrast, for the Mg-rich residue visualised ipanel (b) the occupation of Mg on

the same shell with Cis established, which is also on the second shaibsoding the CH
centre. However, a direct link with this into the formation of a mixed/@aClx intermediate

(proposed in [2]) seems implausible, considering that &am is preferentially surround by
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O atom at its first shell. In this sense, anrnmediate form of C&-Mgy-Clx could be more
reasonable for the description of the redge structure of Ca when it-exists with the free
Mg?* in its second atomic shell. This is to certain extent similar with the pyrolysis of MgCl
alone via the formatn of an intermediate of MgOHCI that immediately converts to MgO and
HCI 2. However, further investigation using alternative technique or forward modelling

approaches based on XAS results are required to confirm this possibility.

6.5 Conclusions

2828 .
Ca (Si0,)Cl, > a
: : Ca, (S1,0.).Cl, .
| this study R . 1
CaCl,-2H 0 . this study CaMg(SiO,) Cl
in Ref [2j » this study
2827 O O &
O O AN
E ] a | JVAN
o /
CaCl-2H,0
2826 — this study m  References of this study
O Samples of Ref [2]
A Mg-free silicates at different
_ . temps in Fig. 6.6 (a)
m MgCl, this study £ Mg-bearing silicates at different
temps in Fig. 6.6 (b)
2825 4 0O MgCl -2H,O in Ref[2] A Various Mg contents in
o7 silicates (Fig. 6.7)
T T T T T T T T T T T

28235 2824.0 28245 2825.0 28255 2826.0 2826.5
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Figure 6.10 Correlation of Eaxand k for the reference standards and samples of this study

and those reported in the reference [2].
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It is for the first time that we have reported the XAS data and the respective atomic structures
in the Clbearing pyrohydrolysis products/residues formed in the temperature range- of 700
1000 °C, which is below the melting points of these products. As mignated irFigure 6.10,

there is a tiny energy shift (approximately 0.2 eV) for the kax of the two pure chlorides

(CaCbhk and MgC}) between this study and the reference [2], although the same beamline and
conditions were employed in both studies. ST attributed to the high sensitivity of the
synchrotron XAS analysis and the sample difference/purity. Nevertheless, the discrepancy for
the silicates is much more obvious and far larger than the energy shift observed between this
study and the glassyetts synthesised at 1250 and 0.5 GPA In comparison to the glasses

that are closer to Caftepresenting an intimate affinity of the ionic-Cabond, the silicate
crystals bear a relatively largem& and k, both of which also increase further upon the
inclusion of Md* into the silica matrix. These two values feature the multiple scattering
phenomena in crystals and are enhanced by the highly ordered structure relative to the less
ordered structure expected for glasses. The inclusion &fisgeneficial in distracting Cbut

of the CaCl bond, leading to the restructuring of the crystal matrix and the enhancement of the
HCl release. The mechanism for the role oMg dictated based on the Ca EXAFS analysis,

in which a formula of C&-Mgy-Clx is more reasonable for tirgermediates formed upon the

interaction between these two cations.
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7.1 Conclusions

This thesigoresented a comprehensive toank Xinjiang coal leaching process for selective
removal of AAEMs in an environmentalfyiendly manner for the first timeThroughthe
Aspen Plus simulation, an integrateal leaching and waste leachate treatment prdess
beenestablishedTheleaching mechanism for using recycled leachates anectlelability of
leaching reagents are elucidated. Additionally, an efficient HCI acid regeneration method from
chloride wastes is explored and the corresponding mechanism is unveil from atomithevel.
results provide a database for the design stak-up of industrial low-rank coal leaching

process

Chapter2 specifia the research gaps ftww-rank coal leachin@fter a thoragh literature
review. Chapter &stablishd a framework for the overall map, whengo core steps, coal
leaching and waste dehate treatment are integrated effectivdlge recyclability of two
leaching reagents (water and HCI acid) was addressduhpter4. Chapter 5 presented an
efficient HCI regeneration method from alkaline earth metal chlorides. The interaction between

Ca’* and Md" regarding the affinity to Clvas elucidated in chapter 6.

7.1.1 Integrated coal leaching &ad waste leachate treatment process

The optimal configuration of coal leaching and waste leachate treatment units has been
determined by using Aspen Plus. For the coal leaching step, botkstagsecountecurrent

water leaching process and singtage HCI acid leaching process can imprthe ash fusion
temperature of leached coal above the operating temperature of boilers, at 1200 °C. For the
leachate treatment unit, evaporator which utilises the waste heat from power plants obtains

extra water, attributing to the high moisture contdribw-rank coal, at 2%t% and its high
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water recovery rate. Instead, the using of RO leads to a water loss of 251 kg/t coal, although its
capital cost is around half of that of evaporator. However, through recycling the leachate before
being sent to ROhe water consumption is proven to decrease significantly-&04Q/t coal

which is lower than 85 kg/t coal for black coal beneficiation process.

7.1.2 Multi -cycle leaching by water and HCI aid

The watersoluble (mainly Na) and HCI acibluble AAEMs witnesses different leaching
performance upon the recycling of leaching reagents. The removal extent cbalatde Na
decreases gradually upon the recycling of water, as a result of the increase ihtbatblat

in recycled wateand/or the decrease tine watersoluble Na content in coal. By contrast, the
removal of HClsoluble AAEMs keeps stable in each cycle for which the initial HCI acid
concentration remains constant, at 0.7 M. The leachate is not able to remove elements any more
after recycling fo 15 times when it is saturated to NaCl, Cagid MgC}, at 15900, 67400

and 10600 ppm, respectively.

7.1.3 Recyclability prediction by leaching kinetics modelling

A modified SCM integrated with iterative calculation was develoged validatedor the
threestage countecurrent water leaching procesl indicates that the watsoluble Na
removal is predominated by the inparticle outward diffusion of NaUpon the recycling of
water, the watesoluble Na removal decreases exponentiatignfaround 90% in the first cycle

to negligible in 1% cycle. On the contrary, the HGbluble element removal shows a good fit
to a H intra-particle diffusion model which considers a reducing proton concentration in bulk
acid. This interprets the constadCl-soluble element removal extent in each cycle with a

constant initial proton concentration.
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7.1.4 Efficient HCI acid regeneration from alkaline earth metal chlorides waste

With the assistance of silica and steam, 99% Cl can be releasestavered as HCI acid from
the mixture of CaCGland MgC} via copyrohydrolysis. It is discovered that the addition of
MgCl> poses a doublside effect on the pyrohydrolysis of CaCl) delaying the HCI release
from CaCt in the temperatureise period fom 700 to 1000 °C due to its competition with
CacCb to react with silica2) promoting HCI release in the retention period at 1000 °C arising
from the formation ofCasMg(SiO4)4Cl2, in which Ct is bonded loosely and can be released
more easily.Additiondly, the optimum MgC] addition is 0.5molemoleof CaCp, which can

be contributed to the formation 6&Mg(SiOa4)4Cl2, although a deeper mechanism elucidation

iS necessary.

