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Abstract

Low-rank coals which account for larger than 50% of world coal reserves is widely used for
local power generation. However, it is estimated that several billion dollars have to spent on
the abating fouling-related issues in boilers, due to the high content of alkali and alkaline earth
metals (AAEMSs). Chemical leaching of AAEMs out of low-rank 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 environment challenges for the scale-up of
low-rank coal leaching processes. In this PhD project, an efficient, cost-effective and
environmentally benign leaching process has been developed for the selective removal of
AAEMs from low-rank Xinjiang Coal, which integrates 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 experimental investigation 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 cost-effective and environmentally
friendly, the core work was 1) to determine the best wastewater treatment method which has a
high water recovery rate, high impurities removal rate and low cost via integrating into the
leaching process, and 2) to develop an 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 obtain Cl-clean/free solid residues as by-products. All aims have been achieved
in this thesis. It is found that the leachate recycling is crucial for the significant decrease 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, the water-soluble
Na removal decreases exponentially with the increase in cycle number, whereas the constant
initial HCI acid concentration for each cycle results in a stable HCI-soluble element removal
extent. Finally, the addition of MgCl> has been unveiled for the first time to have a double-side
effect on the HCI regeneration from CaCl; via pyrohydrolysis at the presence of silica. From
the atomic structure analysis, Ca-O-Mgy-Clyx is more likely to form at the co-pyrohydrolysis of
CaCl, and MgCly, since Ca?* is always preferentially bonded with O at its first atomic shell.

The completion of this project is to address a global challenge facing the coal mining industry;
how to upgrade low-rank coal to high-quality thermal fuel that can be burnt at high-efficiency
and low-emission for power generation. It will give a good contribution to the understanding
of recyclability of leaching reagents and chloride waste treatment in an environmentally-
harmless manner.

Vi
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1.1 Overview

Low-rank coal, more commonly referred to brown coal and sub-bituminous coal, contributes
to more than 50% of the world’s coal reserves ®. It is abundant in many regions such as
Australia, China, USA, and Germany and provides an economically attractive alternative to
high-rank black coal (i.e. bituminous coal and anthracite) for electricity generation 23, The use
of low-rank coal is becoming increasingly important with the ongoing depletion of high-rank
bituminous coal. However, low-rank coal firing boilers have been afflicted by severe fouling
caused by its higher content of alkali and alkaline earth metal (AAEMs, Na, K, Ca and Mg) *
4. As a result, the boilers have to be shut down frequently and run at a low thermal load *,
resulting in a 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 issues °.

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 combustion boiler. Conventional coal
cleaning techniques were exclusively targeted at high-rank coal with a large portion of its
inorganic metals present as discrete grains and physically separate from the coal matrix 6. As
mineral matter has a larger density than the carbonaceous matrix, it can be removed physically
and easily via the density difference . Variations in surface properties can also allow for
separation 8. However, unlike that in black coal, AAEMSs in low-rank 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 discrepancies between mineral
matter and coal matrix. Instead, the chemical leaching or solvent extraction has been examined

to remove AAEMSs from low-rank coal. In particular, research has been focused on the removal
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of all ash-forming metals to produce ultra-clean coals (UCC) or ash-free hyper-coal (HPC),
from both high-rank and low-rank coals 2. However, the corrosive 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 practical applications. The solvent extraction
is also inappropriate for low-rank coal because of the low carbon yield (<30 wt%) resulting
from its cross-linked carbonaceous structure °. For the conventional coal-fired boilers, the
removal of all the ash-forming metals is also unnecessary, considering 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 cost. Most importantly, the research only focused on the
once-through fresh leaching reagent, and the recyclability of leaching reagents has yet to be
studied as shown in Figure 1.1 of the research gap summary. In a practical application, to
reduce water loss and enhance the removal extent of target elements, multi-step and leachate-
recycling leaching process are normally employed. Additionally, the environmental impact
arising from the resultant waste leachate impedes the deployment of low-rank coal leaching
processes, and it is in urgent need of relevant studies on the environmentally-benign treatment
of the concentrated wastes discharged from waste water treatment units, such as the retention

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

In this PhD project, instead of removing all of the ash-forming metals, only AAEMs were
selectively targeted, considering that these are the most critical triggers for ash fouling in a
pulverized coal-fired boiler % 3. This project was motivated by the development of a low-
rank coal leaching process that needs 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 recovery. For coal leaching, attention was 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. Regarding waste leachate treatment and recovery, which is crucial to turn the whole
process into cost-effective and environmentally friendly, the core work was 1) to determine the
best wastewater treatment method which has a high water recovery rate, high impurities

removal rate and low cost via integrating into the leaching process, and 2) to develop an
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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 obtain Cl-clean/free
solid residues as by-products. This PhD project has four innovation points as follows: 1) the
development of a leaching kinetics model, which can predict the recyclability of water in a
multi-stage counter-current leaching process satisfactorily; 2) the exploration and use of silica
additive to eliminate the thermodynamic constraint of the pyrohydrolysis of CaCly; 3) the
discovery of the double-side effect of MgCl addition on the pyrohydrolysis of CaCl in the
presence of silica; and 4) the discovery of Ca-O-Mg-ClI structure the co- pyrohydrolysis of
CaCl, and MgCl,, which helps to understand the interaction between Ca?* and Mg?* in terms

of their affinity with CI" in the high-temperature reactions.

To achieve the project aims, a number of advanced experimental, 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 Analyzer (APEA) was afterwards integrated with Aspen Plus for the process
economic analysis. Secondly, the shrinking core model (SCM) * was modified properly to
predict the recyclability of leaching reagents. Subsequently, the pyrohydrolysis of chlorides for
the HCI regeneration was conducted in an electrically heated horizontal furnace. Finally, the
advanced synchrotron X-ray absorption spectroscopy (XAS) was applied for the fingerprints
of both Ca?* and CI in the pyrohydrolysis residues. It can promote the understanding of the
interaction between the two cations (Ca?* and Mg?*), in terms of their affinity with CI- in non-
molten silicates, which helps explore the promotion mechanism of Mg?* on the Cl release from
the atomic perspective. Throughout this project, a large number of characterisation facilities
were involved for quantitative/qualitative analysis. Inductively coupled plasma optical

emission spectrometry (ICP-OES) and/or microwave digestion was used for AAEMSs
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quantification in raw coal and leachates. The SPECTRO 1Q X-ray Fluorescence (XRF) was
used for composition analysis of ash and pyrohydrolysis residues. The crystalized components
in the pyrohydrolysis residues were identified by Rigaku MiniFlex600 XRD. Scanning electron
microscopy (SEM) was used to distinguish the phase of the pyrohydrolysis residues. 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 novel, cost-effective and
environmentally-benign leaching process which can selectively remove AAEMs from low-
rank coal, thereby reducing the fouling propensity of leached coal. Apart from the leaching
experimental results, the leaching mechanism investigation and model development are pivotal
to industry design. The completion of this project is to address a global challenge facing the
coal mining industry; how to upgrade low-rank coal to high-quality thermal fuel that can be
burnt at high-efficiency and low-emission for power generation. The low-rank 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 therefore crucial for the power generation and industrial boilers
burning low-rank 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
development of new clean coal technologies which are viable in the carbon-constrained 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 both the operating cost

and environmental effect of waste leachate.

1.2 Research aims
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This PhD project aims to develop an efficient, cost-effective and environmental friendly
process which can selectively remove AAEMs in low-rank coal. In comparison to the past
studies that either had only focused on the high-rank 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 techno-economic analysis, explored the probability for the reusing of
leachates, revealed the scientific mechanisms governing the leaching of AAEMs from low-
rank coal, and developed an efficient HCI acid recovery method from chloride wastes, as

summarised in Figure 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 the techno-economic
analysis to quantify the overall process efficiency, cost and their variation upon the use

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

boiler design temperature, 1200 °C;

3. To determine the optimum leaching conditions for two leaching reagents (H>O, and

HCl);

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 times for each 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 Thesis outline

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 low-rank leaching and waste water recovery
process simulation using Aspen Plus and APEA. This chapter aimed to identify the most
promising process configurations with respect to the AAEMSs removal efficiency, water and
energy consumption, and process costs. To achieve this, a comprehensive techno-economic
analysis has been conducted for four proposed scenarios which consist of different coal
leaching steps and waste water recovery techniques. The lab-scale experimental results were
also carried out simultaneously to provide the necessary data for the simulation. In addition,
the optimal low-rank coal leaching process was compared with a typical existing black coal

beneficiation process, so as to prove its efficiency and feasibility.

This chapter has been published as a journal article: Zhou, S.; Hosseini, T.; Zhang, X.; Haque,
N.; Zhang, L., Selective removal of sodium and calcium from low-rank coal-Process
integration, simulation and techno-economic evaluation. Fuel Processing Technology 2018,

172, 13-28.

Chapter 4 explores the leaching mechanism of AAEMs from low-rank Xinjiang coal by both
water and HCI acid, with special attention on the leaching using leachate. In a practical
industrial application, a multi-step and multi-cycle 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 develop kinetics models to predict the recyclability of the leaching reagent.

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

Zhang, X.; Wu, H.; Zhang, L., Selective removal of sodium from low-rank Xinjiang coal upon
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a multi-stage counter-current water washing: experimental investigation and kinetic modelling.

Energy & Fuels 2019, 33, 3, 2142-2152.

Chapter 5 studies an efficient HCI acid regeneration method from the mixture of alkaline earth
metal chlorides waste via co-pyrohydrolysis with fixed additions of SiO2 and steam. The
motivation for this chapter was to examine if the chlorides waste (Ca/MgCl>) discharged from
the coal leaching process can be decomposed in an efficient and environmentally-benign
manner, thus obtaining Cl-free solid residues and regenerating HCI acid. In this chapter, the
effects of temperature, reaction time and MgCl. additions on the HCI recovery were studied.
Additionally, the mechanism underpinning the HCI recovery from chlorides were extrapolated

from the perspective of silicate structure.

This chapter has been published as a journal article: Zhou, S.; Qian B.; Hosseini, T.; Girolamo,
A.D.; Zhang, L., Pyrohydrolysis of CaCl, waste for the recovery of HCI acid upon the
synergistic effects from MgCl. and silica. ACS Sustainable Chemistry & Engineering 2019, 7,

3, 13-28.

Chapter 6 reveals the local atomic structure of chlorine (CI) and its transformation upon the
interaction between different cations during the co-pyrohydrolysis of CaCl, and MgCl; for the
regeneration of HCIl. An advanced analysis technique, synchrotron X-ray absorption
spectroscopy (XAS) was used to fingerprint the ClI K-edge XANES spectra and Ca K-edge
EXAFS spectra. In particular, the change on the local atomic environment of Ca?* upon the

intrusion of Mg?* atom was interpreted. Consequently, an intermediate structure of Ca-O-Mgy-

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

environment level.

This chapter has been submitted to Journal of Hazardous Materials: Zhou, S.; Qian, B.; Liu,
C.; Hosseini, T.; Zhang, L., Synchrotron X-Ray Absorption Spectroscopy (XAS) study on the
atomic structures of chlorine and calcium derived from the co-pyrohydrolysis of alkaline earth

metal chloride wastes. Journal of Hazardous Materials 2019 (under review).

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

related to low-rank coal beneficiation and HCI acid recovery from chloride wastes.
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Scope of literature review

This literature review covers the motivation for this work on the selective removal of AAEMs
from low-rank Xinjiang coals. Specifically, the modes of occurrence of AAEMs in low-rank
coal is presented at first. Subsequently, the current coal cleaning technologies and their
limitations are evaluated. Afterwards, attentions are paid to leaching kinetics models and
leaching reagent comparison. Additionally, the mature waste water recovery techniques is

compared. Finally, the progress on the HCI acid regeneration from chlorides is discussed.

2.1 Modes of occurrence of AAEMSs in low-rank coals

To remove AAEMs, 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 inferred as Table 2.1.
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Table 2.1 Mode of occurrence of AAEMs in low-rank coals.

Modes of occurrence Characteristic

Inorganic ions in the form of water-soluble salts, such
Water-soluble (WS) as chloride, sulphate or hydrated ions; Soluble in water,
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 carbonate;
Hydrochloric acid soluble
organic ions in coordination complexes; Soluble in
(HAS)
hydrochloric but not in ammonium acetate and water
Aluminosilicate; Insoluble in water, ammonium acetate

Acid insoluble (Al)
and hydrochloric

It has been widely reported that more than half of Na is water-soluble in a low-rank coal, with
the rest being organically bound with carboxyl that can be leached away by ammonium acetate
L2 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 alone, and almost entirely removed
when additionally leached with ammonium acetate. Similarly, in low-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 metal within the Xinjiang coal showed no change
upon the water washing, nevertheless decreased by almost half of its initial amount upon
ammonia acetate leaching. The rest of Ca can be mobilized by hydrochloric acid. It suggests

that Ca in the Xinjiang coal is mainly either bonded with organic functional groups, or discrete
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minerals. Another alkaline earth metal, Mg witnessed a similar mode of occurrence to Ca, i.e.,

mainly AAS and HAS.

2.2  Coal cleaning technologies

2.2.1 Physical cleaning technologies

Coal cleaning exploiting the physical properties has been a well-developed, widely-used and
economical approach in removing impurities from high-rank coal rich in mineral grains 3. By
applying distinctions of physical properties between impurities and high-rank coal matrix, such
as variations in densities or surface properties, rocks and inorganically bound metals can be
removed 3. Based on the rational of physical cleaning technologies, the larger the fraction of
organically bound minerals in the coal, the lower the fraction that can be removed out by
physical ways *. Physical cleaning is limited in removing AAEMs from low-rank coal, in which
a low proportion of these two elements present as isolated minerals . As a 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 from low-rank
coal. By contrast, the majority of studies were focused on the removal of all the ash-forming
metals to produce ultra-clean coals (UCC) or ash-free hypercoal (HPC) ®. Existing typical

techniques of removing AAEMSs from low-rank 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 water-leaching and ammonium acetate-leaching compared with agitation-incurred
leaching was studied to explore the effect of ultrasound on the alkali metal (Na and K) removal
from coal fines less than 210 um in diameter. Two ultrasonic frequencies, 25 kHz and 430 kHz
with 500 W power were used sequentially to generate cavitation and streaming effects of
ultrasound. Experimental results showed that, for deionised water-washing 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 ultrasonic, increasing from 30% (stirring) to 85% (ultrasonic).
This might be because the majority of water-soluble sodium was adhered to coal surface and
easy to remove, so ultrasound did not show remarkable advantage over stirring. However, for
ammonium acetate leaching, more ammonium acetate can penetrate into coals to react with
ion-exchangeable sodium inside coal matrix due to the effects of ultrasound ©. The 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 of coal particles . However, ultrasonic-chemical 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 acids 8. 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 particle size ®*.
Higher temperatures, larger liquid-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 0.7% Na2O in ash

remained at 300 °C and 5.86 MPa after 30 min, than water washing which only removed 60%
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at ambient environment °. 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 °C 2. At higher temperatures, complicated decomposition and
recombination reactions could happen, finally forming complicated and toxic substances, 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 (CAMP) whose target was to estimate and select the existing sodium-removal
methods by carrying them out in pilot tests . If 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 ion-exchangeable constituents, such as ammonium acetate/calcium chloride 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, Dai et al. ** compared
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 existing mode of Na

and Ca. For sodium, both original water-soluble Na and the reaction products between sodium
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minerals and ammonium acetate, nitric acid (NaNOs and CH3COONa) are readily soluble in
water. However, because CaCOz and CaO were claimed to be the main mode of occurrence of
Ca in raw coal, deionised water can only remove a small fraction of calcium owing to the poor
solubility of CaCOz and Ca(OH) (reaction 1). From reactions 2-5, ammonium acetate and
nitric acid can remove calcium more significantly than water. Additionally, considering the
difference in the solubility of Ca(COOH). and Ca(NO3)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 decrease of 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. 2,

Finkelman, et al. & and Morgen, et al. °,

Ca0 + H,0 — Ca(OH), 1)
Ca(OH), + 2HNO3z — Ca(NOg), + 2H20 (2)
Ca0 + 2HNO3 — Ca(NOs); + H20 3
Ca0 + 2CH3COONH4 — Ca(CH3COO); + 2NHs? + H20 (4)
Ca(OH); + 2CH3sCOONH; — Ca(CH3COO0); + 2NH3? + 2H,0 (5)

In 2003, Shi invented a new method of removing sodium by treating coals (particle size being
3-30 mm) under intermittently and greatly changing pressure (from 3-5.0 Mpa to 0.1-1 Mpa)
and temperature (from 150-350 °C to 30-60 °C) 6. The interval is approximately three minutes
and the liquid-to-coal volume ratio is 3-5. In the process, substantially changing pressure and
temperature can destroy the original internal structure of coal, so as to dissolve sodium in 8-15

wt% acetate acid or hydrochloric acid. The author claimed that the highest sodium removal
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rate was 96%. However, the requirement 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 counter-current sodium removal process in
laboratory which aimed to reduce water consumption *’. The experimental conditions were as
follows: water-to-coal mass ratio of 2, washing time of 30 min, and sulfuric acid of PH 2 as
leaching reagent. The sodium content of the tested Bowmans low-rank coal assaying 70%
water-soluble and 30% organic bound sodium was reduced by 80% after two-stage leaching
and by 88.5% after three-stage leaching. This method remarkably reduced the consumption of
fresh water, as evident by that only 2 litres fresh water was consumed per kg of raw coal.
However, the low water consumption was interrelated to the inter-stage dewatering of washed
coal. After leaching, 9 ml flocculant was added; the slurry of washed coal settled for 30 min
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 waste water was not mentioned in this

paper.