7.1.5 Atomic structure analysis of Cl and Caderived from the copyrohydrolysis of

alkaline earth metal chloride wastes

The fundamental science underpinning thg@gmhydrolysis is explored via usisgnchrotron
X-ray absorption spectroscopy (XASParticulaty, the variation on the local atomic
environment of C& upon the intrusion of Mg atomis interpreted .t is found that C# is
always preferentially bonded with?Qas its first atomic shell. A mixed cation intermediate,
Ca0O-Mgy-Cly is thus very likely to exist at theo-pyrohydrolysis of the two chloridesstead

of Ca-Mg,-Clx proposed elsewhere, since of tteexistence of Mg and Cl on the second
shell centred on the &a In addition, tke intrusion of Mg* compels the third shell which
comprises of G4 to go far away, causing a lesgystalline structure and thus promoting the

Cl release.
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7.2 Recommendations for fiture work

The research results demonstrated in this thesis have proven thed¢eohonmic feasibility of
low-rank Xinjiang coal leachindor the selective removal of AAEMs. A comprehensive
leaching process which integrates leaching and waste leachate treatment and recycling has been
proposed and the optimised operation conditions for both steps have been clarified. The

recommendations foufure work is shown as follows.

7.2.1 Applicability study of the proposed leaching process for other lowank coal

Research on the other types of loank coal, such as Victorian brown coal is recommended to
examine the applicability of the leaching parthis thesis, especially the developed kinetics
model. This applicability study will enhance the robustness of the research findings and

promote the scalap of lowrank coal leaching process in worldwide.

7.2.2 Pilot scale research

The next meaningfudtep is a piloscale process which uses contiguous feeding ofréonk
coal, recycles the leachate to examine its recyclability, and regenerates HCI acid at a larger
scale. The pilescale study can offer an insight into the technically feasible rangeisof

process. Meanwhile, the environmental impact can be evaluated.

7.2.3 Effects ofatmosphere on yrohydrolysis

Since the atmosphere in the pyrohydrolysis conducted in this thesis was fixed, it is

recommended to test the effect of atmosphere on thediase from chlorides. For example,
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through using various partial pressure of steam, the reaction order for the pyrohydrolysis can

be obtained. It is beneficial for the subsequent reactor design.

7.2.4 Research orenergy requirement reduction of yrohydrolysis

The intensive energy requirement will hinder the promotion of pyrohydrolysis, unless it can be
conducted in lower temperatures and/or shorter reaction time. Therefore it is recommended to
test the possibility to reduce the reactiontempeeatuby addi ng ot her &écat a
which a combination of silica and alumina. Probably due to the participation of alumina, the
reaction route wil!/ be modi fied and the act

and/or lowtemperature pytoy d r ol ysi s 6.

7.2.5 Application of the pyrohydrolysis method on other chlorides

Given the fact that the pyrohydrolysis can be used to generatgiiigi oxides or silicates
and HCI acid, it is worthwhile to apply this approach on othésricke wastes, such as rare
earth metals, to obtain their oxides and even further reduce to pure metals. This might provide

a new way to produce the precious rare earth metals.
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ARTICLE INFO ABSTRACT

Keywards: This paper has addresed the tedhno-economic fexsibility reganding the selegive removal of sodum (Na) and
Lorw-rask coal mlcium {Ca) from low rank sub-bituminous coal, siming to reduce the ash slagging and fouling propensity in the
m;m Endetum rem— pubverized mal-fired boilers. Four novel process inbegrations wens proposed and simulated in Aspen Flus. Both
Process xlmuladon

the movel countercurrent three-stage water washing process and an acid-water two-stage washing proass have
proven to improve the ash fusion temperature stisfactarily, reducing the mas fmdion of NaD in ash from
A2 with to (.85 and 0.19 with, respectively. In addition, the use of acid-water washing removed 12.5% Cal
andd 195 wilh total zch. Por the recycle and trestment of wastewa ter, the water gxinis desirable for the w=e of an
Evaparatar, owing to the dewawring of the initially high.maisthre cosl (25 wt%) in the centrifugal and e high
water recover y raie from the evaparator. However, the good perfformamce of evaporator was counteracied by the
skl erable capital cost caused by the uge heat transfer area requirement. Instead, the we of reverse oamosis
(R0 resulted ina waker los upto 228.4 kgt coal. Additionally, prior to the RO trestment unit, the rscyde and
reuse of the unssturated water for maximum six times and four times for threestage waer washing and acid-
water two-stage washing, r=spectively, was aitiml] in reducing both the water and power comsumption. The
water corsumption dropped to 38.1 kgt mal and 48.1 kg/t coal for the threestige water washing and acid-
water twoestage washing proces, nespectively. Both ane remarksbly kwer than 85 0 kgawater,t hlack coal In
erms of the power comsumption, it decressed to — 2. 4kWh./t coal for the threestage wa ier washing proe s and
further down to 5.8 KWh't for the acid-water washing case, which was even slightly lower tham 6.3 kWh./t for
the black cmal. Furthermaone, the inegration of acid-watr washing and RO was also demonstrated to be sco-
namically vishle by its high NPV, IRR and short pavback period Semsitivity analysis indicate that, the original
Na comtent in raw coal i the most influential varisble on the water and power consumption of the overll
poces, followed by the initial mosture omtent in the =w coal For a low-rank coal containing =
2150=2520 ppm Na and/ar < 19wi% maoisture, the washing proces propesed would wm economically we-
viable compared to the existing bladk coal washing proces. A minimum selling price of 136 RMB/A (—32%
deviation] was alo necesary to keep both NPV and TRE peasitive as well as the payvback period shorter than the
project lifetime.

Teachimess-onmornd e evaboad on

1. Introducton

Low-rank coal, commonly referred to a5 brown coal and sub-bine-
minous ooal, contributes to = S0% of the worlds coal mserves [1]. Tt &
abundant in regons such a5 Australia and China [2-3] and provides an
economically attactive alternative to high-rank black coal (Le bim-
mingis ooal and anthmelte) for electricity generation. The we of low-
rank coal B becoming increasingly important with the ongolng deple-
thon of high-rank bliiuminmes coal. However, low-rank coal bollers are
afflicted by severe slagging and fouling inside the boller cawsed by lis

= Cnrrespanding anfhor
E-mad] avddress Han vhan g cnesh edo (L Zhangh.

Ihetge, Aol org, 10 1005, fop me 30171 1028

higher content of alkali and alkaline earth metal (Na, Ca, K and Mg)
[3-51

Conventonal ooal cleaning techniques are exclusively targeted at
high-rank coal with a large portion of s inorganic metals present as
diserete grains and separate from the coal matrix [6]. As the mineral
matter has a larger density than the carbomaceous matrbe, it can be
memoved physically [7]. Vadations in surface properties can also allow
for separation [B]. However, unlike black coal, sodium (Na) and cal-
clum {Ca) inlow-rank coal are deeply and chemically embedded within
the ¢oal matrx. Therefore, they canmot be removed using any phiysical

Recswed 29 Angoa 2007, Redefvad in newied form 28 Nowmber 2017, Acoefaed 28 NMowmber 2007

03783820/ & 2017 Elsevier BV, All rights reserved.
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appmaches based on elther density or surfice propenty discrepancy
between mineral matter and coal matdx [9]. Instead, chemical leaching
or solvent extraction has been examined to remove these two elements
from kvw-rank coal. In particular, research has been focused on the
removal of all ash-forming metak to prodece ulira-clean coals {UCC) or
ashdree hypercoal (HPC), from both high-rank and low-mnk coals
[10-13]. However, the cormsive acid/alkall reagenis and/or high
pressure and tempermture employed in exbting chemical leaching
proceses [10,14-16] mie severe envimnmental concermns, the hamsh
requirement for equipment, amnd high caplital/operating cost, Hmiting
their advance in practical applicatons Solvent extmacton is ako in-
appropriate for low-rank coal becawse of the low carbon yleld (= 30 wit
%) resulting from {13 cmss-linked carbonaceous sreciure [10]. For
comventional coal-fired bollers, the remaoval of all ash-forming metals &
ako unnecasaary.

In this stsdy, instead of removing all of the ash-forming metals, only
Na and Ca were selectively targeted, consldering that these two metaks
are the most criteal trggers for ash slagging and fouling ina pulenzed
coal-fired bodler [3-5,17]. Mareover, based on the high-water sohability
of Na in low-mnk coak, the exdating water-washing procsss for black
coal was adapted for the low-rank coal. That is, multiple-stage water
washing, either with or without acld dosing was employed to wash the
low-mnk coal whemas the resultant wsed water was repeatedly wsed
before it is satumted and then sent to the wastewater treatment wnit to
remaove the inorganic impurities [15]. The innovative characterstics of
the new water-washing process are hypothesized from the folowing
three perspectives, 1) the we of water can stgndficantly be redwced by
reustng it before it is flly saturated with sodivm; 2) the mature exdsting
waste water treatment and recovery technlques, once integrated effi-
clently with the coal washing proces, can further help recover the
water cost-effectively; and 3) the integmton of acld and water on coal
water-washing can sgnificantly increase the extaction yields of both
Maand Ca out of esal matrk, acoording o the following two equations
[19-20] where R stands for organde moleties in coal. Additonally, since
the original acld is neutmlized by Naand Ca, its disposal causes little
environmental lsses.

B — CO0OMa + HY « R — COOH + Nzt 1]

Ca(R — COO), + ZHY = IR-C0O0H + Calt )

In this paper, we have condwcted process simulations to ssess four
different scenarios 50 a8 to optimize the integration of individwal wnis
1o produce a washed low-rank coal that has a compamble content of Ma
and Ca with that in black eoal. Furthermore, the ash in the resultant
washed low-rank coal & expected to have an ash fision temperature
above the boller operating temperature, at 1200°C. Aspen Plus has
been employed for the process low-sheeting. Aspen Process Economic
Analyzer (APEA) was further wsed o perform the economic evaluation
based in the context of China. Finally, sensitivity analysls was under
taken 1o examine the robusines of the overall proces including the
water and power consumption, and economic feasibility. As far as the
authrs are aware, such a sudy has yet 1o be examined in the ltemire
The resulis achleved are expected to promote the deployment of low-
rank ¢oal washing in a large indusirial and commerncial scale in the
future.

2, Methodol ogy
2.1, Conl properties

A ow-mnk sub-bittminoes coal, termed Xinjiang Zhundong coal
was used for this study. The low-rank coal washing plant was assumed
o be located beside a coal mine in Xinjtang, China, which is rich in low-
rank coal [2]. Additonally, a reference black coal was tested for com-
panson. Their properties are tabulated in Table 1. The volatlle content
(30.2 wit) in Xinflang coal indicates that it belongs to sub-bituminous

14
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Table 1
(o st on s of asree e Xnjlang bow-mrk ol and bk cnal

loamp onexis Lionw-rank coal (W) Hlack coal (wi%)
Modsture® M5 968

Ash® 778 4w

Volzile" ;02 778

B &2.02 LT3

ol el o9 -

\Grcas heat valne” 24 59 Mg 26,93 Mg

* Alrdried.

b Dried basi

“ Dy ash free basls.

Table 2

PED of as-received Ninflang low-rank coal and black onal
Lo mnk cnad Black anal
PED/Amm T PEDmam w1
= 02 o-5 3a
0205 1z 5-40 &0
06-1.0 8 = 40 1a
10-40 i |
40-80 15
ER-T

coal [21]. It is musch higher than the valuee of black coal, at 7.5%. The
subebit uminows ooal & also chamcterdzed by the high mostre of 24. 5%
and low ash content of 7.5%, compared with black coal reference The
grmas heat value of 24.9 MJ/kg shows that this sub-bituminous belorgs
1o the intermediate beating-value coal [21]. With respect to the particle
size distribution of the as-mined Xinjiang coal shown in Table 2, one
can see that this coal i3 wery fne with a mass percentage of
A = 4 mm. One major reason i3 due 1o 113 low-ash content.

Table 3 compares the ash compodtions of the two coak, which ane
expressed as the most stable osdde of each element. It is observed that
the contents of both NayO and Cal) in low-mnk coal are signdfcantly
higher than in black coal, which is in agreement with the past sudies
[3-5]. In terms of the mode of eorurenee of Ma and Ca in Xinjiang coal
it has been widely reported that more than half of Na was water-so-
luble, with the rest being organieally bound with carboxylic acld that
can be entimely washed away by ammonium acetate [2,10,16,22].
Conversely, the major forms of Ca in low-rank coal vary from one study
1o another, indieative of iis dependence on the coal-forming environ-
ment. For instance, Wijaya et al (3011) found that Ca was equally
aluble in water, ammonium acetate and hydrochlorke acd, yet
o = 35% of Ca was water-soluble die to the presence of their chlor-
ides. However, Ma et al. (2014) claimed that caleite and gypsum wene
the two dominated forms found in low-rank coal.

22 Lowerank coal wasling process

The whole process consists of two major compomnenis, ooal washing,
and waste water treatment and recycling. The raw coal first undergoes
seving and crushing to obtain the particles = 4 mm in diameter, befone
e irg et to the washing reactor by a belt conveyer. With respect to the
onal washing unit, three options wene proposed hereafter: the use of a
single stage washing tank shown in Fig 1{a), the we of threestage
counter-current flow of water against the coal stream in Fig 1(b), and
the combination of acld and water in Fig. 1{c) and {d). With respect to
the waste water treatment and recycling, the misture of washed coal
and water from the washing step k& firstly sepamted by a dewatering
semeen. Subsequently, the wet washed coal is transferred to a cenirifuge
1o squesze out the remaining water and make the final produect that
ocontains amund 1 1% molsture. The resuliant water from the centrifuge
is mixed with coal fAne-water shury eceived fmm the dewatering
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Table 3

Typleal ash anmpositions of Mnjlang bow-nok enal and black onal
Eam ke A Nay0 Mg0 AL, B, POy EQ, K0 G FeyDyy
Lo rank coal 78 43 285 EE] 56T nsz 1506 oz 696 134
Black onal 5 148 105 214 5214 om 297 191 148 pUT]

* On the ded enad basls (WSl

sereen, and then pases through a thickener and pressume flter to yleld
the final by-products, wet tailings containing 25% moktere and was-
tewater with a low solid content. All the water streams are fAnally mived
together. It is elther reuwsed and sent back to the washing unit, ortreated
downstream by an evaporator or reverse oamdsis (RO) Note that, ex-
cept the coal washing tank, all the other units proposed are the same a5
that are being used in the existing black coal washing procsss which
will be detafled later.

Back to Fig. 1, the four scenaros were designed and compared
hemalter to address the discrepancy, between singlestage and muld-
stage washing unit via Scenarios 1 vemus 2, hetween evaporator and
RO on water recovery via Scemarios 2 and 3; and between water-
washing and acid-doped washing via Scenarios 3 and 4.