In 1991, in order to reduce Ca of low-rank coals, Hayashi et al. 1! treated three coal samples
(pulverised to 0.105-0.210 mm), two subbituminous coals and one brown coal by carbonic acid
(dissolving CO> in water under 600 kPa and 298 K) at a liquid-to-coal mass ratio of 30:(0.1-
3.0). The results indicated that around 45% of Ca and 22% of Mg were removed from
subbituminous coals in 12 h, compared with only 10% Ca and 3% Mg from the brown coal. It
was claimed that it can be explained as follows. For the CO, treatment of coals, calcium

existing as carbonate and sulphate minerals was removed more easily than that associated with
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carboxyls. In other words, ion-exchangeable cations and non-ion exchangeable cations (such
as sulphates, carbonates and clay minerals) were the dominated form of Ca and Mg in brown

coal and subbituminous coal respectively. Additionally, Franklin et al. 8

reported that,
carboxyl functional groups tend to decompose at a relatively lower temperature than other
groups. Hayashi et al. therefore pre-heated coal samples at 573 K for 1.5 h and 1.0 h for the
brown coal and subbituminous coal respectively before leaching by carbonic acid. As expected,

57% and 45% of calcium were removed from the pre-heated brown coal and subbituminous

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

In 1987, Blytas et al. ° proposed a concept of removing sodium from low-rank coal which
consisted two steps, leaching by deionized water, 0.01 m/l acetate acid or aqueous solution of
CO at ambient environment followed by contacting with weak acid (CO2 injected into
deionized water under 300 psi, or 0.03 m/I acetate acid). These two steps were to simulate coal
leaching at a mine mouth and transportation of coal slurry in pipeline respectively. Liquid-to-
solid mass ratio of 6 and 1.5 were adopted for two steps respectively. After treatment by
0.01m/I acetate acid for 1 hour and carbonic acid for 4 days, the highest sodium removal extent

was achieved, at 40%, compared with ~16% when deionized water was used for both steps.

The above discussion about the typical AAEMSs removal process targeted at low-rank coal has

been summarized in Table 2.2.
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Table 2.2 Summary of typical studies on the selective removal of AAEMs from low-rank coal.

Temperature &
Pressure: 120-300
°C & 0.34-5.86 MPa

higher than 60% at
ambient
environment.

Ref Target Treatment Operating Removal efficiencies| Recovery or Major findings
elements & method & conditions recycling of
Coal samples | Leaching leachate
reagents
S Sodium, Ultrasonic; Coal size: <212 um; | 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 was
Ammonium Time: 30 min; ~30% of total Na for used, owing to the
acetate Agitation speed: agitation and ~85% cavitation and streaming
1500 rpm; for ultrasonic; phenomena caused by
Ultrasonic: 25 and ~5% K for all cases. ultrasonic.
430 kHz, 500 W
o Sodium; Hydrothermal Coal size: <0.2 mm; | At L-S mass ratio of | No Hydrothermal treatment
Sub- treatment; Liquid-solid mass 2, 90.5% of total Na can enhance sodium
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 & Ca removal: No 1) The Na and Ca
Calcium; leaching mentioned,; 71.14% Na and 30% 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 NH4COOH,

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

and nitric acid (1 | Pressure: 20 °C and | and 91% Ca (nitric 2) A proper Ca removal

m/l) 1 barg acid) extent was indicated,
since the ash fusion
temperature of washed
coal by nitric acid is
lower than that by
ammonium acetate (900
°C vs 1100 °C).

16 Sodium; Intermittently Coal size: 3-30 mm; | Na removal: highest | No Largest pressure and
High-sodium | and greatly Liquid-solid mass at 96% temperature variation
coal, not changing volume ratio: 3-5; range (between 350 °C
specify the pressure and Time: 30-60 min; & 5MPaand 30 °C &
coal rank temperature; Temperature & 0.1 MPa) achieved

Acetate acid or
hydrochloric acid
(8-15 wit%)

Pressure: change
between 150-350 °C
& 3-5.0 MPa and
30-60 °C & 0.1-1
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; A three-stage Coal size: 91 wt% Na removal: 80% No 1) Less water consumed
Low-rank coal | counter-current | <4mm; (two-stage leaching), per kg of raw coal, at 2
washing process; | Liquid-solid volume | 88.5% (three-stage litres/kg raw coal,
Sulfuric acid ratio: 2 liters/kg raw | leaching); 2) Inter-stage
(PH:2) coal; dewatering is crucial to
Time: 30 min; the sodium removal,
Temperature & since sodium was
Pressure: ambient regarded as be in
conditions equilibrium in filtrate
and water in coal.
1 Calcium & COz dissolved in | Coal size: 0.105- In 12 h, 45% Caand | No 1) In 12h, pressurized
Magnesium; | water under 600 | 0.210 mm; 22% Mg from COz in deionized water
Two kPaand 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 CO>
solution with
pressurization

ratio: 30: (0.1-3.0);
Time: 12 h;
Temperature &
Pressure: 298 K &
600 kPa

and 10% and 3% from
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 h
(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 low-rank
coal can improve 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: 150-1,400 | Highest Na removal: | No 0.01m/I acetate acid for

Low-rank coal

washing process
for the
simulation of
coal washing at a
mine mouth and
following
transportation in
pipelines;
Deionized water,
0.01 m/I acetate
acid or aqueous
solution of CO2
at ambient
environment,
saturated CO>
solution under
300 psi or 0.03
m/l acetate acid
for step two.

um for step one;
<1400 um for step
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 CO>

solution under 300
psi (step two).

40% for step one
using

0.01 m/I acetate acid
and high CO>
solution for the
second step.

step one and high CO>
pressure for step two
removed highest
sodium, at 40%.
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2.3 Leaching kinetics models

For an appropriate design and scale-up of the coal-leaching 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) developed by 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 reaction products through liquid
film on the surface of the solid particle or through the intra-particle inert ash layer, or the

chemical reaction as described by the following equations respectively.

(1) liquid film diffusion control: t/Tl = Xp (6)
Where t; = 3b‘l)(Z§Ag

(2) Intra-particle ash layer diffusion control: t/rz = 1-3(1-XB)2/3 + 2(1-Xp) (7)
Where 1, = 6})‘;‘3—5;%

(3) Surface chemical reaction control: t/T3 = 1-(1-XB)1/3 (8)
Where 5 = blffcig

where t is reaction time (s); 7 is time required for complete conversion (s); Xg is factional
conversion; b is stoichiometric coefficient; pg is molar concentration of mineral (kmol-m=3); R
is particle radius (m); kg is mass transfer coefficient between liquid and particle; Cag is
concentration of organometallic compound (kmol m™); De is diffusivity through porous coal

(m2s™); ks is first-order rate constant for the surface reaction.
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In 2012, Zhu et al. 2 applied SCM 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 intra-particle ash layer diffusion dominates for
the acid concentration above 4 M. Similar direct applications of SCM were also found

elsewhere 222,

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 proposed as shown in
Equation 9 % %, 1t did not take into account the liquid film diffusion which can be eliminated

with a stirring speed above 200 rpm 2.
%/t = 1-(1-Xp) /3 + B[1-3(1-Xp) 72 + 2(1-Xp)] ©

2
where B = T3/T2, r="Pr /ZbMDCA (all signals mean the same as before except that M is
g

the molecular weight of washed mineral).

Bobeck et al. ° studied the kinetic of dissolution of sphalerite (ZnS)/ by ferric chloride (FeCls)
using SCM and the above model. It was found that the original SCM with only one controlling
factor in equations 7 and 8 cannot describe the whole leaching process. It was inferred that the
leaching might be dominated by the surface chemical reaction and internal diffusion at the early
and later stage, respectively. Therefore, the generic model (equation 9) was further employed
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to simulate the experimental data. Eventually, a satisfactory fitting was achieved at both
temperatures, confirming the above postulation of two factors controlling the leaching process

throughout the whole leaching step.

To accommodate the heterogeneity of a mineral, the “Variable Activation Energy SCM” has
been further formulated by Brittan 2’ and used by Beolchini et al. 2 and Veglio et al. 2° in
Equation 10. This equation was solved by a non-linear regression analysis to estimate the
adjustable parameters. Note that, when b; = 0, Equation 10 will represent a model with a

constant activation energy. The general assumptions for this refined SCM model are as follows:

(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 mineralogical forms, reactants in the

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

ax _ C'exp[- Ea

1 1 b, XP2
= 2 (2-2) + 22 21(Cap-CasX)™ (Cso-Css) " (1-X)%/3 (10)

T T RT

where by and b, are the parameters about the conversion to the activation energy (b1: ki/mole;
bo: dimensionless); X is the target metal conversion; C  is a constant; Ea is the reaction
activation energy (kJ/mole); T is a reference temperature (K); Cao and Cso are the initial

leaching reagent 1 and 2 concentration (M) respectively; na and ns are the reaction order with
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respect to leaching reagent 1 and 2 respectively; Cas and Css are the stoichiometric requirement

for leaching reagent 1 and 2 (M).

Beolchini et al. 28 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 and the values
calculated by the variable activation energy model (Equation 10) showed a much better fitting,
compared to that by the constant activation energy model. It suggested that the leaching process

was controlled by chemical reaction with a variable activation energy.

Based on the above discussion, the mineral leaching kinetics mechanism is complex and case-
dependent. The kinetics mathematical model is related to various factors, including the
leaching reaction, the properties of leaching reagent, the mineral particle size, the liquid-solid

mass ratio, the mineral particle shape, etc.

2.4  Leaching reagent comparison

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

the following factors should be considered:

1) The effectiveness of removing AAEMs
2) Possibility of recovery and reusing

3) Availability and cost
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4) The change in calorific value of leached coal
5) Effect of the leaching reagent residue on the washed coal on the coal-fired boiler
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 stage leaching under the ambient conditions. The ammonium acetate
should be ruled out due to its high price %, marginal effects on the removal of Ca and Mg, and
the difficulty in the regeneration of ammonia. Sulfuric acid is also unsuitable in this study,
since low-rank coals have very high Ca contents, resulting in the quick formation of numerous
CaS0s upon the attack of sulfuric acid. As a result, the stubborn CaSOs precipitation within

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

Nitric acid was also confirmed to mobilize high fractions of AAEMs from low-rank coals.
However, the drawback of using nitric acid leaching is notable. Firstly, the reaction between
coal compositions and nitric acid is sensitive to the operation conditions, generating various
products according to reactions 11-14 1. The release of toxic H2S and NO might pose a
restriction on the application of nitric acid on coal leaching. Secondly, nitrating agent, NO2*
might form according to reaction 9 (H>SO4 produced from reaction 13). Consequently, coal
might be oxidized and a new nitrogen-containing species in coal might be formed, resulting in

the reduction in calorific value of coal and increase in nitrogen content *.
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FeS; + 2HNO3 — Fe(NO3)2 + HzS + S (11)
2FeS; + BHNO3 — 2Fe(NOs)z + 3HzS + S (12)
6FeS2 + 30HNO3 — 3Fe2(SO4)s + 3H2S04 + 30NO + 12H,0 (13)
HNOs + 2H;S04 <> NOz* + HsO* + 2HSO4 (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 nitric acid . Firstly, it has a
strong capacity of removing targeted AAEMs as summarized in Table 2.1. Secondly, it can
ease the leaching process without the precipitation trouble, such as CaSOa. Thirdly, a higher
leaching kinetics can be expected. Finally, metal complex has a higher solubility in HCI acid.
On the other hand, the difficulty of disposing of the wastewater rich in chlorides has always
been the big hurdle for the application of HCI acid *2. This problem is one of the core topics in
this study and will be explored in depth in chapters 5-6. Regarding the disadvantages, the acid
residual on the leached coal might incur corrosion to the alloy in boilers, but this can be
mitigated significantly via using a bunch of physical solid and liquid separation units, such as
separation screen and centrifuge. Also, this effect can be slashed through using low-

concentration HCI acid. The comparison is summarized in Table 2.3.
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Table 2.3 Comparison of leaching reagents.

Leaching Advantages Disadvantages
reagents
Pure HyO Bl Weak abllljty to remove AAEMs for single stage
under ambient environment
o 1. The leachi ill ickl
1. Strong ability to remove AAEMs, except Ca © eachiig process wit. cease quickly d}le
H2S04 7 No volatilization to the precipitation of CaSO4 on coal particles
' 2. Corrosion to boiler steel brought from sulfur

1. Oxidation of coal causes the reduction on the

calorific value
HNO;3 Strong capacity of removing AAEMs 2 Incre'a.se n nltrogep within ¢ (.)al .

3. Sensitive to operation conditions, might
resulting in release of H2S and NO during the
leaching stage

Strong capacity of removing AAEMs
Free of precipitation trouble, such as CaSO4 : .
Hel Higher leaching kinetics 1. Acid concentration should be low, to

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

SNk =

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 coal leaching process economically viable, integrating the recycling and treatment of
the used water into the demineralisation of coal is critical. For salt water specifically, three
mature water recovery technologies exist to date: evaporation, electrodialysis and reverse

0SMOSISs.

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 well-established, simple technique that involves multiple flash
vaporising drums in series in order to separate out the water based on different boiling
conditions 3> %3, 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 causes the water to
rapidly vaporise and separate from the unwanted contaminants. This process is mostly applied
for feed streams with salt concentration of greater than 50,000ppm and for large-scale water

treatment.

Although MSF vaporisation produces high quality recovered water that has low levels of
contaminants, it requires considerable amounts of energy to heat and pressurise the water
before it can be flashed — translating into high operating cost as shown in Table 2.4 **. MSF
vaporisation requires between 19.5 and 27.3 kWh/m? which is far more energy than other water
recovery techniques *°. MSF systems are quite large requiring large land areas and involve an
extensive amount of equipment and piping. This gives them a large capital investment and

moderate maintenance costs >°.
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2.5.2 Reverse osmosis

Reverse osmosis (RO) is a mature separation process that has continued to improve over time.
It relies on a pressure differential to force water molecules across semi-permeable membranes,
leaving the unwanted contaminants that are not allowed to pass behind *7*°. Operating
conditions are maintained at a pH of 2-11 and temperature of 5-55°C to maximize diffusion
and limit damage to the membrane. Any contaminant that has a molecular weight of more than
200 is likely to be removed by an RO unit. This is due to particles smaller than 0.1nm being

able to pass through the membrane with the water.

The United States Environmental Protection Agency (USEPA) selected RO as the best
technology for removing inorganic contaminants, where numerous full-scale facilities exist in
industry *!. Table 2.4 shows that RO systems are also cheap and simple to build; requiring only
1.5-3 kWh/m? ** and can remove both inorganic and organic material with a satisfactory water
recovery rate especially for relatively 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 costs *.

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 anion exchange membranes 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 potential difference. As a result, diluted water can be
obtained in dilute compartments. With a relatively low energy requirement of 2.64 - 5.5
kWh/m? 3° and little production of waste, ED presents as a more environmentally and

economically friendly alternative. Table 2.4 summarises the technical specifications and costs.

As ED is only effective for desalination, it is inappropriate for removing organic matter and
other non-ionic contaminants. Suspended solids with a diameter larger than 10pm (which
would be present in the black water) must also be removed to prevent blockage of membrane
pores **. Membranes are also subject to fouling, although less frequently than for RO, with an

average seven-year lifespan +°.

ED is only economically efficient for brackish waters that have a total dissolved-solids (TDS)
content of less than 4,000 mg/L. This is a result of power consumption being directly
proportional to the salinity of the water *°. 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 desalinization rate of ED is lower.
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Table 2.4 Comparison of water recovery methods.

Water Capital Operatin Ener
Recovery Technical Specification Cp pC g 9y Advantages Disadvantages
Method ost ost consumption
pH range: N/A 1. Long established
Temp range: 90-115°C ¥/ 2. High quality water | 1. High energy
_ product consumption
- Concentra“on: >5000O m US$1200' $110' 195'273 . .
Evaporation Pp $2300/m3% | $1.50/m%% | KWh/m?® 3. Mo_derate : !—hgh capital
48 maintenance and investment
cleanin
" 1. Widely used
pH range: 2-11 2. High water
Temp range: 5-55°C 4° L6 IrecoveryI ratio for . I(\;Iegwbranf_ ;‘ouling;
_ i ) 5- ower salt -5 year lifespan
Reverse | Concentration: <50000 ppm US$38951 $O'453 s | KWh/mB3 concentration feeds | 2. Regular
Osmosis $562/m $0.92/m :
50 3. Low energy maintenance and
) . 50 consumption cleaning
extent
5 . Membrane fouling
pH range: 2-11 1. High water (~7 year lifespan)
Temp range: 4.5-43 °C *2 ) recovery ratio - Cannot remove
- on: $600- $0.25- 84555 | 2. Little waste organic matter
Electrodialysis | Concentration: 3000-12000 $700/m3 5% | $0 35/m? KWh/m335 | < roduced . Electrode corrosion
ppm “8 ' P and fouling
3. Lower energy

Particle size: <10pum 43

consumption

. Lower desalination

rate than RO
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2.6 Hydrochloric acid regeneration from chloride wastes

HCI acid regeneration from the lixiviant which is rich in chlorides, is vital to the
commercialisation of the low-rank coal leaching process, via slashing the cost through reducing
the amount of male-up HCI acid, and eliminating the environmental impact through producing
Cl-free/lean waste >*. This part will summarise the widely studied HCI acid regeneration

methods, including 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 in Figure 2.3. A cell with three compartments was created to separate 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?2, 1 and 0.2 M NiCl; as 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 ClI is released as HCI acid. This method is mainly used for
calcium chloride, attributing to the low solubility of calcium sulphate. It was 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 chlorides 4. A slow sulphuric acid addition rate can promote well-

crystallised gypsum, whereas a gel-like substance will form under a fast addition of sulphuric
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acid. The morphology of gypsum will exert a notable effect on the following solid-liquid
separation step. Higher operation temperature, the addition of seed and dilution of sulphuric
acid to around 50% help the crystal growth. Additionally, an initial calcium chloride
concentration of 3-4 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 significant 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 solid-liquid separation is also tricky. Poor filtration rate can be
caused by the formation of fibrous calcium sulphate anhydrite, while calcium sulphate

dehydrate and alpha-hemihydrate enable effective solid-liquid separation 5 ¢

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, MgCls,
NiClz and FeCl, **. The pyrohydrolysis of MgCl, was patented firstly as Aman process using
reaction temperature up to 800 °C *’. The MgCl- solution and combustion gases are fed into a
3-10 m tall reactor from the top and bottom, respectively. Consequently, 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 of NiCl2 . Aiming to
reduce the energy requirement, an extra exothermic reaction was added, the oxidation of FeCl>
into the pyrohydrolysis of FeCl, . Despite the favourable thermodynamics which enhances its

economic feasibility, the pyrohydrolysis of FeCl: is hindered by the lack of FeCl> solution in
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most cases. In light of this, the study of pyrohydrolysis is far from completion to promote it to

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

2.7 literature review summary and research gaps

According to the above literature review, low-rank 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 low-rank coal, chemical leaching has to be employed to
extract AAEMs out of coal matrix. This chapter has given an in-depth literature review of the
current state of knowledge regarding the low-rank Xinjiang coal property, coal leaching
techniques, leaching kinetics models, waste 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 once-through leaching using
fresh reagents. Few was about the leaching using recycled leachate especially in
multi-step processes if 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 comprehensive techno-economic analysis for the flowsheet which
integrate leaching and waste water treatment steps. This restricts the scale-up 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 CaClz, not to mention the co-pyhydrolysis of
CaCl; and MgCl_2, which co-exist in the waste leachate discharged from the low-rank
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 in chapter 2 has shown that there is a lack of techno-economic viable
leaching process which is suitable for the selective removal of AAEMs from low-rank coals,
especially the integration of the treatment and recycling of waste leachate. To examine the
feasibility of low-rank coal washing processes integrating leachate recycling and to promote to
large-scale application, it is essential to conduct a comprehensive techno-economic analysis
first to obtain the most promising process configuration. Four integrated leaching and waste
leachate treatment and recycling processes have been proposed and compared comprehensively
using Aspen Plus and Aspen Process Economic Analyser in this chapter. The most appropriate
process configuration was determined in terms of the AAEMs removal extents, 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 in Fuel Processing Technology: Zhou, S.; Hosseini,
T.; Zhang, X.; Haque, N.; Zhang, L. Selective Removal of Sodium and Calcium from Low-Rank
Coal — Process Integration, Simulation and Techno-Economic Evaluation. Fuel Processing

Technology, 2018, 172, 13-28.
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Abstract

This paper has addressed the techno-economic feasibility regarding the selective removal of
sodium (Na) and calcium (Ca) from low-rank sub-bituminous coal, aiming to reduce the ash
fouling propensity in the pulverized coal-fired boilers. Four novel process integrations were
proposed and simulated in Aspen Plus. Both a three-stage counter-current water leaching
process and one-stage acid leaching process have been proven to improve the ash fusion
temperature satisfactorily, reducing the mass fraction of NaxO in ash from 4.32 wt% to 0.85
and 0.21 wt%, respectively. In addition, the use of acid removes around 13% Ca and 19 wt%
total ash. For the recycling and treatment of wastewater, the water gain is desirable for the use
of an evaporator, owing to the dewatering of the initially high-moisture coal (25 wt%) in the
centrifugal and the high water recovery rate from the evaporator. However, the good
performance of evaporator is counteracted by the considerable capital cost caused by the huge
heat transfer area requirement. 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 consumption. The water
consumption drops to 41.9 kg/t coal and 51.8 kg/t coal for the three-stage water leaching and
acid leaching process, respectively. Both are remarkably lower than 85 kg-water/t black coal.
In terms of the power consumption, it decreases to ~10.3 kWh/t coal for the three-stage 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 economically viable 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 content in the raw coal. For a low-rank coal containing >2150-2520 ppm Na and/or

<19 wt% 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 RMB/t (-32%

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 simulation; Techno-

economic evaluation
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3.1 Introduction

Low-rank coal, commonly referred to as brown coal and sub-bituminous coal, contributes to
more than 50% of the world’s coal reserves . It is abundant in regions such as Australia and
China and provides an economically attractive alternative to high-rank black coal (i.e.
bituminous coal and anthracite) for electricity generation % 3. The use of low-rank coal is
becoming increasingly important with the ongoing depletion of high-rank bituminous coal.
However, low-rank coal boilers are afflicted by severe fouling inside the boiler caused by the

high content of alkali and alkaline earth metal (AAEMs, Na, Ca, K and Mg) # of low-ran coal.

Conventional coal cleaning techniques are exclusively targeted at high-rank 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 density than the carbonaceous matrix, it can be removed
physically ©. Variations in surface properties can also allow for separation . However, unlike
black coal, AAEMs in low-rank 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 between mineral matter and coal matrix 8. Instead,
chemical leaching or solvent extraction has been examined to remove these two elements from
low-rank coal. In particular, research has been focused on the removal of all ash-forming metals
to produce ultra-clean coals (UCC) or ash-free hyper-coal (HPC), from both high-rank and
low-rank coals 8. However, the corrosive acid/ alkali reagents and/or high pressure and
temperature 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 for low-rank coal

because of the low carbon yield (<30 wt%) resulting from its cross-linked carbonaceous
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structure 8. For conventional coal-fired boilers, the removal of all ash-forming metals is also

unnecessary.

In this study, instead of removing all of the ash-forming 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 coal-fired boiler ** 2. Moreover, based on the high-water
solubility of Na in low-rank coals, the existing water-leaching process for black coal was
adapted for the low-rank coal. That is, multiple-stage water leaching, either with or without
acid dosing was employed to leach the low-rank coal, whereas the resultant leachate was
repeatedly used before it is saturated and then sent to the wastewater treatment unit to remove
the inorganic impurities. The innovative characteristics of the new water-leaching process are
hypothesized from the following three perspectives, 1) the water consumption can be reduced
significantly by the recycling of leachate; 2) the mature existing waste water treatment and
recovery techniques, once integrated efficiently with the coal leaching process, can further
help recover the water cost-effectively; and 3) the introduction of acid can significantly

increase the extraction yields of both Na and Ca out of coal matrix & 2.

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 low-rank coal that has comparable
contents of Na and Ca with these in black coal. Furthermore, the ash of resultant leached coal
is expected to have an ash fusion temperature above the boiler operating temperature, at 1200
°C. Aspen Plus has been employed for the process flow-sheeting. Aspen Process Economic
Analyzer (APEA) was further used to perform the economic 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 a study has yet to be examined in the literature. The results achieved
are expected to promote the deployment of low-rank coal leaching in a large industrial and

commercial scale in the future.

3.2  Methodology

3.2.1 Coal properties

A low-rank sub-bituminous 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 low-rank coal . Additionally, a reference black coal was tested for
comparison. Their properties are tabulated in Table 3.1. The volatile content (30.2 wt%) in
Xinjiang coal indicates that it belongs to sub-bituminous coal *°. It is much higher than the
value of black coal, at 7.8 wt%. The sub-bituminous 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 sub-bituminous belongs to the intermediate-heating-
value coal *°. With respect to the particle size distribution of the as-mined 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 low-ash content.
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Table 3.1 Compositions of as-received Xinjiang low-rank coal and black coal.

Components Low-rank coal (wt%) Black coal (wt%)
Moisture 24.5 9.68
Ash ¢ 7.78 22.49
Volatile ¢ 30.2 7.78
FCd 62.02 69.73
Chlorine 0.09 -
Gross heat value % 24.89 MJ/kg 26.93 MJ/kg

ad air-dried, ¢ dried basis, % dry ash free basis

Table 3.2 PSD of as-received Xinjiang low-rank 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
0.6-1.0 8 >40 10
1.0-4.0 21
4.0-8.0 15

>8.0 36

Table 3.3 compares the ash compositions of the two coals, which are expressed as the most
stable oxide of each element. It is observed that the contents of both Na,O and CaO in low-
rank coal are significantly higher than in black coal, which is in agreement with the past studies

3412 In 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 water-soluble, with the rest being organically bound
with carboxylic acid that can be entirely leached away by ammonium acetate & 1°. Conversely,

Ca mainly present as discrete minerals, which can be mobilized by hydrochloric acid 6.

Table 3.3 Typical ash compositions of Xinjiang low-rank coal and black coal.

Sample Ash? Na;O MgO AlOs SiO2 P05 SOs KO CaO Fey03

Low-rank 7.8

coal 432 2265 327 567 052 1506 0.21 4696 1.34

Black coal 225 148 105 2814 5214 021 297 191 148 10.62

d on the dried coal basis (Wt%)

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 4 mm in diameter, before being sent to the leaching reactor by a belt conveyer. With
respect to the coal leaching unit, three options were proposed hereafter: the use of a single stage
water leaching shown in Figure 3.1(a), the use of three-stage counter-current flow of water in
Figure 3.1(b), and the single stage of acid in Figure 3.1(c) and (d). With respect to the 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 make the final product that contains around
11% moisture. The resultant water from the centrifuge is mixed with coal fine-water slurry
received from the dewatering screen, and then passes through a thickener and pressure filter to

yield the final by-products, wet tailings 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 to Figure 1, the four scenarios were designed and compared hereafter to address the
discrepancy, between single-stage and multi-stage water leaching unit via Scenarios 1 versus
2; between evaporator and RO on water recovery via Scenarios 2 and 3; and between water-

leaching and acid-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 experimental examination, a liquid-solid 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 solid-liquid separation units, the dirty water containing fine coal particles, Na and
Ca is transported 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 cooling water as the coolant.
The bundle of evaporator-condenser allows unwanted salts to be separated and exit the process

as waste.

Scenario 2 adopts a counter-current three-stage water leaching process, thereby removing more
than twice the amount of Na than Scenario 1. However, due to the low water-solubility of

organic Ca and CaO/CaCO3/CaS0Os4, 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. The counter-current
leaching process is introduced 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 ultrafiltration system (UF) to remove the suspended particles and a

strong-acid cation ion exchange resin (IER) to trap calcium ions were installed -°,

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.
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—— Water washing > o ] 1qui »  Evaparator (Pt
separation
Fy
Washed coal Steam
L
Y
Recycled clean water
Cooler

(@)

58



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis

d
2" used water

Recycled clean water

3" washed
coal

3" washed
coal

Recycled
clean water

Scenario 2
v 1% washed 2" washed .
Raw coal 1* washing coal 2" washing coal 3™ washing
reactor reactor reactor
F Y
3% ysed
water .
1% used water
h 4
Steam
Evaporator » Cooler
Impurities
L
nd .
27" used water
Scenario 3
Y 5 Y
1% washed 2% washed
Raw coal 1* washing coal | 2™ washing coal 3" washing
reactor reactor reactor
~
3" used «
water 1% used water
A A
Permeate I
. on exchange Reverse
Ultrafiltration > .= .
resin osmosis
Retentate Retentate
S

(©)

59



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis
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Figure 3.1 Simplified low-rank coal leaching diagram for Scenario 1 (one stage water
leaching with evaporator), Scenario 2 (counter-current water leaching with evaporator),

Scenario 3 (counter-current water leaching with RO) and Scenario 4 (acid leaching with RO).

3.2.3 Model development and validation

Aspen Plus is claimed as a commercially reliable field-tested software for more than 30 years
and widely used by engineering design companies 2°. Aspen Plus V8.4 was employed to
simulate the above-mentioned four low-rank coal leaching scenarios, for a plant capacity of
400,000 tonnes coal per annum. In addition, the lab-scale coal 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 compared with the 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.

60



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis

3.2.3.1 Aspen Plus simulation

Based on the composition of Xinjiang low-rank coal as in Tables 3.1 and 3.3, it was assumed
that Na exists as a mixture of NaCl and Na>O which represents the water-soluble and organic
sodium that is bonded with carboxylic acid, respectively. Similarly, Ca was postulated to be
made up of CaSO4 and CaO. Carbon was assumed to make up the remainder of the coal, on the
dried and ash-free basis. Furthermore, to accommodate the default electrolyte module in Aspen
Plus, the oxides (Na2O and CaO) were further converted into the respective hydroxides (NaOH
and Ca(OH),). Table 3.4 outlines the simplified composition of the two target elements in the

raw low-rank coal tested here.

Table 3.4 The simplified composition of Xinjiang low-rank coal for simulation.

Components wit%
Moisture 24.5
NaCl 0.15
NaOH 0.19
Ca(OH)2 3.57
CaSOq 0.87

C 70.72

ad gir-dried

The leaching reactor for low-rank coal was modelled by a stoichiometric reactor block (RStoic)
20, For each reaction in RStoic, the reaction stoichiometry, fractional conversion of each

reactant and the reaction condition were specified, based on the experimental results that are
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summarised in Tables 3.5 and 3.6. 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 summarised in Table 3.7. The
pressure increase in each pump was assumed to be approximately 1 bar, which was deemed to
be sufficient in overcoming the pressure drop within the equipment (e.g. 0.5 atm in a vertical
flash separator °), 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 because the 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 3.5 Na and Ca removal yields.

Process Element Reactor Removal yield / %
Three-stage 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 3.6 Optimum operational conditions.

Process Variable Value
Water leaching Residence time 30 min
Liquid-solid mass ratio 15
Particle size 1-4 mm
HCI leaching Residence time 30 min
Liquid-solid mass ratio 15
Particle size 1-4 mm
HCI concentration 0.7M

Table 3.7 Summary of assumed input data in Aspen Plus.

Equipment item Variable Value
Pump Efficiency 0.752°
Pressure increase 1 bar
Reactor Operating condition 1 bar, 25°C
Dewatering screen Cut-off size 0.5 mm
Centrifuge Water in solid outlet 0.08 %
Solid in solid outlet 0.97 2%
Pressure filter Water in solid outlet 0224
Solid in solid outlet 0.98 %
Evaporator Outlet temperature of cold side 101 °C
Ultrafiltration Water recovery rate 96% 22
Suspended fine solid removal 100%
Feeding pressure 310 kPa %
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IER Ca?* removal yield 100%
RO (three-stage) Water recovery rate 75.3% 22
Na* removal yield 100%
Type of RO membrane TFC 2832 HF-560 magnum
Feeding pressure 5,520 kPa 22
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 RO to pre-treat the water
feed. In addition, the anion ion exchange resin (IER), a pre-treatment unit to RO to remove
Ca?*, was simulated by a combination of RStoic and component separator, with the former one
in which a reaction between SO42 and Ca?" occurs to precipitate Ca?* and the latter to remove
the CaSOg precipitate. In this study, TFC 2832 HF-560 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°C ?2. To achieve a high water recovery rate, a three-
stage RO system was employed 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
stream 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 simplify the simulation 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 solids 2.
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3.2.3.2 Lab-scale experimental procedure

Lab-scale experiments were conducted to clarify the extraction yields of the two target ions,
Na and Ca as a function of residence time, coal particle size, liquid-to-solid 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 single-stage leaching was firstly conducted in a glass beaker to examine its optimum
operating condition. To conduct the three-stage counter-current water leaching experiment in
the laboratory, the pure water was first used to leach raw coal for 30 min rather than the 2"
leached coal shown in the leaching part of Figure 3.1(b), yielding a leached coal, termed as
Coal A and used water. This is because the 2" leached coal is unavailable at the start-up.
Subsequently, the used water was applied to leach Coal A for another 30 min to attain a two-
times-leached coal, as Coal B, which was finally leached with pure water to obtain the 3™
leached coal and 1% used water as shown in Figure 3.1(b). Afterwards, 1% used water was
employed to leach Coal A for 30 min, obtaining 2" used water and 2" leached coal. Finally,
raw coal was leached by the 2" used water to get 1 leached coal and 3™ used water. All the
leaching experiments were conducted at a batch-scale. The acid leaching experimental

procedure is the same as the single-stage water leaching process, except the utilization of acid.

Inductively coupled plasma optical emission spectrometry (ICP-OES) was employed to
quantify the contents of Na and Ca in both raw coal and leachates, following a previously
established standard procedure 23. Additionally, the ash fusion temperature of raw coal and
leached coal was calculated by a commercial thermodynamic equilibrium software,
FactSage®!. The ash compositions in a coal sample, such as the results for raw coal ash listed
in Table 3.3 were used as input for the calculation, plus a weak gas environment (1 vol% CO,
5% Oz, 10% H20 and N in balance) at 1 atm as an input too 2. This is to mimic the local gas
environment near a coal-fired burner in the boiler. A temperature span of 800 °C to 1600 °C
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was simulated, and the built-in FToxide_?Slag database in FactSage was selected to quantify

the ash melting percentage versus temperature *.