Spenario 1 is the simplest process 1o mimic the black coal washing
process, wing a single-stage water washing in combination
with an evapomtor for water mecovery. Based om the

optimum condition from experimental examimation, a -
quid-solid ratlo of 1.25 was applied, resulting in 34% Ma
and (.55% Ca removed in 30 min, under amblent condi-
tons After a bundle of solid-liquid separation undis, the
dirty water containing fAne cod paricles, Ma and Ca was
transported into an evaporator. Free flue gas at 150°C [22]
produced by the adjacent power genemtlon plant was wed
@ the heating source of the evaporator. Evaporated water
coming from the top of the evaporator was condensed inside
a cooler, which will use cooling water as the coolant. The
bundle of evaporator-condenser allowed unwanted salis to
be separated and exii the preess as waste.

Soenariy 2 adopis a counter-current three-stage water washing process,
thereby mmoving more than twice the amount of Na than
Scenario 1. However, due to the low watersolubility of
organic Ca and Ca0 Cali0y,/Cas0,, Ca removal extent was

Scenario 1
Dirty
Raw coal . . Solid-liquid water | Impurities
———— Water washing finn Evaparator +—————=
Washed coal Steam
e
Recyeled clean water
Cooler
(a)
2™ nged warer
Scemario 2
1 1% washed 2™ washed 3* washed
Rawcoal | 1% washing coal 2" washing coal 3™ washing coal
reactor reactor reactor
-
3 nsed
water 1% used water
Byaporsier Steam Cooler Recycled clean water
Impurities
(b)

Fig. 1. Smpliflad kovwrank ooal washing dagram for Seenarks 1 (one shge water washing with sraporases), Seemaris 2 {oon rier-onrent water washing wis sraporains), Seenarks 3

(oomndes cormend waler washing with RO) and Scenario 4 (acidwaier washing with ROL

15
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7™ used waler
Scenario 3
1% washed - 2 washed . : 3 washed
B coal 1" washing coal washing coal 3" wnshing coal
meactor reactar reactor
4 used water 1* used water
Recyeled
clean water
& lom exchange Raverss
Ultrafiltration reain =
Betentate Retentate
(el
1" used water
Scenario 4
Acid
. Water washed
Raw coal | scid leaching Acid leached coal Water washing goal
reacior 1eactor
r
2™ used water Recycled
clean water
¥
q Permeate Tom exchange N Reverse
] resin . osmosis
Ratentate Retentate
e —_—
()
Fig. 1. {oomiueed)

only slightly increased, at 0.7% totally. The washing con-
ditions in each reactor remained the same as in Scenario 1.
The countercurent washing proces was intmduced to
rinse off any possible jons and the other unwanted spacies
deposited on the coal particle surface in the last mactor.

Scenario 3 was further proposed to evaluate the we of RO for the
wastewater reoovery. Upstream of the RO, an ultmfltmton
aystem (UF) to remove the suspended particles [24] and a
atmng-acld cation lon exchange resin (IER) to trap calclum
lons [25-26] were Installad.

Scenario 4 provides the integration of acld-water washing units and the
we of RO for water meoovery, alming to reduce the re
ddence time and to improve the proces efficlency. In auch
a seenario, the coal washing process only comprises two
atages with the fArs one for acld leaching and the laiter one
uwsing pure water o ringe the washed coal. The wastewater
mecycle process remains the same as that in Scenario 3.

1B

23 Maodel developenent and validarion

Aspen Plus s climed as a commercially reliable field-tested soft-
ware fior = 30 years and widely used by engineering design companies
[25]. Aspen Flus VE 4 was employed to simulate the above-mentoned
foer low-rank coal washing scenarios, for a plant capacity of 400,000 ©
onal per anmum. In additon, the lab-seale eoal washing experiments
were conducted to produce the extraction ylelds that are esential for
the Aspen Plus damulation. Furthermaone, to validate the accumcy of the
Aspen plis model, an exdsting black ooal washing process was alo ai-
miulated and compared with the plant data. A jig machine which can
redisce the ash content of black coal by ~ 50% (reported value from a
black omal washing plant from the industry parimer) was employed and
aAmulated in the black coal washing process

231 Agpen phes smudadon

Based on the composition of Xinjlang low-rank coal as in Tables 1
and 3, it was assumed that Ma exisis & a mboure of MaCl and NazD
which represents the water-soluble and organde sodium that bound with
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Tahie 4

The sioplifed compoaiion of Xinjlang kow-rank
o Sor & mnnlam on

[ o -
Modgre® 245
MaCl a1s
NaOH o9
T OH 3257
Casly a7
[ = T2
* Adr-drisd

the carbooylic acld, respectively. Similarly, Ca was posiulated o be
made up of Ca%0, and Call Carbon was asumed to make up the re-
malnder of the coal, on the dred and ash-free basla Funthermone, to
accommadate the default electmlyte module in Aspen Plus, the oxides
(Mas0 and Cal) were further converted into the respective hyd mocddes
(NafH and CalOH)2)L Table 4 outlines the simplified compostion of
the two target elements in the raw low-rank coal tested here.

The washing reactor for low-rank coal was modelled by a stod-
chiometric reactor bleck {RStole) [23]. For each reaction in RStole, the
reaction sioichiometry, fractonal conversion of each reactant and the
reaction conditon were specified, based on the experimental resulis
that are summarised in Tables 5 and 6. The expertmental procedure wil
be outlined in the next section. Except the washing reactor and waste
water treatment umnits, the same type equipment a8 (n an exdsting black
coal washing plant has been used, as summarised in Table 7. The
presaume increase in each pump was assumed o be ap proximately 1 bar,
which was deemed to be sufficlent in overcoming the presure drop
within the equipment {eg. 0.5 atm in a vertlcal Nash sepamtor [23]),
and the pressure dmop caused by piping in the plant. The cutlet tem-
peraiure of the cold side of the evaporaior was settobe 101 °C because
the sline water had a bubble point higher than 100 °C bt lower than
101 “C inthk stedy (Based on Aspen Plus simulation result between the
bubble point of saline water and the concentratim of salt).

In terme of RO simulation, the compoment separaiors were em-
ployed to simulate both the RO membrame and the wltrafiltration
membrane installed upsiream of the RO to pre-treat the water feed. In
additon, the anim jon exchange resin (IER), a pre-treat ment undt to RO
o remove Ca° *, was dmulated by a combination of RStolc and com-
ponent separator, with the former one in which a reaction between
50,7 and Cg™ " occurs o precipitaie Ca®" and the latier o remove
the CaS0y precipitate. In this study, TRC 2832 HF-560 magnuem RO
membrane was chosen, due to 113 high maximum allowable salinity of
feeding stream, at 32800 mg/L, when the feeding stream pressure ks
5520 kPa, at 25 *C [27]. Toachieve a high water recovery rate, a three
stage RO system was employed hereafier, ending up with a 75.3%
water recovery mie shown in Table 7, where each stage of the RO was
simulated as a presure vessel containing four membranes in seres
{11% water recovery rate for dngle membrane). In addition, the
feading stream pressune and water recovery rate were set to be constant

Table 5
Ma amd Ca removal yidds

Process Maoria Feasor  Remowal pleld s

Thoree-sRge waer washing Ma First 340
MNa Sronmd e
Ma Thdrd p Lk}

e slage acdd plos one Sage waier First 055
[+ Sronmd oz0
(1 Third oona
MNa Aeid 671
Ma Vet p Lk}
(-1 Acid 125
[+ Vaare oo

Tahle &
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Dptiroon operationad coesditons.