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 annum was simulated. The black coal leaching process
mainly consists of a jig machine to remove the coarse minerals by the difference 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 proposed low-rank coal leaching
process. As shown in Figure 3.2, the coal is firstly screened by a vibrating screen with a cut-
off size of 40 mm. 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 64.5 m3/min
and a water to solid 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 deck vibrating
dewatering screen with two cut-off sizes of 25 mm and 0.7 mm, separating out the lump coal
larger than 25 mm with a moisture content of 8%, and those between 0.7 and 25 mm seeing a
moisture content of 28%, respectively. Afterwards, the slurry of coal fine-water is sent to a peat
screen with a 0.5 mm cut-off size to remove the fine coal particles. Simultaneously, the
overflow of the peat screen and the coal with a size of 0.7-25 mm is 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 namely polyacrylamide (PAM), with a mass concentration
of 1 g/m3-slurry. The agglomerates passes through a pressure filter to squeeze out the water.
The thickener, which is not a built-in block in Aspen Plus was simulated by a component

66



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis

separator. Finally, the water is recycled back into the jig machine to reuse and the by-product

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

Aspen Process Economic Analyzer (APEA) % was finally integrated with Aspen 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,
necessary parameters were specified, including the project type, project starting date, annual
operating time, project fluids, utilities, labor cost, raw materials and product streams, as
outlined in Table 3.8. For the flue gas used as a hot stream in Scenarios 1 and 2, it 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 partner, Hubei Yihua Chemical Co Ltd. However, 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 coal-leaching plant. The net present value (NPV), internal rate of return
(IRR) and payback period were calculated by cash flow analysis 2> and the corresponding

parameters were also outlined in Table 8.
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Table 3.8 Input economic parameters to Aspen process economic analyser.

General economic Cash flow analysis

parameters parameters

Plant location Xinjiang, China Depreciation 5% per year

Currency conversion rate  RMB/USD 6.60  Tax rate 30%

Project type Clear field Interest rate 10%

Source of utilities Across the fence  Project lifecycle 20 years

Project fluids Liquids and solids Discount rate 10%

Operating hours per year 8000 Depreciation method  Straight line

Start date for engineering 1-Jan-17 Working capital 6.7% of the fixed capital cost
Raw material process Utilities

Raw Xinjiang coal 46 RMB/t? Electricity 0.255 RMB/kWh?
Polyacrylamide 6500 RMB/t? Flue gas Free

Hydrochloric acid (31%)  Free?

Water 3.7 RMB/m3?

Products Labour

Leached low-rank coal 200 RMB/t? Operator 9.17 RMB/Operator/H?
Wet tailings 10 RMB/t?

& Reported 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 pumping pure water and water-coal
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slurry, respectively 26, Due to the volatility and corrosion of 31 wt% HCI, an enclosed agitated
tank reactor of carbon steel shell lined by PVDF (polyvinylidene fluoride) was employed.
Additionally, the pump in contact with HCI was mapped by the plastic centrifugal pump.
Carbon steel was used for all other agitated open-up water leaching reactors as the shell
material. In light of the residence time of 30 min, reactors 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 capable of conveying coal of any flow rates in the process ?’. Long
tube vertical evaporator and field assembly cooling tower were selected for evaporator and
cooling tower, respectively. However, due to the lack of built-in 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 account the plant capacity, location factor,
inflation index, and currency exchange rate 2°. The assumptions for RO cost estimation are

summarized in Table 3.9.

Table 3.9 The assumption for RO cost estimation.

Variable Value
Plant capacity (Million gallon per day) % 150
Currency conversion rate RMB/USD 6.38
Location factor for China *° 0.95
Cost index 2001 %’ 406
Cost index 2017 %' 1125

3.3 Results and discussion
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3.3.1 Simulation validation using the existing black coal leaching process

Table 3.10 illustrates the 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 3.10 Comparison of the actual and simulation 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 3.5-6.3 kwh/t of raw coal
Total equipment cost 51 4.2 (5.5) million RMB

& 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 actual value (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 respectively 2. For 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 operational conditions, leading to a large variation on the water and power

consumptions. Even so, given the fact that the major liquid-solid separation units including
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dewatering screen, thickeners, pressure filter and centrifuges in the black coal leaching process
have been considered and included in the modelling and the same units will be used for low-
rank coal leaching, the results in Table 3.10 provide a reasonable credibility to the simulation
results obtained for the low-rank coal leaching results to be discussed 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 content of 11 wt%. With respect
to the power consumption, it is mainly attributed to the jig machine that consumes a power of

2.3 kWhtt coal.

3.3.2 Comparison of low-rank coal leaching stages via Scenarios 1 and 2
3.3.2.1 Lab-scale coal leaching results

Table 3.11 compares the ash composition change of leached coal produced by the Scenarios 1
and 2, where coal was leached by a single-stage and three-stages, respectively. The total ash
rarely reduces in Scenario 1, although the mass fraction of Na2O in ash decreases noticeably
from original 4.32 wt% down to 1.01 wt%. Scenario 2 is clearly more pronounced, achieving
a reduction of 1.4 wt% for the total ash, and a lower value of 0.85 wt% for Na2O in the ash.
Figure 3.3 demonstrates 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 coal-fired boiler.
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Table 3.11 Ash composition changes after different leaching processes.

Sample Ash/% Na,O MgO AlLO; SiO2 P;0s SO; KO CaO  Fex03

Raw coal 7.8 432 22,65 327 567 052 1506 021 4696 1.34
Scenario1 7.6 1.01 2432 3.04 403 052 1694 025 4777 212
Scenario2 6.4 0.85 21.23 438 659 045 1986 0.21 4595 048

Scenario 4 6.3 021 19.16 485 786 040 3730 0.19 29.50 0.53
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Figure 3.3 Ash melting point comparison for Scenarios 1, 2 and 4.

3.3.2.2 Aspen Plus simulation results

The Aspen Plus flow-sheets 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, rather than lose about 140 kg
water per tonne raw coal. This is a result of the 24.5 wt% moisture content in raw coal that is

down to 11 wt% 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 total power consumption 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 three-stage leaching that consumed 7.4 kWh/t

coal in Scenario 2, triple of the power caused by only one tank in Scenario 1.

Table 3.12 Comparison of water and power consumption for single and three-stage water

leaching.
Variable Single stage Three stages Unit
Water consumption 144.1 (gain) 137.0 (gain) kg/t of raw coal
Water recovery rate 93.3 92.8 %
Total power consumption 5.1 10.3 kWh/t of raw coal
Agitated tank power consumption 24 7.4 kWh/t of raw coal

3.3.3 Comparison of waste water treatment methods via 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 three-stage leaching unit plus a downstream RO-
based wastewater treatment unit are adopted. Table 3.13 demonstrates the 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, 75.3% (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

75



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis

loss ratio in Scenario 3 is also far more than the 85 kg-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
counteracted by the considerable capital cost was caused by the huge heat transfer area of the

evaporator and cooling tower (further discussed later).

Table 3.13 Comparison of water and power consumption for three-stage 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 10.3 134 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 ultrafiltration system and 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 rather than electricity. In addition, compared to black coal
which requires approximately 6.3 kWh/t coal for leaching, the energy consumption for low-
rank coal leaching, as predicted here, is much higher especially for Scenario 3, indicating that

a further optimization 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 capital cost is important for
the following process optimization. Figure 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 evaporator 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 cost, 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 demonstrated in Figure 3.4 (b). Two scenarios
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. Similarly, the 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 fixed capital cost to the maintenance fee ?°, causing

its even smaller total operating cost.
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Figure 3.4 Break-downs of capital and operating cost per year for Scenarios 2 and 3.

3.3.4 Optimization of Scenarios 3 for the integration of multi-stage leaching units and

RO technique
3.3.4.1 Increasing the cycle numbers of waste water

The first optimization option chosen is to reuse the semi-clean water obtained after the bundle
of the solid-liquid separation units. Such a waste water, if unsaturated with salts, could be still
sent back to and reused in the 3" leaching tank. The hypothesis is that the unsaturated used
water still has the capability to extract sodium out of the coal matrix, since the water solubility

of Na-bearing 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 semi-clean water, experiments
were first conducted to leach the raw coal with pure NaCl solutions of 0.2 wt% and 1 wt%,
under the optimum condition as mentioned in the subsection 2.3.1. These two NaCl solutions
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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 Na* should increase steadily upon a continuous
dissolution of NaCl out of coal. Figure 3.5 shows time-resolved concentration profiles of Na*
in the two NaCl solutions. Clearly, the use of 0.2 wt% is still able to extract Na out of coal.
However, the content of Na" in the 1 wt% NaCl solution remains relatively constant, indicating
that the Na" concentration in the bulk solution might be equal or close to 1 wt% NaCl and thus
has no momentum to diffuse out. In other words, the 1 wr% Na" referring to the reusing of
water for six times is the possible maximum allowable concentration of Na" in the used water.
In addition, such a maximum allowable concentration of Na" is far lower than the highest
salinity of the feed stream, 32,800 mg/L with an equivalence of approximately 3 wt% NaCl
that can be tolerated by the TFC 2832 HF-560 magnum RO membrane chosen here. However,
the concentrate of a RO membrane is the feed to the next RO membrane. Therefore, the salinity
of the feeding stream to the third-stage RO membrane is the highest, which was calculated to
be 4,307 mg/L 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 3.5 Na" concentration change in 0.2 wt% and 1wt% NaCl versus time.

Table 3.14 compares 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
system. Interestingly, 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 of the feeding 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 3.14 Comparison of water and power consumption before and 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 13.4 10.3 6.3 kWh/t of raw coal
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3.3.4.2 Acid dosing

Further effort was made to reduce the coal leaching steps by introducing acid-controlled
leaching. The hypothesis is that the acid dosing would achieve a close or even higher Na/Ca
removal extents than the three-stage water leaching using less leaching steps, considering 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 to Tables 3.5, it is obvious that the removal of both sodium and calcium has been
improved remarkably. Back to Table 3.11, the percentages of Na;O and CaO in ash decline
significantly to 0.21 and 29.50 wt%, respectively, resulting in a decrease of 19% in total ash
content. Consequently, the ash fusion temperature of leached coal by Scenario 4 exceeds 1200

°C, as presented in Figure 3.3.

Table 3.15 compares all the simulation results for the Scenarios 3 and 4. With regard to the
possible maximum allowable cycle times, the 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 required 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 agitation energy is much
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 3.15 Comparison of Scenarios 3 and 4 after recycling

Variable Three-stage with RO Acid with RO Unit
Na removal yield 58 67 %
Caremoval 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

3.3.5.1 Effects 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 difference between 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 outlined in Table
3.16. In brief, the moisture content in raw coal varies from 10 wt% for the equilibrated content
to the maximum possible value of 30 wt% as that was reported for Xinjiang coal 2, with an
interval of 5 wt%. The mass percentage of coal size less than 0.5 mm (cut-off size of the screen
after the coal leaching unit) varies from nil to 90 wt% at an interval of 20 wt%, considering that
the low-rank coal is generally soft and fine compared to black coal. In addition, the contents of
chlorine (Cl) 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 possible contents ®!. Finally, the moisture 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 yet. Lab-scale experiments have been
conducted in a batch-scale centrifuge (Allegra X-22 Centrifuge). It confirms that the lowest
moisture in the dewatered Xinjiang coal is around 22 wt%. The discrepancy between the
industry-reported value (8 wt%) and lab-based value (22 wt%) might be a result of the different
configuration of centrifuges as well as the strong hydrophilicity of low-rank coal. Therefore,

the moisture of centrifuge-dewatered coal is set as a sensitivity variable with a variation range

of 8 to 22 wt%.

Table 3.16 Sensitivity variables and variation ranges.

Variable Variation range Variation pace
Initial moisture of raw coal 10 ~ 30 wt% 5 wt%

Mass fraction of coal fines < 0.5 mm 0 ~ 90 wt% 20 wt%

Total CI content in raw coal 200 ~ 2000 ppm 200 ppm
Total Na content in raw coal 700 ~ 5200 ppm 500 ppm
Moisture in dewatered coal 8 ~ 22 wt% 2 wt%

As shown in Figure 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, respectively. However, once the

Na content in raw coal reaches around 2150-2520 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. With respect 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 entering the 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 30 wt%. Consequently, the water consumption declines from
103 to 30 kg/t coal, reaching the same water consumption figure for black coal in the case that
initial moisture is around 19 wt% 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. This is because the
Xinjiang coal is fine in size, resulting in a percentage of 13 wt% for the waste tailing. More
interestingly, although the entry of high-moisture coal into the system results in the rise on the
amount of the waste water to be processed in the RO unit, such a side effect is counteracted by
the increase in maximum cycle number. Therefore, the rise of coal moisture content from 10
to 30 wt% indeed results in a slight decline in the power consumption from 5.9 to 5.6 kwWh/ t

coal, as evident in panel (c).

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 content (11 wt%) in the resultant dewatered
coal, compared with the moisture of the wet tailings that is generally 22 wt%. 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 to 0 wt%. Nonetheless, such a change is quite marginal and affects

little on the water cycle number and 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 main power 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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3.3.5.2 Effects of the principal 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 of the main
product, leached coal with a price of 200 RMB/t in the local market, and by-product 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, respectively, indicative of a strong
investment temptation. IRR is almost fivefold larger than the highest inflation rate in China in
recent ten years, at 5.9% %', showing a strong risk tolerance. In particular, considering the high
NPV of 87 Million RMB and a short payback period of 4.7 years, a satisfactory profitability is

envisaged.

Figure 3.7 demonstrates the 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 the panel (a), it is obvious that the NPV is mostly susceptible to 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). With respect to the annual operating
cost, its 50% increase causes NPV to drop to 20 million RMB, compared to the 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 suggested by 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 the most influential
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 the IRR greatly 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). HCI price 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
sensitivity. Here again, a minimum selling price of 136 RMB/t (-32% deviation from base-case
value) is essential to ensure that the payback period smaller than the lifespan of the project (20
years). A 50% rise in the selling prices, however, will shorten the payback 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 years at -50% deviations of each of the
variables to 10.8 and 7.7 years upon +50% deviations of the operating cost and capital cost
respectively. With the increase in HCI price from 0 to 260 RMB/t, the payback period increases
gradually from 4.7 to 6.8 years, indicating the least sensitivity of the variation of HCI price to

payback period.

Finally, 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% error 2°. Detailed 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 element — related

problems during the combustion of low-rank coals.
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Figure 3.7 Sensitivity analyses of effects of capital cost, annual operating cost, the selling

price of product and HCI price on NPV (a), IRR (b) and Payback Period (c) for Scenario

3.4

4.

Conclusions

This paper has performed the techno-economic analysis of four different scenarios for the

selective removal of Na and Ca from a low-rank sub-bituminous coal, targeting to improve the

ash fusion temperature of the leached coal to reduce its fouling propensity in the pulverized

coal-fired boilers. The major conclusions achieved are as follows:

1)

2)

From the technical perspective, the use of a three-stage counter-current water leaching
or a single-stage acid leaching is essential for the improvement of the ash fusion
temperature above the operating temperature of the boilers. These two scenarios can
reduce the mass fraction of Na2O in ash from original 4.32 wt% down to 0.85 and 0.21
Wt%, respectively. The acid leaching is also able to remove 13% calcium and 19% total

ash.

For the recycling and treatment of wastewater, the water gain is desirable for the use of
evaporator for a base case low-rank coal containing 25 wt% 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 accounting for 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 three-stage water leaching and acid leaching process, respectively. Both are
remarkably less than 85 kg-water/t coal for the black coal case. The power consumption

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

4)

5)

down to 6.0 kWh/t in the case that acid-control leaching is adopted, which is lower than

6.3 kWht 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 the overall process,
followed by the initial moisture content in the raw coal. For a low-rank coal containing
>2150-2520 ppm Na and/or <19 wt% moisture, the leaching process proposed would
turn economically unviable compared to the existing black coal leaching process. 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 and 52%, 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.

92



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis

Reference

1.

10.

11.

12.

13.

De Girolamo, A.; Dai, B. Q.; Wu, X.; Zhang, L., A study of slagging and fouling:
Current theory and experimental characterisation of deposits. 2013; Vol. 4, p 2767-
2773.

Low, F.; De Girolamo, A.; Wu, X.; Dai, B.; Zhang, L., Inhibition of lignite ash slagging
and fouling upon the use of a silica-based additive in an industrial pulverised coal-fired
boiler: Part 3—Partitioning of trace elements. Fuel 2015, 139, 746-756.

Wu, X.; Zhang, X.; Yan, K.; Chen, N.; Zhang, J.; Xu, X.; Dai, B.; Zhang, J.; Zhang, L.,
Ash deposition and slagging behavior of Chinese Xinjiang high-alkali coal in 3 MWth
pilot-scale combustion test. Fuel 2016, 181, 1191-1202.

Dai, B.-Q.; Low, F.; De Girolamo, A.; Wu, X.; Zhang, L., Characteristics of ash
deposits in a pulverized lignite coal-fired boiler and the mass flow of major ash-forming
inorganic elements. Energy & Fuels 2013, 27, (10), 6198-6211.

Grébner, M., Industrial coal gasification technologies covering baseline and high-ash
coal. John Wiley & Sons: 2014.

Planning, U. S. E. P. A. O. 0. A. Q.; Standards, Compilation of air pollutant emission
factors. US Environmental Protection Agency: 1979.

Speight, J. G., The chemistry and technology of coal. CRC press: 2012.

Wijaya, N.; Zhang, L., A Critical Review of Coal Demineralization and Its Implication
on Understanding the Speciation of Organically Bound Metals and Submicrometer
Mineral Grains in Coal. Energy & Fuels 2011, 25, (1), 1-16.

Steel, K. M.; Patrick, J. W., The production of ultra clean coal by chemical
demineralisation. Fuel 2001, 80, (14), 2019-2023.

Jorjani, E.; Chapi, H. G.; Khorami, M. T., Ultra clean coal production by microwave
irradiation pretreatment and sequential leaching with HF followed by HNO3. Fuel
Processing Technology 2011, 92, (10), 1898-1904.

Okuyama, N.; Komatsu, N.; Shigehisa, T.; Kaneko, T.; Tsuruya, S., Hyper-coal process
to produce the ash-free coal. Fuel Processing Technology 2004, 85, (8), 947-967.

Wu, X.; Zhang, X.; Dai, B.; Xu, X.; Zhang, J.; Zhang, L., Ash deposition behaviours
upon the combustion of low-rank coal blends in a 3 MWth pilot-scale pulverised coal-
fired furnace. Fuel Processing Technology 2016, 152, 176-182.

Hayashi, J.-i.; Takeuchi, K.; Kusakabe, K.; Morooka, S., Removal of calcium from low
rank coals by treatment with CO2 dissolved in water. Fuel 1991, 70, (10), 1181-1186.

93



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Li, J.; Querol, X.; Zhuang, X.; Font, O., Comparative Study of Coal Qualities from
Three Large Coal Basins in Xinjiang, Northwest China. 2011; p 121-122.

China, S. A. o. t. P. s. R. 0., Division of variety and grading for coal products (GB/T
17608-2006). In Standards Press of China: 2007.

Prationo, W.; Zhang, J.; Abbas, H. A. A.; Wu, X.; Chen, X.; Zhang, L., Influence of
External Clay and Inherent Minerals on Lignite Optical Ignition and Volatile Flame
Propagation in Air-Firing and Oxy-Firing. Industrial & Engineering Chemistry
Research 2014, 53, (7), 2594-2604.

Osada, Y.; Nakagawa, T., Membrane science and technology. CRC Press: 1992.

Wilf, M.; Schierach, M. K., Improved performance and cost reduction of RO seawater
systems using UF pretreatment. Desalination 2001, 135, (1-3), 61-68.

Pearce, G., UF/MF pre-treatment to RO in seawater and wastewater reuse applications:
a comparison of energy costs. Desalination 2008, 222, (1-3), 66-73.

Hosseini, T.; Haque, N.; Selomulya, C.; Zhang, L., Mineral carbonation of Victorian
brown coal fly ash using regenerative ammonium chloride—Process simulation and
techno-economic analysis. Applied energy 2016, 175, 54-68.

Shuangquan, Z., Meihuaxue. China University of Mining and Technology Press: 2009.
Yuelian, P.; Zhenping, Q.; Hong, M.; Futai, C., Mojishu gianyan ji gongcheng
yingyong. China Textile & Apparel Press: 2009.

Low, F.; Zhang, L., Microwave digestion for the quantification of inorganic elements
in coal and coal ash using ICP-OES. Talanta 2012, 101, 346-352.

Zhang, J.; Wang, Q.; Wei, Y.; Zhang, L., Numerical modeling and experimental
investigation on the use of brown coal and its beneficiated semicoke for coal blending
combustion in a 600 MWe utility furnace. Energy & Fuels 2015, 29, (2), 1196-1209.
Haque, N.; Bruckard, W.; Cuevas, J. In A techno-economic comparison of
pyrometallurgical and hydrometallurgical options for treating high-arsenic copper
concentrates, XXVI International Mineral Processing Congress, New Delhi, India,
2012; 2012.

Vogelsang Maschinenbau, H., Injection housing—optimising rotary lobe pumps for
liquids with high solids content. World Pumps 2007, 2007, (489), 36-38.

http://mini.eastday.com/a/160709100113671.html?btype=index&subtype=caijing&id
x=6&ishot=0

94



Chapter 3 Flow-sheet Establishment, Simulation and Techno-Economic Analysis

28.

29.

30.

31.

Gabelich, C. J., Nonthermal technologies for salinity removal. American Water Works
Association: 2001.

Peters, M. S.; Timmerhaus, K. D.; West, R. E.; Timmerhaus, K.; West, R., Plant design
and economics for chemical engineers. McGraw-Hill New York: 1968; Vol. 4.
Richardson, Richardson international construction factors manual. COST DATA ON
LINE, INC: 2007.

Zhang, X.; Wu, X.; Xu, X.; Zhang, J.; Yan, K.; Dai, B.; Zhang, J.; Zhang, L. In
Experimental Study on Ash Melting Behavior of Xinjiang High-Alkali Coal Blended
with Low-Alkali Coal During Coal Combustion, International Symposium on Coal
Combustion, 2015; Springer: 2015; pp 53-58.

95



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

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

Investigation and Kinetic Modelling

96



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

In chapter 3, closed-loop single/multi-stage leaching flowsheets have been developed and
compared comprehensively. It demonstrated that both the three-stage counter-current water
leaching process and single-stage HCI acid leaching process are feasible. For both processes,
the recycling of unsaturated leachate can help reduce the water and power consumption
significantly. However, so far, few study was about the leaching performance using recycled
leachate, not to mention the respective kinetics model, which is essential for the scale-up of the
coal leaching process. In this chapter, leaching using recycled leachates (water/HCI acid) via
both multi-cycle three-stage counter-current water leaching and single-stage acid leaching
process were studied in detail to reveal the recyclability of leachates. To achieve this, apart
from experimental investigations, a kinetic model was developed and validated for water
leaching case, and an existing model can fit HCI leaching scenario well. This chapter has been
reformatted from a manuscript published in Energy & Fuels: Zhou, S.; Hosseini, T.; Zhao, J.;
Zhang, X.; Wu, H.; Zhang, L. Selective Removal of Sodium from Low-Rank Xinjiang Coal upon
a Multi-Stage Counter-Current Water Leaching: Experimental Investigation and Kinetic

Modelling. Energy & Fuels, 2019, 33, 3, 2142-2152.
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Abstract

Coal prior leaching is an essential step for the minimisation of ash-related fouling inside a coal-
fired boiler. With regard to the coal leaching process, the recyclability of the leaching reagent
is critical from both cost-effectiveness and efficiency perspectives. This paper addresses the
leaching kinetics of AAEMSs from three low-rank Xinjiang coals using both fresh and recycled
water and HCI acid, to alleviate the ash-related fouling in low-rank coal-fired boilers. Apart
from once-through fresh reagent leaching, leaching using recycled leachate via three-stage
counter-current water leaching processes and multi-cycle single-stage HCI acid leaching
process were studied in detail to investigate their recyclabilities. Additionally, a modified
shrinking core model (SCM) was developed to reveal the water-soluble Na® removal
mechanism. Experimental results shows that, the water-soluble Na* removal decreases with the
recycling of water, due to an increase in the Na* concentration in the recycled water and/or a
decrease in the Na* content in the leached coal. The modelling approached further confirms
that the removal of water-soluble Na* is dominated by the intra-particle diffusion of Na* within
coal matrix. The effective diffusion coefficient of Na* is within the range of 0.28-3.75x107
cm?/s, which agrees with reported values in the literature. Additionally, a novel iterative
calculation method integrating the modified SCM into the three-stage counter-current leaching
process has been proposed to predict the Na* removal at each stage for each cycle. The results
show that the Na* removal decreases exponentially with the water cycle number, with the
maximum of 15 times in the counter-current process. By contrast, acid-soluble element
removals can only be fitted well by a H* intra-particle diffusion model which considers a
decreasing proton concentration in bulk acid. Consequently, a constant removal extent is

obtained upon the recycling of HCI acid providing the initial H* concentration being same.

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

Electricity generation from coal-fired power stations is projected to continue to increase ~1
trillion KWh by 2040 although its share is foreseen to decline from the current 38% in the global
energy matrix . Use of low-rank coals for power generation becomes more attractive because
of its abundant reserves and much lower price compared with black coals. For instance, 90%
of the power in Victoria, Australia is generated in power stations firing the local hugely-
reserved brown coal 2. The situation is similar in Xinjiang Uyghur Autonomous Region, China
3, However, boilers firing low-rank coals are known to suffer from severe fouling, among which
the abundance of alkali and alkaline earth metals (AAEMSs, sodium (Na), potassium (K),
calcium (Ca) and magnesium (Mg)) is the main reason *°. It is estimated that billions dollars

have to be spent annually on abating the fouling-related issues ©.

A prior leaching to remove AAEMSs out of coal is the most straightforward and efficient
approach to increase the fusion temperature of ash, and hence, reduce its fouling propensity 2.
To date, nearly all the coal beneficiation technologies were developed and/or tested for the
high-rank coals which are rich in discrete mineral grains. None of these technologies are
suitable for low-rank coal that is rich in organically bound species coal 3. With regard to the
researches on low-rank coal leaching, most of them were conducted based on the use of
different fresh leaching reagents without considering their recyclability at all. The recycling is
critical for a cost-effective operation of the process and in particular important for the plant

location where the water is scarce, such as the Xinjiang region in China 7.

For leaching kinetic modelling, Neavel et al. & claimed that the water-soluble Na* removal from

Illinois coal by fresh water can be fitted by a graphical solution of a diffusion model proposed
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by Crank °. The diffusion coefficient of Na* was 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 al. 1° to the removal of water-soluble Na* 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 semi-empirical model was proposed and claimed to
match the experimental results. 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-to-solid ratio usually remains as small as possible to
minimise the water usage and loss 2. In 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 time aims to investigate the leaching kinetics of both water-soluble Na*
from low-rank Xinjiang coals in a multi-cycle three-stage counter-current leaching process,
and acid-soluble AAEMs removal in a multi-cycle single-stage 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, liquid-to-solid ratio, and in particular the number of cycles for 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 with a high Na* concentration. Subsequently, effort was made to
derive a modified shrinking core model (SCM) to accommodate the use of both fresh and used
water. For HCl acid leaching, it can be fitted by an H* diffusion based model which considered

a decreasing H* concentration in bulk leachate.
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4.2  Methodology

4.2.1 Coal properties

Three Xinjiang sub-bituminous 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 4.1-4.3 list their properties with a variety of particle sizes. Note 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% (as-received). The ash contents of these coal samples exhibit
a similar dependence on particle 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 average for Coal A. Coal C has the lowest ash content, at

around 4 wt%.

The contents of AAEMs in coal samples (on the as-received coal mass basis) were quantified
by inductively coupled plasma optical emission spectrometry (ICP-OES), following a
previously-established standard procedure . Since the water leaching process is only able to
remove AAEMs that are water soluble, effort was thus first made to determine the content of
water-soluble, i.e., maximum water leachable AAEMSs in each coal. The raw coal was firstly
crushed to a sample less than 100 mesh 2 which was then leached using fresh water (deionised
water) at a liquid-to-solid ratio (on a mass basis) of 2.5 for 90 minutes. After solid and liquid
separation, the residue was rinsed with fresh water to remove any possibly-remaining ions.
Finally, the content of water-soluble AAEMs in the raw coal was determined via analysing the
leachate by ICP-OES. For three coals, around 50-60% of the total Na are water-soluble. The
Na content of Coal B is the lowest, about half of these of the other two. By contrast, the

proportions of water-soluble 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

literature study 3. A distinct correlation between AAEMSs content and particle size seems to be

absent.
Table 4.1 Properties of raw Xinjiang Coal A.
Particle size (mm) 0.2-0.6 0.6-1 1-4 4-8
Proximate analysis (wt %)
Moisture * 20.24 21.05 21.35 21.94
Volatile ¢ 35.33 34.56 37.12 35.07
Fixed Carbon ¢ 58.41 59.48 56.65 60.71
Ashd 6.26 5.96 6.23 4.22
Ultimate analysis (wt %, db)

Carbon 70.24 71.87 71.40 73.07
Hydrogen 3.77 3.92 4.02 4.04
Oxygen 24.73 22.94 22.71 21.72
Nitrogen 0.69 0.67 0.66 0.77
Sulphur 0.57 0.60 1.21 0.40

(ppm, as-received
Element content

raw coal)
Total Na 2930 2753 3036 2919
Maximum water-soluble Na 1604 1905 1400 1562

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

Particle size (mm) 0.2-0.6 0.6-1 1-4 4-8
Proximate analysis (wt %)
Moisture 16.1 16.1 16.7 16.7
Volatile 27.5 29.2 28.3 29.0
Fixed Carbon 61.9 62.3 63.2 65.4
Ash 12.5 12 10.2 8.6
Ultimate analysis (wt %, db)
Carbon 70.3 70.9 71.1 73.6
Hydrogen 33 33 34 3.2
Oxygen 25.54 24.58 24.56 22.04
Nitrogen 0.61 0.72 0.69 0.76
Sulphur 0.35 0.4 0.35 0.3
(ppm, as received-
Element content
raw coal)
Total Na 1138 1324 1234 1365
Maximum water-soluble Na 602 720 727 751
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Table 4.3 Properties of raw Xinjiang Coal C.

Particle size (mm) 0.2-0.6 0.6-1 1-4 4-8
Proximate analysis (wt %)
Moisture 11.85 12.77 10.92 12.10
Volatile 34.57 33.48 35.94 33.29
Fixed Carbon 60.54 63.06 59.90 62.96
Ash 4.89 3.46 4.16 3.75
Ultimate analysis (wt %, db)
Carbon 70.04 71.75 71.27 72.72
Hydrogen 3.80 3.91 4.03 4.04
Oxygen 24.98 23.12 22.89 22.06
Nitrogen 0.68 0.67 0.65 0.73
Sulphur 0.50 0.55 1.16 0.45
(ppm, as-received The number in parentheses means the
Element content
raw coal) water-soluble contents
Na 2522 (1457) 2390 (1308) 2355 (1156) 2450 (1501)
Ca 9711 (137) 9609 (58) 11513 (192) 9695 (90)
Mg 1189 (45) 1253 (22) 1351 (50) 1296 (46)
K 62 51 46 45

4.2.2 Experimental procedure

Three sets of water leaching experiments were conducted at room temperature and atmospheric
pressure, as illustrated in Figure 4.1. These three sets are named as, fresh water — raw coal,

used water — raw coal, and used water — leached coal, respectively. The first set refers to the
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simplest once-through single-stage fresh water leaching experiment in panel (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 industry ). For different
liquid-to-solid ratios, the mass of water was adjusted proportionally while the coal mass
remained unchanged. During the leaching, the leachate was sampled at intervals of 1-15
minutes. The leachate samples were then analysed using ICP-OES for quantifying the
concentration of Na* in leachates according to a standard procedure !*. After leaching, the
resultant leachate and solid residue were separated via vacuum filtration using a filter paper
with a cut-off size of 2 um. This set of experiments were conducted to determine the optimal
leaching conditions. The second set for the used water — raw coal is shown in panel (b), aiming
to determine the maximum allowable Na* concentration in the used water. It is expected that
upon recycling the used water, the Na" is accumulated in the solution and Na* may also possibly
redeposit on coal surface. Therefore, the Na* saturation point has to be determined to guarantee
the leaching effectiveness of the used water. To start the single-stage multicycle water leaching
experiment, fresh water was used in the first cycle. After 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 last used water — leached coal set is designed in a batch scale to mimic the practical
three-stage counter-current water leaching process shown in panel (c). In this case, fresh water
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 1 for another 30
minutes to attain a two-time-leached coal, as Coal 2, which was finally leached by fresh water
to obtain the 3" leached coal and 1% used water as shown in panel (). Afterwards, the 1 used
water was used to wash Coal 1 for 30 minutes, obtaining 2" used water and 2" leached coal.
Finally, the raw coal was leached by the 2" used water to get 1% leached coal and 3™ used

water.
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Three sets of HCl acid leaching experiments were carried out at ambient environment, as shown
in Figure 4.2. Apart from panel (a) for fresh HCI acid leaching raw coal which used as the
same procedure as Figure 4.1(a) expect the application of acid, other two sets of experiments
were carried out subsequently. Since HCI can remove both the water-soluble and HCI-soluble
elements, it is firstly necessary to remove the former. As show in panel (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 HCI leaching stage, where the water-leached coal was leached
by fresh HCI by applying the optimal leaching conditions (fresh HCI leaching raw coal)
decided beforehand. In terms of panel (c) for used HCI — raw coal, it is totally as same as
Figure 4.1(b), except the using of HCI. To note, to guarantee a constant H* concentration in
the spent HCI for each cycle, extra HCI was added after each cycle after quantifying the

consumed H* via 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 water (Coo%) Recycled
Freshwater|  water (Cyo)
(Coo=0)
Y Y
Raw coal 1 leached 2" leached 3" leached
(M) ] 1*leaching | coal (My) | 2" leaching | coal (Mz) ,| 3" leaching | coal (M;
reactor reactor reactor

1% used water
3" used water (Coo)

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

Single-stage multicycle water leaching, (c): Three-stage counter-current water leaching).