Prissess Variahle Valoe
Viater washing Residence Time 30 min
Ligoidaoid maes mtis 135
Partide sz T1-4mm
HOl keaching Rexidense Time 5 modni
Ligoid-sodld mass mtds 1=
Pamide dne T1-4 mm
HO conceniaton S
Table 7
Sommary of assumed inpuoi da in Aspen Plos
Fagyuiparn et dnean Varihle Valor
Pump Efftciensy 075 [ 22)
Prissore incease 1bar
Reaugor Operading comd idan 1bar, 35T
Dimwatering sersen ot ol i 05 mm
Cenari foge: ‘Waser in solid oodex ouns | Z9)
Solid in solid cofer 097 [ Z3)
Pressare Aker Waser in solid cofe 22 [ 29)
Evaporator ohrafitration Saolid in salid omder 098 [ 29)
Dodet emperaore of aoldd 10T
aide
WA Rerovery mte 6% [23]
Suspended Ane solid 100
removal yield
Feading presan e 210 kPa
IR RD (feesnge] Ca* removal yield 100
Wamer rcovay mte TSI 25
Ma* removal pleld 100
Type of RO membrane TFC Z832 HF-560
magnmm
Feading prezmse 5520 kPa (26
Maxirn m alleable 2800 mgg /L [26]
salinity

at 5520kPa and TR.3% mespectively, although a lower mlinity of
feading stream can increase the water recovery mte dightly and re-
quires a lower feeding pressure This assumption can simplify the si-
mulation and cause a lowest water recovery rate and a highest power
comsumption, enhancing the cedibility of amulaton. The UF system
was asumed 1o recover 96% of water and remove all the sspended
fime solids [24].

232 Labscde experimental procedure

Lab-scale experiments were conducted to carfy the exiraction
yields of the two target lons, Na and Ca as a function of resldence time,
onal partiele size, Bguid-to-solid ratio, the we of fresh and wed water,
a3 well as aeld, to yeld the necessary data as the input in Aspen Plus
For the lab-scale experimental investigation, the single-stage washing
was fimtly conducted in a 2 L stirred tank reactor to examine is op-
i m operating condition. To condisct the three-stage counter-current
water washing experiment in the laboratory, the pure water was fist
wsed i wash raw coal for 30min rather than the 2nd washed coal
shown in the washing part of Fig. 1(b), yielding a washed coal, termed
a5 Coal A and used water. This is becmmse the 2nd washed coal (s un-
avallable at the start-up. Sulsequently, the wsed water was applied to
wash Coal A for another 30min to aitaln a two-times-washed coal, a
Coal B, which was finally washed with pure water to obtaln the 3rd
washed coal and 15t used water as shown in Fig. 1(b) Afterwands, 1st
whed water was employed to wash Coal A Br 30 min, obtaining 2nd
wsed water and 2nd washed coal Fimally, raw ooal will be washed by
the 2nd wsed water o get 151 washed ooal and 3rd wed water. All the
washing experiments were conducted at a batchescale. The acld-
washing experimental procedure was the same = the single-water

shing process, evcept the utllization of acid.

ir
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Inductively coupled plasma optical emision spectrometry (ICP-
OES) was employed to quantify the contents of Na and Ca in both
leachate and each solid sample, sither raw ooal or washed coal The
ICP-0OES analyss followed a previowsly established standand procedire
[28]. Additionally, the ash fusion temperature of mw ooal amd washed
coal was calculated by a commercial thermodymamic equdlibeiem
software, Factiage™®. The ash compositions in a coal sample, such =
the mauls for raw coal ash listed in Table 3 were used as input for the
caleulation, plus a weak gas environment (1 vols 00, 5% O, 10% HiO
and N, in balance) at 1 atm as an input too [29]. This is to mimic the
local gas environment near a coal-fired burner in the boller. A tem-
perature span of 800 °C o 1600 °C was simulated, and the buflli-in
Floxide *Slag database in FactSage was selected to quantify the ash
melting pementage vesus temperatme [4].

235 Black coal washing validaion

An exiasting black coal washing plant with a coal feeding rate of
50 t/h of raw coal for a plant capacity of 400,000 toxal per anmm was
simulated. The black coal washing process mainly consits of a jig
machine to emove the coame minerak by the difference in the spacific
densty of coal and coarse minerak in the pulsating water, and a varlety
of dow retream lquid-solid separation undts that are the same as that for
the proposed low-rank coal washing procsss. As shown in Fig. 2, the
coal was firstly sereened by a vibmting screen with a cut-off ske of
40 mun. The resulant cverdze was sent to a erusher to reduce itz skze
down to 40 mm. Subsequently, ooal was washed in a jig machine which
employed an air stream of 64.5m”/min and a water 1o a solid mas
ratlo of 2.8 to emaove the ash content by ~ 50, same as that reported
by the plant opemtion. A component sepamtor was chosen to smulate
the jig machine. Sulsequently, the outlet stream from the jig machine
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was trangferred to a dial deck vibmting dewaterng screen with two
cut-off stees of 25 mm and 0.7 mm, sepamting ot the lump ooal larger
thean 25 mm and a melstere content of 8%, and those betwean (.7 and
2omm with a molsture content of 28%, respectively. Afterwards, the
durry of coal fine - water was sent to a peat sereen with a 0.5 mm cut-
off dze to emove the fne coal particles. Simultanesisly, the overflow
of the peat screen and the ooal with a skee of 0.7-25 mm were trams-
ferred to a centrifinge to reduce the molsiure down to 11%, a5 well as to
moover the water for reuse. The water coming from both cent ifirge and
peat screen was then mived and sent o a thickener where the coal fines
were agglomerated by using a coagulant mamely polyacrylamide
{PAM), with a mass conceniration of 1 g/m™surry [30]. The agglom-
erates passed through a presure fAlter to squesse out the water. The
thickener, which & not abuilt-in bleck in Aspen Plus was simulated by a
component sepamtor. Fimally, the water was recycled back into the jig
machine to rewse and the by-product wet tailings of 22 with molstue is
obtained.

24, Cost estmation methodology

Aspen Process Economic Anmalyzer (AFEA) [31] was fmally in-
tegrated with Aspen Phes to estimate the cost for each scemaro pro-
posed above

Since the plant is located in Xinjlang, China, all the cost Agures wene
expressed a Renminbi (RMB) by a USD/RME currend ¥ converslon rate
of 66, based on 3017 data Sulsequently, necessary pammeters wene
specified, ncluding the pmject type, project starting date, annwal op-
erating time, project fuids, wilides, labor cost, mw materials and
product streams, as outlined in Table & For the flue gas used as a hot
stream In Scenarios 1 and 2, it was asumed a5 free of charge since the
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Flg. 2. Aspen Plos flovwshest for ghe black coal beneficlation process.
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Table 8

NI ACONOIE PATAMEETS I ASDE IOcess eoomom e analyer (AFEAL
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General economic pasam eers

Cash flow analysk parameders

Plam bocambom Kinjlarg, China g e o 5% par year
cmm}onmumn e RMB,USD 660 Tax ras 3%
Projess tgpe Chear fedd Inderest rage 1%
Source of milivies Across S fence Projecs Weycle 20 pears
Projess flukds Ligyl s amd smldids Disennnt rae 1B
Operatng hours per year S000 Do mion medod Siral gha line
Emurt date for on g maering 1-Jan-17 Wizl reg, cagpd sl 67 of the Axad capital coa
Raw maseriad prooess T s
R M jlang coal 45 RME/" Hearichy 0255 AMBAWE"
Podyacrylmide G500 AMEBa" Floe gas Frae
Hydrocblori acd (31%)
Water 37 RMB/A"
Presducts Loy
Washed koverank coal 200 BB Opemtor 917 RMEB/Op e H
Wee tal ling= 10 FMEA
* Reporied values Som 2 black ool washing plant in China

adjacent power plant iz able to provide it 50 was the hydrochlone acld Table @

that can be provided by an adjacent electrolyzer fior the production of
sodium hydrosdde, acconding to the report of the ndustrial parmer,
Hubei ¥ilhuwa Chemical Co Lid. However, effort was still made to vary
the price of HCl acld to asess lis inflsence on the process feasibility.
The prices of raw coal, electricity, water, coagulant polyacrylamide amd
labor were obtained based on the extsting black coalwashing plant. The
net present value (NPV), intemal mte of mtern (IRR) and payhack
period were caleulated by cash flow amalysis [32] and the corre
sponding pammeters were also outlined in Table &