(b)
(a) Fresh HCl
Fresh HC Used HCI Fresh H:0 W ater-washed coal
(No water-soluble Leached
Leached Raw coal 1
Raw coal o e

Vacuum coal

filtration

Leaching
reactor

leaching

Used water Used HC1
—> >

(©)

Recycled HCI

Fresh HCI

Leached

Vacuum
filtration

Leaching
reactor

Figure 4.2 HCI acid leaching experimental diagrams ((a): Fresh HCI versus raw coal, (b):
Fresh HCI versus water-leached coal (no water-soluble elements), (c): Single-stage

multicycle HCI leaching).
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4.2.3 Modified shrinking core model

Considering that the proposed coal leaching process is a dissolution of water-soluble Na* of
coal, the overall rate for Na* removal is very likely intra-particle diffusion controlled. In light
of this, the widely applied leaching model, shrinking unreacted-core model (SCM) ** 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 SCM, ash-diffusion-controlled formula
is derived based on the liquid reactant diffusing inward to the unreacted shrinking core.
However, the water-soluble Na removal is an opposite process which might be governed and
driven by the concentration gradient of Na* between internal pore and the bulk water outside
the coal particles. Therefore, the intra-particle resistance against the outward diffusion of Na*
out of coal particles might be rate-limiting. Secondly, the classical SCM assumes a sharp
reaction interface and an unreacted shrinking core with a constant molar density of solid
reactant, so as to achieve a relationship between solid reactant conversion and the decreasing
radius of the shrinking, unreacted core. However, in this study, the water-soluble Na*
concentration remaining in the shrinking core keeps decreasing, because the water-soluble Na*
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 following assumptions are made to modify SCM depicted in Figure 4.3.

1) In the original coal particle, the water-soluble Na* is present in the capillary water

entrapped inside the pores 0 15 16;
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2)

3)

4)

5)

6)

The overall removal of Na* is controlled by its outward diffusion towards the bulk water,
whereas the diffusion resistance in bulk water and liquid film out of particle can be

eliminated at a certain stirring speed #;
All coal particles are spherical and homogenous 4;

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

coal particle size distribution remains unchanged:;

All the water-soluble Na* is assumed to exist in a hypothetical centre point of a single

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

The flux of Na* is constant throughout particle radius 4.

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/

Concentration of Na™ in
coal particle (mg/L)

R r 0 R
Radial position

Figure 4.3 Diagram of a reacting particle when intra-particle diffusion of Na* is the

controlling resistance.
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The modified SCM derivation block diagram is shown in Figure 4.4. In brief, based on the
above assumptions and specific to one single coal particle, the Na* mass change in bulk water
can be expressed by the classic formula of flux and Fick’s first diffusion law. Upon a unit
conversion and integration in terms of time, a virgin model formula including an unknown
parameter C, can be derived. Afterwards, C; is expressed via Na* mass conservation, so as to
obtain the final model equation. Aside from the single-stage fresh-water leaching, this model
is further combined with the Na* mass balance in each stage and overall process and applied
into the three-stage counter-current process, in order to predict the Na* removal in each cycle
and the recyclability of water. Figure 4.5 illustrates the derivation diagram for the three-stage
process. According to Figure 4.1 (c) and Figure 4.5, two Na™ mass balance equations including
only two unknown variables, the Na* removal extents in 2" and 3" stage respectively, can be
finally derived and solved. Furthermore, by plugging these two values into the model, the Na*
removal in the 1% stage can be acquired easily. Finally, the Na* 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
dt

= 47R?]

Fick’s first diffusion law to express J

(CI B Co)

J = =Derr—0

Na™ concentration change in bulk water dC, /dt
expression

Mass change dmy /dt to
concentration change dC, /dt

dmy  dC,
de ' dt

dCy  3Desppy

= ¢ —C
dt WlstpC( I 0)

Y

Integration in terms of time ¢

Co B COO — kt
CI - Co
_ 3Derrpy
WisR?p

Na™ mass conservation to express Na*
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 4.4 Modified 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 4.5 Three-stage counter-current process model derivation block diagram.
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Assume that m, is the mass of Na* in bulk water, the mass change of Na* in bulk water can be
expressed by Equation (1) based on a single coal particle, where J is the flux of Na* through

the exterior surface of each particle (mg/(s- cm?)) 4.

dmA 2
— = 4mR? (1)

where t is the leaching time (s), and R is the radius of coal particle (cm).

As per the assumptions No 5 and No 6, J can be expressed by Equation (2) according to Fick’s

first diffusion law 14,

(CI'CO)

] = -Degs X 1000 )

where Des is the effective diffusion coefficient of Na* in coal particles (cm?/s), C; and C, are
the Na" 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 as R without the consideration of the tortuosity of coal particles. Combining

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

dmA
T = -41'[R2 Deff

(C‘;{C") x 1000 3)
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The mass change dm, /dt is converted to concentration change of Na* in bulk water as shown

by Equations (4-5).

dmA dCO
TR T (4)
%1TR3pC
Vi = Wi 2 x 1000 (5)
1

where V; is the volume of bulk water corresponding to a single coal particle (L), Wi, is liquid-

to-solid mass ratio, and p. and p, are the density of coal particle and water (kg/L), respectively.

Substituting Equations (4-5) into (3), we have

dC, 3DesrPy
= C.-C 6
dt WlstpC( 1-Co) (6)

Through the integration of Equation (6) with respect to t, and based on the boundary conditions

of C,=C,, at t=0 and C,=C, at t, we can yield

C,-C 3D
0" %“00 — efgpl t (7)
CI'Co WlsR Pc

where C,, is the initial Na* 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 constant k (Equation (8)), Equation (9) is further

established.
_ 3Desepr ®)
WisR?p,
Co'COO
= kt 9

According to the conservation of Na* mass, C; can be expressed as Equation (10).

= 1
C 7 (10)

Vi=— (11)

where M is the maximum water-soluble Na* content in the raw coal (mg/kg-coal), V; is the
volume of accessible pores of coal particles filled by water (L/kg-coal), which is assumed
constant during water leaching, and C;, is the maximum Na® concentration in the water

contained in a coal particle (mg/L),

Substituting Equations (10-11) and p; =1 kg/L for water into Equation (9),

Co'Coo
M + Wi Cyp-WisC
M/Co

= kt (12)

o -Co
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Finally, the Na* concentration in bulk water (C,) can be expressed as Equation (13) by

rearranging Equation (12).

_ ktCip(M + WisCoo) + CooM

= 13

° WiktCpo + M(1 + kt) (13
The Na* removal extent X is defined as
Na* concentration in leachate* Wq

= : x100%

Maximum water-soluble Na content of coal

Cy-Coo)W
x = LoCodWis 10000 (14)

M

For the three-stage counter-current water leaching process shown in Figure 4.1(c), the values
of M and C,, in Equation (13) vary from one stage to another. The value of M for maximum
water-soluble Na* decreases gradually from the initial value of Na* content for raw coal at
stage 1 to the lowest value for the 2" leached coal at stage 3. In contrast, the value of C,, for
the concentration of Na* in water increases gradually from zero in fresh water (1% cycle) at
stage 3 to the highest value in the 2" used water at stage 1. It is impossible to use Equation
(13) directly to predict the Na* concentration in the leachate of stage 1, due to the lack of Na*
conversion in the other two stages and thus an unknown C,, in this equation. Similarly, if
Equation (13) is used for a back calculation from stage 3 first, an unknown M exists and it

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

three-stage counter-current water leaching, as illustrated in Figure 4.5.

According to Figure 4.1(c), at stage 1 (1! leaching reactor), the Na* concentration in the 2"

used water, denoted as C2,, can be expressed by Equation (15).

C(2>o = C'02 + C;)3 + Coo (15)

where C,, and C, are the amounts of Na* removed in stage 2 and 3 divided by the volume of
bulk water, respectively (mg/L), and C,, is the original Na* concentration in recycled water

(Coo = 0 for fresh water).

Replacing C,, in Equation (13) with C2,, Equation (16) is obtained, which involves two

variables, C,, and C,; (C,,=0 for first cycle using fresh water).

C _ ktclo(M + Wlscgo) + CgoM
oLTE ™ Wi ktCpo + M(1 + kt)

(16)

where C,; |t is the Na* concentration in leachate at time t in reactor 1 (mg/L) and k can be
determined in single stage. Assigning symbol T for the total leaching time in one reactor, the

Na content of 1% leached coal, denoted as M; (mg/kg-coal), is then equal to the difference
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between the Na* content in raw coal (M) and removed Na* in reactor 1 after leaching time T,

shown in Equation (17).

M, = M'Wls(cm |t=T ‘Cgo) (17)

For stage 2, the Na* concentration in the 1% used water is defined as CZ,,.

Coo = Cos + Coo (18)

Similar to stage 1, after substituting C,, in Equation (13) by CZ,, we obtain Equation (19).

C _ ktCjo(M; + WisCqo) + CyoM
ozt WisktCyo + M(1 + kt)

(19)

where C,, |t is the Na* concentration in leachate at time t in reactor 2 (mg/L). Meanwhile the

Na* content in the 2" leached coal, M, (mg/kg-coal), can be expressed by Equation (20).

MZ = M'Vvls(col | t=T 'Cgo)'wls(coz | t=T 'Ccl)o) (20)
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After leaching for a total time of T in reactor 2, the value of C_, in Equation (15) is equal to

the difference between the Na* concentration in the leachate (C,, | =T ) and the value in the 1%

used water (CL,), shown in Equation (21).

Coz | t=T 'Cclm = C;)z (21)

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

_ ktCIO(MZ + Wlscoo) + CoOM

Cosle = WiktCro + M(1 + kt) (22)
where Cy3 | ¢ is the Na* concentration in leachate at time t in reactor 3 (mg/L).
Similar to Equation (21), Equation (23) can be obtained.

Co3 | t=T -Coo = C;)3 (23)

At the first cycle when the fresh water is used in stage 3, the value of C,, is zero. There are
thus only two variables C,, and C, involved in Equations (21) and (23). After obtaining the
values of C,, and C,, by solving Equations (21) and (23), the Na* removed in stage 1, C,

can be calculated by Equation (24).
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Cor = Cot | t=1 -C% (24)

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

attained.

The Na' removal extent in the following cycles can be obtained by an iterative calculation. As
shown in Figure 4.1(c), in the second cycle, the Na* concentration of the recycled water back

to stage 3 (C,) is exactly the same as the value of the 3" used water after a total leaching time

T(Coq | «=T ) in the first cycle. Thus, the Na* removal extent in the second cycle can be obtained

by repeating the above calculation and substituting the value of C,, (Coo =0 in first cycle) with

Co1 | «—. Finally, the relationship between the Na* removal extent and cycle number can be

obtained by an iterative calculation.

4.3 Experimental results and discussion

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

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

4.3.1 Fresh water leaching raw coal
4.3.1.1 Effect of stirring speed

Figure 4.6 demonstrates the effect of stirring speed on the water-soluble Na*™ removal extent
after a leaching duration of 90 minutes, for the coarsest coal particle size of 4-8 mm and a

liquid-to-solid ratio of 2.5. Note that, coal A was used hereafter, otherwise specified. Clearly,
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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 resistance 1" '8, 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 particles *°. Therefore, a stirring speed of 300 rpm

was employed 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 water-soluble Na* removal extent.

4.3.1.2 Effect of liquid-to-solid ratio

Figure 4.7 illustrates the effect of liquid-to-solid ratio on the removal extent of Na* from two
extreme particle size ranges, the smallest size bin of 0.2-0.6 mm and the coarsest one of 4-8

mm in panels (a) and (b), respectively. For the smallest size of 0.2-0.6 mm (panel (a)), the Na*
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removal extent remains constant across the three different ratios 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 exist *"2°, In contrast, the Na* removal extent for the coarsest
size of 4-8 mm experiences a remarkable rise when the liquid-to-solid ratio increases from 1.25
to 1.5. Upon a further increase in the liquid-to-solid 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 liquid-to-solid ratio in the case of the coarsest coal size, which cannot be eliminated
unless the liquid-to-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 mixture of various sizes, a liquid-to-solid ratio of 1.5 has been chosen
hereafter, which is noted to be considerably lower than that (reported to be 2.8 3) for black coal

leaching process.
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Figure 4.7 Effect of liquid-to-solid mass ratio on water-soluble Na* removal extent for coal

particles of 0.2-0.6 mm (a) and 4-8 mm (b).

4.3.1.3 Effect of coal particle size

Figure 4.8 shows the removal extent of Na* as a function of coal particle size at optimised
conditions (liquid-to-solid ratio: 1.5, stirring speed: 300 rpm). Clearly, the Na* removal extent
decreases quickly with increasing coal particle size. For the smallest coal particles (0.2-0.6
mm), the Na* removal soars up to 60% in the first five minutes and then only increases slowly
to 70% within the subsequent 25 minutes. For the two medium-sized 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 particles, leaching is the

slowest and time-consuming, resulting in a Na* removal extent of only 45% after 90 min
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leaching. Clearly, intra-particle diffusion plays an increasingly important role in Na* removal

from coal particles as coal particle size increases.
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Figure 4.8 Effect of coal particle size on water-soluble Na* removal.

4.3.2 Used/Recycled water leaching raw coal

Following the experiments on the leaching of raw coal by fresh water, Coal B was selected for
experiments in the second scenario shown in Figure 4.1(b) to assess the Na" removal extent

from raw coal upon the reuse of spent water.

The change of Na* removal efficiency upon using the repeatedly-recycled water is presented
in Figure 4.9. It is clear that the Na* removal extent declines steadily with the increasing cycle
number of water. This shall be due to a continuous increase in the Na* concentration dissolved

in the recycled water, as evident for the concentrations of the major ions for the 4™ recycled
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water in Table 4.4. It results in a gradual decrease on the diffusion driving force. More
interestingly, for the 2" to 4™ cycle where recycled water was used, the first five minutes
always witnesses a rapid rise in the Na* removal extent, which then slows down and levels off
gradually from five minutes onwards. This indicates that the dissolved Na* in the leachate can
quickly reach an equilibrium with those remaining in the coal particles, thereby hindering the

further outward diffusion of Na*.
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Figure 4.9 Water-soluble Na* removal extent change upon the recycling of used water

leaching of raw coal.

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

Tons (ppm) Cr Na® SO4* Ca** Mg** K"

Value 0.0448 0.0450 0.0126 0.0073 0.0044 0.0002

Based on Table 4.4, it is obvious that the content of Na* is almost equivalent to that of CI- (the

most abundant anion) on a molar basis. It is thus inferable that almost all of the dissolved Na*
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shall be associated with CI-, which is in line with previous reports & 0. In light of this, the pure
NaCl solutions with different concentrations were used to reveal the saturation or the turning
point by which the recycled water losses its leaching capability of Na*. The use of pure NaCl
solution rather than the recycled water is due to the fact that the concentration of Na* within it
increases very slowly. As shown in Table 4.4, the Na* content only increases to 0.045 mol/L
after four times recycle, which is far below the theoretical solubility for NaCl in water, 6.14
mol/L 2%, It was also assumed that the other elements including Ca?* and SO4% found in the
recycled water in Table 4.4 played little role on the removal of Na*. These ions were
speculated to dissolve in parallel with Na* into water. The raw coal sizing of 1-4 mm was used

for the test here, and the results achieved are depicted in Figure 4.10.
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Figure 4.10 Na* concentration in leachates change upon leaching time in different NaCl

solutions.

As shown in Figure 4.10, the Na* in the leachate keeps increasing over time when the coal is
leached by the 0.5 wt% NaCl solution, suggestive of an unsaturation state for this solution.
Instead, the concentration of Na* in the leachate remains unchanged when the coal is leached
by 0.77 wt% NaCl. However, when the coal is leached by the two higher concentrations, the
original Na* in the leachate is quickly absorbed on the coal surface in less than 10 minutes.

After it, a Na" concentration equilibrium inside and outside coal particles is achieved, leading
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to an unchanged concentration of Na* in 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 leachate will be lost, due to the
reverse deposition of Na* on the coal surface. Such a saturation point is far below the solubility

of NaCl in water, 359 g/L (~36 wt%) at room temperature 2.

4.3.3 Three-stage counter-current leaching

Effort was further made to explore the ultimate three-stage, counter-current water leaching
process in which the used water encounters the leached coal. The results are plotted in Figure
4.11. In agreement with the results shown in above section, the used water still has the
capability to remove Na* even from the leached coal. In terms of the Na* removal extent, it
reaches around 51% in stage 1 where the raw coal encountered the ‘dirtiest’ used water, 22%
in stage 2 where the less leached coal encountered the ‘dirtier’ used water, and finally 15% in
stage 3 where the intensively leached coal further encountered fresh water. Such a decrease
reflects a continuously reducing driving force which is the Na* concentration difference

between the inside and outside of coal particles.
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Figure 4.11 Experimental water-soluble Na* removal extent in each stage.

4.3.4 Fresh HCI acid leaching raw coal
4.3.4.1 Effect of leaching time

Figure 4.12 illustrates the leaching kinetics of the three elements (Na, Ca & Mg) from a raw
coal particle of 1-4 mm under a liquid-to-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 min in a gradual increase rate. It is
similar to the leaching of water-soluble Na* from the same particle size (Figure 4.8) and the
application of HCI acid fails to shorten the leaching time. This suggests an intra-particle

diffusion control for the three elements.
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Figure 4.12 Leaching kinetics of Na, Ca & Mg by fresh HCI from raw coal.

4.3.4.2 Effect of HCI acid concentration

Figure 4.13 demonstrates 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 of 1-4 mm and a liquid-to-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 can be found 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 acid-soluble element removal might be dominated by
intra-particle diffusion 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 shown in Table 4.3. 0.7 M was hence employed for the remaining

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

4.3.5 Fresh HCI leaching water-leached coal

The HCI-soluble element removal efficiency by fresh 0.7 M HCI (Figure 2(b)) is plotted in
Figure 4.14. To note, the removal extent was calculated based on the content of HCI-soluble
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 occurrence in coal ?2. The
HCI-soluble Na mainly exists as ion-exchangeable cations associated with oxygen-containing
sites, such 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 and Mg can thus be

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

Last effort was made to explore the element removal 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 in Figure 4.15. To note, the first four cycle used recycled HCI, whereas
the other results (cycle 9, 12 and 16) used the mixture of fresh HCI and pure chlorides
(Na/Ca/MgCl,) with various concentrations. For cycle 16, the initial chloride concentration
reached its saturation point in 0.7 M HCl acid, which was determined by trial and error method.
Because it is impossible to conduct the recycling experiments for so many times in a lab-scale.
The three chlorides were mixed in a ratio which is as same as that of the leachate after 1% cycle.
It can be observed that the Na removal extent is almost constant for the first four cycles, then

drops to 40% approximately in the 13" cycle, and finally plummets to nil upon the using of
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leaching reagent which is saturated to NaCl, CaCl> and MgCl.. Regarding the removal of Ca
and Mg, they are almost invariant for each 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 water-soluble Na removal upon
the recycling of water. This might imply that the HCI-soluble element removal is dominated
by the intra-particle diffusion of proton, considering that the initial acid concentration for each
cycle is persistent. The decrease in the Na removal should be attributed to the decrease on the
water-soluble 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 achieved until reaching 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 experiments, fresh water versus raw coal. This aims to verify that the water-soluble
Na* removal is mainly controlled by the intra-particle diffusion of Na*. Afterwards, the second
set experiments, used water versus raw coal, was modelled to validate the application of the
modified SCM to used water leaching and to predict the recyclability of water. Finally, the
ultimate three-stage counter-current 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 the other hand, the removal of acid-soluble 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 model %,
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4.4.1 Modelling of fresh water leaching raw coal with various particle sizes

For comparison, the removal of Na* from raw coal by fresh water was firstly modelled against
both the chemical reaction control and intra-particle water diffusion control defined by SCM
14 The respective correlation coefficients (R?) for the modelling accuracy are listed in Table
4.5. Clearly, the original SCM failed to fit the experimental data accurately, with the exception

of the coarsest particle of 4-8 mm with a R? of 0.9959 for the diffusion control.

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

the original SCM.

Diffusion controlled
Reaction controlled model

Particle size (mm) model
1-(1-X)3 1-3(1-X)*3+2 (1-X)

0.2-0.6 0.4435 0.6195

0.6-1 0.6252 0.7963

1-4 0.8060 0.9461

4-8 0.9091 0.9959

Instead, the Na* intra-particle diffusion control defined by the modified SCM presented in
Equation (12) was proven to fit all the experimental results satisfactorily. As evident in Figure
4.16, the correlation coefficients achieved are beyond 0.98 for all the four sizes. Additionally,
based on Equation (8), the effective diffusion coefficient Derf of Na* through the water phase
contained in coal particles can be calculated, as listed in Table 4.6. These values fall in the
reported range of the order of 107-10° cm?/s & 24, On the other hand, Des increases with the

increasing coal particle size, which is consistent with previous studies & > 2, It can be
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explained as follows. As shown in Equation (25) 2, in which D is molecular bulk diffusion
coefficient of Na® that is an invariant at a fixed pressure and temperature, Des is only
proportional to the porosity ¢ of coal particles if the tortuosity z is assumed to be same for all
particle size ranges. Therefore, the larger coal particles tend to possess a larger De, Since it has
higher porosity values as evident by elsewhere 2’. Both the reasonable value of Detand right
relationship between Dessand coal particle size verified the physical meaning of this modified
SCM. This further confirmed that the water-soluble Na* removal out of raw coal by fresh water

is dominated by its intra-particle diffusion.
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Figure 4.16 Plots for Na* diffusion out of coal particle defined by the modified SCM.
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Table 4.6 Effective diffusion coefficient (Deff) of each particle size range.

Particle diameter (mm) Average particle diameter (mm) Dejy (x10°° cm?/s)
0.2-0.6 0.4 0.28
0.6-1 0.8 0.56
1-4 2.5 3.13
4-8 6.0 3.75

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

For the single-stage multicycle used water leaching fitting result, Table 4.7 summarises the R?,
overall rate constant k (the slope of Equation (12)) and the initial Na* concentration in water
for the first three cycles. The value of k is only a function of Dt (Equation (8)) for a fixed
particle size, which should be independent of Na™ concentration. Therefore, aside from the high
R?, the relatively constant value of k for each cycle verifies the good fitting of the modified
SCM. In addition, the applicability of this modified SCM has also been proven by the

satisfactory fitting to Coal B to some extent.

Table 4.7 R? and k using the intra-particle Na* diffusion-controlled model defined by the

modified SCM.
Initial Na* concentration in water
Recycle number R’ k (min™)
(ppm)
1%t 0.9892 0.0197 0
ond 0.9810 0.0208 262
3 0.9833 0.0196 565
0.5 wt% NaCl 0.9814 0.0232 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 in Figure 4.10 was further simulated. It can be observed from Table
4.7 that R? is above 0.98 for such a high initial Na* concentration. This satisfactory fitting
allows us to use this model to predict the Na* removal change upon the recycling of the used
water. Based on the results in Table 4.7, the average of k values of the first three cycles and
the Na* concentration in the leachate after three cycles were calculated and substituted into
Equations (13-14). Subsequently, the Na* removal in the fourth cycle was predicted and
compared with the experimental result. As demonstrated in Figure 4.17, one can see a close
match between the model prediction and the experimental observation. By an iterative
calculation, the relationship between Na*" removal extent and the cycle number of water can be
further predicted, which is illustrated in Figure 4.18. This indicates that the Na* removal 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 4.18 Na" removal extent change upon the recycling of used water.
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4.4.3 Modelling of three-stage counter-current water leaching process

The fitting result of three-stage counter-current water leaching is tabulated in Table 4.8. The
high R? of each stage indicates that all leaching conditions included in the counter-current
leaching can be modelled very well by the modified SCM, irrespective of fresh or used water,
and raw or leached coal. In addition, the validation of the modified SCM is substantiated by
the close value of k for each stage, which is independent on the Na* concentration in bulk water

and Na* content in coal.

Table 4.8 R? and k for three-stage counter-current leaching fitted by the modified SCM.

Stage number R’ ke (min)
1 0.9984 0.0239
2nd 0.9942 0.0235
3rd 0.9842 0.0238

Plugging the value of k into the calculation of Equations (15-24), the water-soluble Na*
removal at each stage was further predicted, to examine the proposed calculation approach
specific to the counter-current leaching process. Figure 4.19 compares the calculated and
experimental Na removal extent of each stage. The excellent linear relationship with high R?
proves that this calculation method can accurately predict the Na* removal extent at every stage

at any time.

140



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

60
Sso L R2=0.9994 9
1] -
5 4
T40 ¢ It
’0.) /’
© &
= e
o .’
+ % ©
S0 L R 0.9852,
= P34
2 R2=0.9932
= »* o lststage x2ndstage 3rd stage
=10 - LR
v A

0= al I ! I I !

0 10 20 30 40 50 60

Measured Na* removal of each stage (%)
Figure 4.19 Comparison between calculated and experimental Na* removal extent of each

stage.

Similar to Figure 4.14, the relationship between the total Na* removal of three-stage counter-
current water leaching process and the recycling of water was predicted and presented in
Figure 4.20(a). Again, the total Na* removal extent (sum of Na removal extents of three stages)
decreases 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
single-stage multicycle leaching in Figure 4.18. This is mainly a result of the higher Na
removal extent in each cycle that can be achieved by the three-stage leaching process.
Moreover, the relationship between Na* removal and the initial Na* concentration in water can
also be obtained, as shown in Figure 4.20(b). This confirms a linear decrease in the Na*

removal extent upon the rise of Na* concentration in the leachate, i.e. the recycling of the water.
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It can be expected from Equations (13-14). Once the original Na* reaches around 3000 ppm,

the recycled water losses its washability.
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Figure 4.20 Total Na* removal extent of three-stage counter-current leaching versus the

recycling of used water (a); original Na* concentration in water (b).
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4.4.4 Modelling of fresh HCI leaching

In the simulation of HCI-soluble 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 the extension of leaching time. The proton concentration as
illustrated in Figure 4.21 was calculated according to the stoichiometric relations between
proton and the three elements (Na*, Ca?* and Mg?*). A notable decrease tendency can be
observed, especially in the 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 constant H" concentration
in leachate with leaching time. In light of this, it was found that a proton intra-particle diffusion
model with a decreasing H* concentration profile (Equation (26)) 23 can simulate our case well
as shown in Figure 4.22. The detailed derivation can be found elsewhere 23, This satisfactory
fitting confirms that the HCI-soluble element removal is predominated by the intra-particle
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 cycle (Figure 4.15).

(1-X)3-1)2 = kt (26)

where X and t are the element removal extent and leaching time, respectively, and k is fitting

constant.

143



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

0.70 -

0.65 |-

=)
[«¥]
=
=
S 0.60 -
8
= h
c
2055 |
=
I=
51
£ 0.50
e
0.45
040 | | | | | | |
0 5 10 15 20 25 30

Time (min)

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

by Zhuravlev, Lesokhin and Templeman model.
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45 Conclusions

A comprehensive investigation 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 multi-cycle leaching scenarios including
three-stage counter-current water leaching and single-stage multicycle HCI leaching have also
been conducted. This aims to reveal the element removal extents upon the recycling of 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 multi-stage
counter-current water leaching processes, which is successfully validated by high
correlation coefficients between experimental and model results, and reasonable Dest
ranging from 0.28-3.75x10°® cm?/s which is in line with the reported values. The model
indicates that the water-soluble Na" removal rate is controlled by the intra-particle

diffusion of Na*.

2) Specific to the threes-stage counter-current process, it is found that the water loses its
capability to remove Na* after recycling 15 times. Upon the increase in the cycle
number, the overall Na* removal extent decreases exponentially from around 90% in
the first cycle quickly down to negligible in the 15" cycle. The overall Na* removal
extent bears a reverse proportion to the concentration of Na* accumulated in the used

water.
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3) The removal of acid-soluble elements can be fitted satisfactorily by a H* intra-particle
diffusion model which takes account in a decreasing proton 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 times when the concentration of NaCl,
CaCl, and MgCl: 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 from low-rank
Xinjiang coal in a more efficient way than water in both Chapters 3 and 4. However, it will
result in enormous waste leachate which is rich in CaCl» and MgCl> (as demonstrated in Figure
1.1) and is forbidden from discharging directly due to its obnoxious environmental effects. This
chapter has explored a novel and efficient HCI acid recovery method from the mixture of CaCl»
and MgCl. at the presence of silica and steam, and Cl-lean/free solid by-products can be
obtained simultaneously. The synergistic effect from MgCl, and silica has been investigated
intensively. This chapter has been reformatted from a manuscript published in ACS
Sustainable Chemistry & Engineering: Zhou, S.; Qian B.; Hosseini, T.; Girolamo, A.D.;
Zhang, L. Pyrohydrolysis of CaCl, waste for the recovery of HCI acid upon the synergistic

effects from MgCl, and silica. ACS Sustainable Chemistry & Engineering, 2019, 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 via co-pyrohydrolysis in a lab-scale horizontal furnace at a
temperature range of 700-1000 °C, and fixed additions of SiO, and steam. The synergistic
effect of MgCl. on the HCI recovery from CaCl, was explored intensively. A double-sided
effect is revealed. For the reaction temperatures below 1000 °C, the MgCl; addition delays the
HClI release through competing with CaCls for the inclusion into silica matrix. In contrast, once
the chloride mixtures are subjected to 1000 °C with a noticeable residence time (e.g. 2 h) and
at a minimum molar ratio of 0.5 of MgCl, to CaCly, the MgCl addition promotes the HCI
release remarkably, via promoting the conversion of Cas(SiO4)Cl. into CagMg(SiO4)4Clo. A
portion of Mg?* derived from the early decomposition of MgCl, substitutes the Ca(l) site in
Cas(Si04)Cly, thereby resulting in the formation of weak Mg-Cl bond that is in favour of the
HClI release. Additionally, the remaining Mg?* consumes the excessive SiO2 so as to cause the
skeleton of [SiO4]* to be fully affiliated and balanced by cations to form CasMg(SiO4)4Cly, in
which the weaker ionic polarisation between Ca?* and adjacent anions further enhances the

breakage of the Ca-Cl bonds.

Keywords: Pyrohydrolysis; Alkaline earth metal chlorides; HCI regeneration; Cl 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 metal complexes, and
simplicity of the pre-treatment requirement 2. However, one major barrier to hydrochloric
acid leaching is the difficulty of disposing of the waste lixiviant that is rich in chlorides. The
chlorine-bearing lixiviant is prohibited for a direct landfilling, since it is corrosive and
detrimental to the aquatic environment * 4. On the other hand, as an important chemical in most
chemical industries !, hydrochloric acid is primarily produced by the electrolysis of NaCl
solution that is energy intensive, cost ineffective and prone to electrode corrosion and fouling
58 Due to these considerations, a successful regeneration of HCI acid from chloride-based

lixiviant is crucial for the sustainability of the HCI-based industries across the world.

To date, extensive research has been conducted to regenerate HCI gas from chloride solutions,
including electrowinning, sulfation precipitation and pyrohydrolysis *. Compared to the other
two methods, pyrohydrolysis has only been proven and commercialised for three metal
chlorides, MgCl,, FeCl, and NiCl,®. To further advance the pyrohydrolysis technology on a
large scale, it is critical to investigate the other metal chlorides such as CaCl,, which is an
abundant by-product produced from a broad variety of hydrometallurgy processes .
Moreover, since they have similar properties and co-exist in a large number of natural minerals
and man-made wastes, CaCl, and MgCl. are often produced simultaneously, such as from the
leaching of low-rank coal and its ash by HCI acid **', the production of magnesia from
dolomite by HCI acid leaching ** 1, and the production of high-purity magnesia from brine via

the addition of slaked lime that generates 1.38—2.75 tonne CaClz/tonne MgO 4.
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The pyrohydrolysis of MgCl> involves dehydration, hydrolysis, and thermal decomposition in
sequence *°. An intermediate product, MgOHCI is formed at 235 °C that subsequently converts
to MgO and HCI gas at 415 °C via the reaction with steam. By contrast, the pyrohydrolysis of
CacCl; is refractory due to the larger ionic bond energy of Ca-Cl than Mg-Cl, 409 vs 327 kJ
mol™ 18, To resolve the breakage of Ca-Cl bond, the co-addition of silica and steam has been
examined at 770-870 °C, for different molar ratio of silica to CaCly, various acidic solids and
partial pressure of steam 7. The overall reaction route has been proposed as reaction Equation
(1) below. At the temperatures below its melting point (772 °C), CaCl> tends to dissolve into
the cage of solid acid to form the CaCl.-SiO: solid solution, from which HCI gas is then
released. However, the detailed crystal structures of CaCl-SiO2 and any of its intermediate
compounds have yet to be clarified, and hence, the mechanisms underpinning this reaction still
remain vague. More importantly, the effect of MgCl. on the pyrohydrolysis of CaCl, has not
been explored at all. Upon the co-existence of these two alkaline earth metal chlorides, a quick
decomposition of MgCl; at low temperatures presumably results in the formation of free MgO
that may compete with CaCl, for the inclusion into silica matrix, thereby delaying the
decomposition of CaCl.. However, in the later stage when CaCl»-SiO> solid solution is formed,
the invasion of Mg?* cation into the matrix and its substitution to Ca** could weaken the Ca-Cl

affinity, and hence, promote the decomposition of CaClo.

CaClSiO; (s) + H20 (2) — Ca0-SiO: (s) + 2HCI (q) (1)

In this study, a series of experiments were designed to prove the above-mentioned hypothesis,

and to explore the synergism between MgCl, and CaCl. during the co-pyrohydrolysis. The
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pyrohydrolysis experiment was conducted in a lab-scale fixed bed reactor, under the conditions
of 700-1000 °C, a fixed steam partial pressure of 0.7 bar and varying retention time at the
terminal temperature. A non-isothermal heating procedure was first employed, so that the
residues produced at intermediate temperatures were quenched and subjected to X-ray
fluorescence (XRF) and X-ray diffraction (XRD) to quantify the remaining CI content and its
crystalline species, respectively. Scanning 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 CrystalMaker software 8. In addition, thermodynamic
calculations were conducted in FactSage 6.4 °. All these efforts were made to attain the
mechanistic insights governing the co-pyrohydrolysis of CaCl, and MgCl», 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 which is illustrated
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 mm. A sample-laden corundum plane
(Al203 >99.7%) was placed into the middle of the furnace. Argon was blended with steam and

used to purge the reactor continuously, which also swept away the HCI gas once generated.
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Figure 5.1 Horizontal thermal decomposition rig schematic and sample loading pan. (1.

Sample loading pan; 2. Heating furnace).