Based on the equipment cost Hbmary in APEA, each unit in Aspen Phes
neads to be mapped to dze and further estimate the cost refemng o the
vendor quotes in the specified plant location. Centrifigal pumps and -
tary lobe pumps were applied for pumping pure waker and water-ooal
shurry, respectively [33]. Due to the vaadlity and corroson of 31 wit
HO, an enclosed agitated tank reactor of carbon steel shell lined by PVDF
(polyinylidens Muodde) was employed [34]. Additonally, the pump in
comtact with HO was mapped by the plastic centrifugal pump. Carbon
sieal was wsed for all other agitated openp water washing reactons as the
shell material In light of the residence tme, 5min and 30 min respec-
tively for the acid leaching and water washing, reactors were dzed as an
internal dismeter of 1.52 m and helght of 564 m for the acld tank, and
259 m in diameter and 9.14 m in beight for water tanks Rotary erusher
was wied for szing of the coal erusher [30]. The conveyor length and belt
width of all balt comveyors were maumed 1o be 10m and 500 mm, re
spectively, which was capable of conveying ooal of any flow rates in the
proces [35). Long tube vertical evaporator and feld assembly conling
tower were selected for evapomtor and ooaing tower, respectively [36].
However, dise to the lack of bulltin model for RO in APEA, the cost of RO
uniiswerne caleulated based on an esdstng water treatment plant wsing RO
im USA [37], which was further correded by taldng into account the plant
capacity, location Betor, inflaton indes, and curmency exchange mie [ 35].
The asammptions e RO cost estimation are summarised in Table 9,

3. Resulis and discussion
3.1. Simadarion validadon wsing the existing block conl washing process
Table 10 {lustrates the simulation results including the water and

power comsumpton per tonne mw black coal, and the total equipment
cost, with the actual plan operating data for companson.

1%

The asmmption for RO oo et magon.

Variabde Vaoe
Plant capaed iy (Million gallen per day) [37] 150
Crency convers on raie RMBUED 638
Loaton fewns for Ching [ £5] 095
et index 2001 [ £5) 405
st index 2017 [ 45) nzs=
Table 10

Tomparison of e acmal and simolaton valoes jor black coal beneficlaton process.

Variahle S lathon resali Hcmal valoe* Uit

W enem ton 7 51-85 gt of e ccald
TP COCeRT Don 39 3563 VLT of re coad
Total egnipment st 51 4 2(55) milli o RMB

* Reponed valnes from a blaek eoal washing plntin China whidh was bl in 2012
The: mumber in e racket b Se ped present value by converting 42 in 2013 10 2017
whien ik simolation b being oo docted

It & clear that the Aspen Plus simulation resuls are credible, par-
teularly for the high accumcy for the total equipment cost by com-
paring the simulation el (5.1 milion RME) with the present value of
acteal data (5.5 milion RME). Mote that, the actual value (4.2) in the
year 2013 was converted to 118 present valse (55) based on 2017 by
taking into acoount the cost infladon indexes of 852 and 1125 for the
years 2013 and 301 7 respectively [46]. For the other two vadables, the
simulation resulis are also reasomable and fall in the mnge of the plant
data It should also be noted that the plant operation generally has a
fairly large fucnsations on onal compositions and operational ¢ondi-
tons, leading to a large variaton on the water and power consump-
tons Even so, ghven the fact that the major Hquid-solid separation wndts
including dewatering screen, thickenes, pressure fler and centrifuges
in the black coal washing proces have been considered and included in
the modelling and the same unlis will be wed for low-rank ooal
washing, the results in Table 10 provide a reasonable credibility to the
simulation resulis obtained for the lowrank coal washing resulis o be
discused later. In addition, it 15 noteworthy that, the water loss for the
black coal washing mainly takes place in the centrifugal stage whene
ihe final product reaches an equilibrated molsture content of 11 with.
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Table 11

Ash eommpoeition changes after different wash ing prossses.
Sample At 5% a0 g0 A, 510, POy 50, X0 can Fey0,
R coal 7E 432 et 3zF 5467 as52 15.06 az1 5N 134
Soerado 1 Th 1m 2432 204 #03 o5z 1594 ozs oT7TT 212
Esprado 2 a4 ss nz= 438 LR a4s 1986 az1 4595 048
Beerado 4 a3 19 1946 97 -l 38 o] a1z a0a oss

‘With mespect to the power consumption, it Is mainly due to the use of
the jig machine that consumes a power of 2.3 kWh 1 coal.

3.2 Comparison of low-rank coal washing singes in Scemorios 1 and 2

321 lab-seale coal weshing resudrs

Table 11 compares the ash composition change of washed coal
produced by the Scenardos 1 and 2, where coal was washed by a single-
stape and threestages, respectively. The total ash was rarely redveed in
Scenario 1, although the mass facton of Maz0 in ash was reduced
noticeably from original 4.32 with down to 101 with. The Scenario 2 &
clearly more pronounced, achleving a red wetlon of 1.4 with for the total
ash, and a lower value of 0LES with r MadD in the sh Fig 3 de
monstmates that the majority of the ash produced for Scenario 2 does
not melt untl]l the tempemture reaches 1200 °C, which (s the desdgn
temperature for the combistin chamber in a pulverized coal-fired
boiler.

322 Aspen phie sdmadorion reads

Fig. 4 shows the Aspen Plus low-sheets for Scenaro 1 and 2, where
all the process units remain identical between the two scenafos, except
the washing stages The water recovery mte, water and power con-
sumpton of both scenarios are presented in Table 12, Interestingly,
both new processes can prodoce, miber than lose about 140 kg water
per tonne raw coal. This is a result of the 24.5 with mobsture content {n
the original coal that was down to 11 with after cenirfugal dewatering,
resulting in more water recovered than what was lost in the talling and
other units. In terms of the external fresh water added into the process,
the proposed two scenaros could recyele almost same fraction that &
cloge to 93%, which is also close to the black eoal. However, the total
power consumpiion per tonne of mw coal for Scenarlo 2 is more than
twice that for Scemanio 1, 9.4 versus 4.6 kWh/t raw coal. This is malnly
dise to the e of exra pumps and agitation tanks for the threestage
washing that consumed 67 kWh,/ esal in Scenario 2, triple o the
power caused by only one tank in Scemarlo 1. The remalning proces
equipment in both scenaros consumed mearly equal power, at anund
2.5kWht coal.

33 Comparion of wase water reament methods via Scenaries 2 and 3

Since the waste water treatment unlt 5 crucial for the feasiblity of
the overall process, efforis were made 10 asses Scenardo 3 where the
three-siage washing undt pls a8 downstream RO-based wastewaier
treatment unit were adopted. Table 13 demonstmtes the simulation
resulis for {15 water and power consumption a8 well a3 water recovery
rate, with the mals of Scenario 2 ncluded for comparBon Un-
surprigingly, Scemaro 3 consumed much more water, dse o the low
water recovery rate of the RO system, 75.3% (see Table 7). Accordingly,
the application of RO system camsed a lower waier recovery raie
(68.3%) for Scenario 3. A total of 228 kgt coal water was thus lost in
Scenario 3, compared with 137 kg coal water galn for Scenario 2. The
water loss mtlo in Scenario 3 is akbo fr more than the 85 kg-water/t
onal consumed for the black ooal washing process. In this regard, the
RO sysiem seems 1o be oveshadowed by the evaporator. However, the
better performance of Scenario 2 about water recyeling rate might be
coumnteracted by the considemable capital cost was caused by the huge
heat tanmsfer amea of the evapomtor and cooling tower (further dis-
cisaad later).

With respect to the large discrepancy in the power consumption
betw ean these two scenarios, the feeding stream pump (o the RO system
is cructal. The part of RO for Scenardo 3 is further extended in Fig. 5
Two feading pumps had to be added in to satisly the specific feeding
sream pressume into ulimfilimton system and reverse csmosds sysiem,
at 310 kPa and 5520 kPa, respectively. As a result, the total power
consumption of Scenarlo 3 s 122 kWha of raw coal, which is larger
than 9.4 kWh/t raw coal of Scenario 2, a8 evaporator consumes hot fue
gas rather than eleciricity. In additdon, compared to black coal which
requires approcimately 6.3 kWhA coal for washing, the energy con-
sumpton for low-mnk coal washing, as predicted here, s much higher
especially for Scemario 3, indicating that a futher optimization (5 ne-
CESEArY.

The discrepancy in the capital and operating costs between
Seenarie 2 and 3 is also noteworthy. Al baoith scemarios requine
further optimizaton, clarifying the cosis of different waste water
treatments and their peroentages in the total caplial cost is eritical
Fig. & presents the breakdown of capltal costs for these two scenarios

Fig. 3. Ash melting podnd com parion e Seenados 1, Zand 4
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Fig. 4. Azpen Plus flowsheet for Seenaries 1 (a) and 2 (by

Thetotal capital cost of Scenano 3 udng RO was estimated to beanound
half of the figure of Scenarin 2 incorporating evaporator and cooling
tower, due to the smaller equipment and plplng costs for Scenaro 3. By
breaking down the equipment cost, it is found that for Scenaro 2, the
onst of evaporator and cooling tower is the largest contributor 1o the
purchased equipment cost, might due to the requirement of large heat
tranafer area. It is made up of &9.5% and iz more than four times the
omst of RO system in Scenario 3 Additionally, the anmsal operating
onsts for the two scenarios are demonstmted in Fig 7. Two scenarios

havesimilar operating costs, of which the total raw material cost makes
up the largest proportion. Dee to the higher power consumption for
Scenario 3, It B reasomable that the expenditere of wilites is higher
than that of Scemario 2 Similarly, the marginal higher total raw ma-
terial cost is ako observed for Scenaro 3 due to a slightly larger water
comsumption However, Scenaro 3 required much lower malntenanoe
coat than Seenario 2, based on an sssumption of allecating amund 24
of the fxed capital cost to the maintenance fee [39-41), causing it
even smaller total operating cost (244  compared with
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Table 12
Compaszon of waes and power comumpiion for single and ihree-siage water washing.
Variable Single stage  Three Undt:
s
‘Wiaier comsn mpd on 1441 (gain) 1370 g of raw
(galey cad
‘Wager recovery rate 923 9z8 L]
Tt [V GOmsm [t 46 a4 EWhyT of raw
el
Agmated mok power corsumption 27 &7 EWhyT of raw
el
Power cossum paon by befi 23 T EWh 1 of raw
e e el
Table 13

Companzon of water and power corsumprion for hiee-sage washing GRing SapoIawe
and RO

Variable Using evap amtor Using RO Ulnidt

Wiaser comsu mpd on 1370 (gain) ZZR 4 (hoss) gt of e coal
Waer recovery rate 928 -] %

Power comsum praon a4 122 Wil of raw onal

252 Million RME per year).

3.4, Opomdzadon of Scendarios 3 for the inegration of mudi-smge waling
it and REY rechndque

3.4.1. hereming the cyele mumbers of waste water

The fist optimizaton optlon chosen is the reuse of the semi-clean
water ghtained after the bundle of the solid-lquid separation undts
Such a waste water, If unsaturated with salts, could be still sent back to
and wed in the 3rd washing tank The hypothesis i3 that the un-
saturmied used water still has the capability to extract sodium out of the
ool matrls, sinee the water solubility of Na-bearing species is uwsually
large, e.g. 359 ¢/L for MaCll and 418 g/L for NaDH under the amblent
o ithons.

To fnd the maximum allowable cycle number of the semi-clean
water, experiments were first comducted to wash the raw ooal with the
prre NaCl solutions of 0.2 with and 1 with, under the optimem comdi-
ton as mentioned in the Subsection 23 1. These two NaCl solutons
weme made o mimic the water that has been reused once and sie tmes,
respectively. Due 1o the rewse of the water, the concentration of Ma*
should inerease steadily wpon a cont nwous dissolution of Nall owut of
coal. Fig. 5 shows time-resalved concentration profile of Na* in the two

Puel Frocessing Technology 172 (2008) 13-28

NaCl solutions. Clearly, the we of 0.2 with is still able to extmct Ma owt
of coal. However, the content of Na* in the 1 wit NeCl solution re-
mains rather constant, indicating that the Na* concentration in the
outer lguid Alm of coal particle should beequeal or close to 1 with NaCl
and thus has no momentum to diffise out. In other wonts, the 1 wi
Mat referring to the reusing of water sx times i3 the maximum al-
lowable concentration of Na* in the used water. In addition, such a
maximmm allowsable concentratlon of Na* is also far lower than the
highest salinity of the feed stream, 32 800 mg/L with an equivalence of
appmoimately 3 with Nacl that can be tolemted by the THC 2E32 HF-
560 magmum RO membrane chosen here [27] However, the con-
centrate of a RO membrane is the feed to the next RO membrane
Therefore, the salinity of the feeding stream to the third RO membrmane
iz the highest, which was caleulated to be 4307 mg/L based on the si-
mubation result after the frst cycle of washing. The maximim possible
cycle mumber by RO membmane s thus seven tmes (4307 divided by
32 800, which is close to the sik cycles determined by experiments

Tahle 14 compares the change in the water and power consumpiion
upon implementing the madmum six eycles for the reusing of the
wastewater prior to it being treated by the RO system. Interest ingly, the
water Joss rate declined sgniflcantly from 2284 kg coal to 38.1 ket
coal, which is even less than the half for black coal washing process
The power consumption also decreased due to the rewse of waste water,
maliing from less wse of the feeding pump prior to the RO system.
However, It 3 sl larger than that of black coal washing process Thisis
because the three agitation tanks are sl the major component con-
auming huge energy.

342 Acid kaching

Efforts were made to reduce the coal washing steps, and to redsce
the washing time (thus the size of a single washing tank) by using the
acid-controlled leaching method. The hypothess is that the wse of a
weak ackd would increase the concentration of proton [H*] In the
leachate, which in turn promotes both the diffusion and reaction Eqa
(1) and (2] 1o the right hand side. This thus reduces the washing tme
and the size of the washing tank consequently. In light of thiz, the coal
washing process was further optimized as Scenario 4 in which are only
two coal washing tanks, with the former tank for the acid-controlled
leaching and the latter one for the rinsing by water only.

Back to Tables 5 and 6, it is obvious that the removal of both sodium
and calelum has been improved remarkably, so was the leaching time
that was reducad to only 5 min to maxdmize the removal of these two
target elements Back to Table 11, the percentages of Ma 0 and Cal in
ah declined significantly to 019 and 20,06 with, respectively, ne-
suliing in a decrease of 192% in total ash content. Consequently, the
ash fusion tempemture of washed coal by Scenario 4 exreaded 1200°C

Flg. 5. RO part in the Agpen Pl fowshes for Soemarin 3.
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Fig. 7. Break-down of operating com per year for Soenarios Zand 3

{the coal-fired baller's opemational temperature), a5 presented in Hg. 5

Flg. 9 shows the Aspen Plus fowsheet of Scenario 4 without the
inclusion of the RO pan which is the same & in Fig. & Table 15
compares all the amulation resulis for the Scenaris 3 and 4. With
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Table 14
Com parkson of water and power oo sumgtion bedore and afer inoexing de cpele

- Bedone Afier Hlack coal Ut
s
Ve cwenmpron 2R 4les) 38 10ew) HS kgt of raw
ol
Power comsumpoon 122 94 Wbyt of raw
el

regard tothe maximum allvwable cycle times, the number for Scenario
4 was smaller than Scenario 3 (4 versus &), due o the higher Na and Ca
removal extent in a single cyele. Therefpre, the Scenario 4 consumed
mare water, at 48.1 kgt coal, which is however still far lower than
85 kgt coal required for the black ooal washing process. In addition,
the power comsumption declined greatly, by nearly 50% from 9.4 kWl
tecal for Seemarlo 310 5.8 kWh coal that s also balow the black ecal
case, 6.3 kWh,t coal. Cleardy, the e of less agitation energy k& musch
maore influental than the incresed energy consumption for the RO
gystem. The we of les tank ako slightly reduced the capital oost. Ad-
ditionally, owing to the lower power consumption, Scenario 4 posesses
a lower anmea] operating cost. This will bed boussed in the next section.

3.5 Senaidvity analysls for Scenario 4

351 Effects of the principal variahles on the monber of waker recyele
wanter and power cofs Lol

Considering the beterogeneity of aw coal, and uncertainty related
to the dewatering performance of cenirifege camed by the hydro-
philicity difference between the differently ranked coals, sensitivity
analyses were further carded out to assess the changes of water and
power consumption in Scenaris 4, upon the varlation of mw coal
propertes outlined in Table 16, In brief, the mokture content in raw
coal varied from 10 wi% for the equilibrated content to the maxdmum
posaible value of 30 with as that has been reported for Xinlang coal [5],
with an interval of 5 wih. The mass percentage of coal size < 0.5mm
{cut-off size of the screen after the coal washing undt) varied from nil to
Gl with at an interval of 20 wih, considering that the lowrank coal is
generally sofi and fine compared to high-rank coal. In additon, the
contents of chlorine (C1)and Ma in the raw coal are cructal, affecting the
mecycle number of waste water. The contenis of €] and Ma varied from
200 1o 2000 ppm and 700 to 5200 ppm in raw ooal, respectively, which
was considered to include all possible contents [4Z]. Finally, the
mottere of ooal out of centrifiege was also varled. This & based on the
concern that the commercial plant for low-rank ooal washing and de-
watering does not exdst yel. Lab-scale experdments have been oond wcted
in a batch-scale centrifuge [ Allegm X-22 Centrifuge). It conflrmed that
the lowest modsture in the dewatered Xinjlang ooal was around 22 with,

Fig. 8 MNa oo concentmtion chonge in 02 wi% and 1 wi% NaCl
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Flg. 9. Aspen Plos flowwshest for Soenarks 4.

Table 15
Resuli aommary of Soeenarios 3 and 4

Varlable Thressmage with RD Acid with RD Unit

Ma removal yield L1al] 771 L]

O removal peid a7 125 L]

Cpele dmes & 4 tmes

‘Wt eoien oo o 38 1{kees) 48 1 hoes ) kgt of rmw ecal

P SO [V 9.4 58 W of raw anal

Capdad cost G3T 563 il RMB

Operaring coat 238 k] ol by RMUB/ Year
Table: 16

Smddvity variables and wriaton ranges

Varlable Varimion range Variation pace
Ird ol et of mw eoald 1030w S

Mass fracdon of coal fnes < 05 mm 030 W 20w

Total O conment in raw ool 2000200 O [ 200 W
Total Ma content {n raw ooald TS0 0 jprpern 500 wiR

Mo srore: WS in dewatened coal B2 with I

The discrepancy between the ndustry-reported value (8 with) and lab-
based value (22 with) might be because of the diferent con fgeration of
cenirifuges as well as the stmng hydrophilicity of low-mnk omal
Therefpre, the molsture of centrifuge-dewaterad onal was set a3 a sen-
sitlvity variable with a vadation mnge of & to 22 with,

As shown in Flg 10 (a), the Ma content in raw coal i the most
sensitive varlable, varying the wastewater recycle number from four-
teen times toonly once upon the rise of its original content in coal from
F00 1o 5200 ppm. Accordingly, the water and power consumptions are
ako highly sensitve to the vadaton of the original Ma content, as
evident in the panels (b) and (¢l The highest cycle mumber for a

minimuem MNa content of 700 ppm leads to the lowest water and power
oomsumption, 14 kgt coal and 514 kWht coal, respectively. However,
once the MNa content in raw ooal reaches around 2150-2520 ppm ( the
base case is 1670 ppm), the water consumption and power ¢ onsum pton
of Seemario 4 will reach the same vahies, 85 kgt coal and 364 kWhyt
onal for the black ooal, respectively. With respect to another element of
imterest, C1 in the raw coal, (s inflsence i3 marginal on the three de-
pendent variables.

The inital modsture in the raw coal is the second most inflsential
varlable, which directly determines the amount of total water entering
the process. The cycle mumber s therefore proportional to the indtial
maktere in the raw coal, ranging from three tmes to Ave times wpon
the change in the initlk]l molswe from 10w o 30wt
Consequently, the water consumption declines from 103 to 30 kgt
ooal, eaching the same water consumption Agure for black coal in the
case that indtlal molsture is around 19 with in the mw Xinjlang ooal
Compared to the black coal with 10 wi% maoisture, ssch a threshold
value in the Xinjiang coal is clearly high. This is because the Xinjiang
ool is fne in size, esling in a percentage of 13 with for the waste
talling. More interestingly, although the entry of high-molsture coal
into the system results in the rise on the amount of the waste water to
be processed i the RO unit, such a side effect is counteracted by the
increase inmaximum cycle number. Therefore, the rise of coal molsume
content from 10 wi% to 30 wi% indeed resulis in a sight decline in the
power consumption from 5.9 to 5.6 KWhet coal, as evident in panel (<),

With respect to the mas fmcton of coal fnes and molsure content
after the centrifugal dewatering, the increase on the brmer variable
resulis in more eoal 1o be sent 1o the centrifiege that produces 8 much
lower molsture content {11 with) in the resultant dewatered ooal
compared with the molsture of the wet tallings that is generally 22 wi
% As a result, the water comsumption increases sightly from 46 o
58 ket ooal when the particles smaller than 0.5 mm increases from O oo
G0 with. Nonetheles, such a fse is quite marginal and afects e on
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