For each run, approximately 1 g of CaCl2-4H>0 was blended thoroughly with MgCl.-6H>0 by
roll mill, with varying molar ratios. The amount of MgCl-6H.0 varied from 0 to 4 mole/mole
of CaCl,-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 Sigma-Aldrich 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 h. Once the experiment was finished,
the sample pan was quickly pulled out and moved to the cold end of the quartz tube, whereas
the steam was stopped immediately while pure argon of around 10 L/min was turned on to
quench the hot decomposition residue. The volumetric percentage of steam in the feeding gas

was fixed at 70 v/v%, to guarantee a complete conversion of Cl radicals released to HCI gas.
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The overall Cl-bearing gas is simply HCI, and its release extent for the pyrohydrolysis of CaCl;
or MgCl; alone or their mixtures was determined by the mass difference of ClI between the

original chloride sample and its decomposition residue, as shown in Equation (2) below.

M, XP;-M,XP,

2 X 100 )

Overall Cl Release extent (%) =

Where M1 and M are the mass of the original chloride and its residue respectively, and P; and
P> denote the Cl mass percentage of the original chloride and its residue tested by XRF
(SPECTRO 1Q 1), respectively. The XRF was prior calibrated by the Cl-bearing mixtures

(MgCl2 and SiO,) with different CI contents.

5.2.2 XRD and crystal structure analysis

Each reaction residue was ground to less than 45 pm to minimise the preferred orientation and
improve the statistical distribution of the lattice plains in the reflection. The XRD patterns were
recorded on a Rigaku, Miniflex 600 with CuKa radiation (A = 0.15406 nm) under 40 kV and
15 mA. The powdered samples 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 standards used for
the XRD fitting are listed in Table 5.1. Note that, a portion of these standards highly overlap
with one another at their most intense peak of approximately 33°. However, their 2" and 3
most intense peaks are highly distinctive and sufficient for differentiation. All the Cl-bearing

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 from the software

CrystalMaker through simply importing the respective CIF files shown in Table 5.1. In order

to extract the local atomic environment of individual atom, the function of ‘Define Cluster’

was applied via defining the cluster range centering on the target atom '8,

Table 5.1 The species used for XRD peak fitting.

Most intense

2" most intense

3" most intense

Chemical peak
ICSD
formula (hk (hk
2 theta 2 theta 2theta (hkl)
1) 1)

Ca3(Si03)3 26553 459023 330 27.6113 132 27.5093  13-2
MgO 248386 43.0028 002 62.4423 022 78.8159 222
CaCl2-6H20 59142 41.7919 121  22.5589 110  32.0495 111
Mg>Si04 34816 36.4822 112 32.2305 130 52.1829 222
CaMgSiO4 31106 33.6938 131  34.7296 112 50.2850 222
CagMg(Si04)4Cl> 68243 33.5774 044 60.0384 448  30.7718 115
CazMg(SiO4)2 26002 33.4072 013  33.5656 411 33.8410 020
Ca3Si04Cly 38359 32.6570 104 31.3331 310 26.3451 020
CaxSi04 81096 32.0365 10-3 32.5935 200 32.1746  12-1
CaCl2-2H;0O 960 31.9865 122 20.5417 111  42.8606 204
CaMg(Si03)2 10222 29.7909 22-1 35.8265 002 30.5935 310
CaClx 26686 29.1249 111 19.8091 110  8.5430 211
Caio(Si207):Cla - 1226542(SD) 289587 131  30.3333 132 30.9522 006
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CaSiO3 20571 27.7992 12-1 36.1734 402 41.2801 521

Si02 174 26.6294 011 20.8468 010 50.1214 112

5.2.3 Thermodynamic equilibrium calculation

FactSage 6.4 was employed to conduct thermodynamic equilibrium calculations. The
equilibrium mode was chosen as OPEN that is specifically designed to simulate a continuous
flow system as used in this study. The total step number of injecting gases in the OPEN mode
was set as the largest allowable number of 25 to be 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 experimental condition mentioned above. The thermodynamic
databases applied included FactPS and FToxid. The output products include ideal gas, liquid

and solids phases *°.

5.3 Results and discussion

Table 5.2 provides a summary 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 pyrohydrolysis experiments three times. A high accuracy has been
confirmed. For instance, for the condition of CaCl only at 1000 °C for 2 h, its HCI recovery
extents were found to be 89%, 89% and 90%, bearing a standard deviation of 0.6% only.
Additionally, the gaseous Cl-bearing species has also been sampled by impinge trains
containing sulphuric acid. The collected CI" ion was quantified by a chlorine ion selective

electrode detector. The mass balance of Cl reached 95-98% in most of the cased.
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Table 5.2 Summary of HCI release extents obtained at each experimental condition.

Holding Overall HCI

Molar ratio HCI release
Reaction time at release from
Sample of Steam? SiOy? extent from CacCl;
T (°C) target T mixture (%)
CaClz:MgCl, (%)
(h)
MgCl> - No No 600 2 46 -
MgCl; - Yes No 600 2 99 -
CaClz - Yes No 1000 2 - 0
CaClz - Yes Yes 1000 2 - 90
CaClz - Yes Yes 700 0 - 0
CaClz - Yes Yes 800 0 - 25
CaClz - Yes Yes 900 0 - 60
CaClz - Yes Yes 1000 0 - 89
CaClz - Yes Yes 1000 2 - 90
CaClz - Yes Yes 1000 4 - 91
CaClz - Yes Yes 1000 6 - 92
CaCl, & MgCl; 1:4 Yes Yes 700 0 80 0
CaCl, & MgCl; 1:4 Yes Yes 800 0 90 20
CaCl, & MgCl; 1:4 Yes Yes 900 0 93 43
CaCl; & MgCl; 1:4 Yes Yes 1000 0 98 84
CaCl; & MgCl; 1:4 Yes Yes 1000 2 99 94
CaCl; & MgCl; 1:4 Yes Yes 1000 4 99 98
CaCl; & MgCl; 1:4 Yes Yes 1000 6 99 99
CaCl2 & MgCl» 1:0 Yes Yes 1000 2 90 90
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CaCl; & MgCl; 1:0.25 Yes Yes 1000 2 93
CaCl, & MgCl; 1:05 Yes Yes 1000 2 96
CaCl, & MgCl; 1:1 Yes Yes 1000 2 98
CaCl, & MgCl; 1:2 Yes Yes 1000 2 98
CaCl, & MgCl; 1:4 Yes Yes 1000 2 99

90

93

94

94

94

5.3.1 Pyrohydrolysis of MgCl. and CaClz 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 MgCl. at 600 °C.

The decomposition of MgCl> alone was first conducted as a reference. As shown in Table 5.2
and Figure 5.2, the addition of steam is essential, promoting the decomposition extent of
MgCl2 to 99% at 600 °C for 2 h, relative to 46% only in the absence of steam. In contrast, for

the pyrohydrolysis of CaCl, alone, a higher temperature up to 1000 °C is critical, so is the co-
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addition of steam and SiOg, as evident in Table 5.2. Upon the addition of SiOz at an equi-molar
ratio to CaClz, the HCI release extent reaches 90% at 1000 °C for 2 h, relative to a non-
detectable extent in the presence of steam only. The XRD patterns for the respective residues
in Figure 5.3 demonstrate that the CaCl2-4H,0 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 CaCl, which has a low melting point of 772 °C %, In this case, instead of gaseous
HCI, the gaseous CaCl> should be formed due to its liquid-gas equilibrium 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 SiO; leads to the conversion
of CaCl; into the form of Ca1o(Si207)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 inter-atomic clearance in the solid crystal clearly facilitates an easy
dissociation of Cl, and an inward diffusion of steam to react with Cl radicals to form HCI. This

finding is in line with the previous study *’.
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1 - CaCl-2H,0 5 - SiO,
2 - CaCl, 6 6 - Ca (S1,0,),CL,
3 - Ca (SiO,),

26 (°)
Figure 5.3 Effect of SiO2 addition on the pyrohydrolysis of CaCl, at 1000 °C for 2 h. (The

SEM of decomposition residue is included).

5.3.2 Co-pyrohydrolysis of CaClz and MgCl: in the presence of silica

5.3.2.1 HCl release from CacCl: as a function of temperature
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Figure 5.4 Experimental 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 MgCl. addition, respectively; solid and dash lines are for the experimental and

calculated results, respectively; molar ratio of CaCl2:MgCl, = 1:4).

Figure 5.4 shows both the experimental and thermodynamic equilibrium prediction results for
the co-pyrohydrolysis of CaCl, and MgCl; at a fixed molar ratio of 1:4 and different reaction
temperatures. Note that, for the experimental works conducted at different temperatures, the
X-axis refers to the terminal temperature to which the samples have reached upon a non-
isothermal heating. Once the terminal temperature was reached, the solid residues were quickly
guenched. Moreover, considering the full decomposition of MgCl. before 700 °C, the Y-axis

was calculated for the HCI release extent from CacCl. alone, by assigning the remaining Cl in
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the residue to CaCl,. For all the conditions examined here, the molar ratio of silica was fixed

as 1 mole/mole to CaCl,.

In principle, upon the absence of MgCl2, CaClz alone can decompose entirely into HCI from
700 °C. The addition of MgCl. would however postpone the full decomposition of CaCl, until
900 °C, due to their competition on the inclusion into silica matrix. However, the experimental
investigation reveals a very slow release of HCI from CaCly, irrespective of the addition of
MgCl». This is an indicator 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. Moreover, the inhibitory effect of MgCl, is
experimentally confirmed, which commences at 800 °C, maximises at 900 °C, but slightly
reduces at 1000 °C. Apparently, this links with the change on the crystalline structures of the

Cl-bearing residue and its intermediates.
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Figure 5.5 Molecular ratio of Cl/Ca of the Cl-bearing 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 MgCl> addition, respectively;

Experimental results were determined by XRD).

Considering that each residue only contained one Cl-bearing species which also consists of Ca
(due to the strong affinity of these two elements), the molecular ratio of Cl/Ca of the Cl-bearing
species in the resultant residue is plotted versus reaction temperature as solid lines in Figure
5.5. For comparison, the thermodynamic equilibrium calculation results are included as dash
lines. According to the thermodynamic equilibrium prediction, no Cl-bearing species is present
(thus CI/Ca = 0) for the case of CaCl alone across the whole temperature range. In contrast,

CaCl, remains stable until 900 °C for the case of the addition of MgCl.. This proves the
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thermodynamic preference for the inclusion of MgO (derived from MgCly) into the silica
matrix before 900 °C. With regard to the experimental observation, CaCl> disappears at 900 °C
when no MgCl; is added, converting into Caz(SiO4)Cl> as the sole Cl-bearing component with
a molar Cl/Ca ratio of 0.67, relative to 2.0 for CaCl>. Upon a further rise of the temperature to
1000 °C, the Cl-bearing species converts into Caio(Si2O7)3Cl> with a Cl/Ca ratio of 0.2,
demonstrating the continuous release of the remaining Cl out of the Ca-Cl affinity. The
remaining CI should be tightly embedded within the matrix, and hence, not able to be released
easily. Regarding the case with MgCl, addition, CaCl, does not disappear until the temperature
reaches 1000 °C where Cas(SiO4)Cl2 with a Cl/Ca molar ratio of 0.67 is formed. Clearly, the
addition of MgCl> 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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5.3.2.2 HCl release from CacCl: as a function of reaction time at 1000 °C
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Ca Mg(SiO,),
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Figure 5.6 Experimental HCI release extents from CaCl, with and without MgCl. after

different reaction time at 1000 °C. (The Cl-bearing species determined by XRD is included).

To further narrow down and even eliminate the inhibitory effort of MgCl., different 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 of MgCl> as
a function of retention time, where the principal Cl-bearing species and other major compounds
in the residues are also listed. As expected, the HCI release extent with the addition of MgCl»
is slightly lower than that without MgCl. at the beginning, 84% versus 89%. Interestingly, the
HCl release extent upon the addition of MgCl. increases quickly to 94% after a retention period

of 2 h, overtaking the value achieved in the absence of MgCl. that is almost unchanged. It
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further increases exponentially, reaching almost 100% in 6 h. Clearly, the effect of MgCl;

addition turns positive upon the increase in the reaction time at 1000 °C.

For the absence of MgCl,, Caio(Si207)sCl2 is the only Cl-bearing species in the residue,
regardless of the retention time. It is transformed from Cas(SiO4)Cl2, which is also the only Cl-
bearing species at 900 °C (Figure 5.5). Upon the addition of MgCl», the Cl-bearing species
changes its structure from Caz(SiO4)Cl2 (Cl/Ca =0.67) to CagMg(SiO4)4Cl2 (Cl/Ca =0.25), and
then to the mixture of CasMg(SiO4)2, Ca2SiO4 and CaMgSiO4 with none of them containing Cl

at all.

@ O
@ a
Cay(51,07):Cl, “ \ @ si
a ° Ca
[Si,0/] Ca(l) Ca(II) Ca(III)

Figure 5.7 Crystal structure of Ca1o(Si2O7)3Cl2 obtained by CrystalMaker software (clusters

size defined as 3 A).

The crystal structure of Caio(Si2O7)3Cl2 is displayed in Figure 5.7. It holds a monoclinic
structure with a pace group P21/a 2123, Its basic skeleton is made of isolated groups of [Si.07]°,
which are ‘face-sharing’, as shown in Figure 5.7. Each [Si2O7]% is transformed from two units
of [SiO4]* (the basic skeleton of Cas(SiO4)Cl2) via sharing one oxygen apex. The isolated
[SiO4]* only exists in the case of sufficient cations to reach a charge balance . In other words,
when the molar ratio of CaCl2/SiOz is only one in this study, the molar amount of Ca?" is far

from enough to establish a [SiO4]*-based structure requiring a molar ratio of Ca/Si>2.
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Consequently, [SiO4]* sites may have to combine on its own to transform into a [Si,07]®-based
structure, Caio(Si207)3Cl> with a smaller Ca/Si of 1.67. This is accompanied by the
combination of a portion of silica (SiO,) with free Ca?* to form another state species, CaSiO3
and unreacted SiO, due to the insufficiency of Ca?*. Back to the sole Cl-bearing species
Ca10(Si207)3Clz, [Si207]% is ‘face-sharing’ in its atomic structure, in which calcium ions of
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) with thirteen
oxygen 23, The remarkable ionic polarisation between Ca?* and its adjacent anions (O and CI")
might induce the deviation of their electron clouds to each other, thus leading to varying
degrees of overlap of their outer orbitals. Consequently, the bond length and polarity of Ca-Cl
decrease, resulting in a transformation of the Ca-CI bond from purely ionic to ‘intermediate
bond’ with the properties of covalent bond.? This is beneficial for the release of Cl out of the

solid matrix.

Mg-Cl bond
cleavage

Substitution
of Mg for Ca

>

Mg site in
Ca(I) in Cas(SiO,)Cl, CagMg(Si0,),Cl,

@ O
@
@ si
(b)  CagMg(Si0,),Cl,

[Si0,] Ca(Il) ‘ Ca

Figure 5.8 Role of Mg in the formation process of CagMg(SiO4)4Cl> from Caz(SiO4)Cl2 (a)

and the local atomic environments of Si and Ca(ll) in CagMg(SiO4)4Cl2 (b).
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Regarding the addition of MgCl,, Cas(SiO4)Cl> forms at the reaction time of 0 h is of a
monoclinic structure, with space group P21/c and [SiO4]* tetrahedrons as the basic skeleton.?
It was studied that a portion of Ca?* in this species is present as Ca(l) that stays in between the
lamellar layers of [SiO4]* tetrahedrons, being the mostly weakly bonded and thus the most
favourably substituted by any other divalent cations such as Mg?*. Instead, the remaining Ca?*
as Ca(ll) and Ca(lll) sitting in the plane of [SiO4]* tetrahedrons are too tough to be substituted
24 A portion of Ca(l) in Cas(SiO4)Cl. is gradually substituted by Mg?* and transferred into
CasMg(SiO4)4Cl2, as shown in Figure 5.8(a). The resultant Mg-Cl bonds easily breaks down
and releases the CI. Such a solid-solid substitution reaction is obviously slow, and hence, its
effect is only observed when the reaction time is extended to 2 h at 1000 °C. In addition, a
portion of the original silica is consumed by Mg?* to form magnesium silicates, leading to
sufficient cations to balance the negative charges of the [SiO4]* skeleton. In other words, the
addition of Mg?* inhibits the self-combination of [SiO4]*. In terms of the Ca?" coordination
environment, Ca(ll) as the only site bonded with chlorine is coordinated with six oxygen and
two chlorines, as illustrated in Figure 5.8(b). It is affiliated with less anions (O% and CI°) than
in Cai10(Si>07)sCl.. This may result in weaker ionic polarisation between the Ca®* and adjacent
anions and the longer bonds of Ca-Cl in CagMg(SiO4)sCl2 21 22 2526 Consequently, the ClI
release is easier from CasMg(SiO4)4Cly than Caio(Si207)3Cl2. Upon the release of Cl, the
skeleton of CasMg(SiO4)sCl> collapses gradually, leading to the formation of various

nesosilicates including Ca2SiO4, CasMg(SiO4) and CaMgSiOs.
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5.3.2.3 Effect of MgCl2 amount on the HCI release from CacCl:

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
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Molar ratio of CaCl, to MgCl,

Figure 5.9 Effect of the MgCl. addition amount on the HCI release from CaCl, at 1000 °C
for 2 h obtained by experiments. (The Cl-bearing species determined by XRD is also

included here).

Last effort was made to further confirm and optimise the promotion effect of MgCl, addition
at 1000 °C. The decomposition experiments were conducted by mixing various amounts of
MgCl, into the mixture of CaCl, and SiO. at equi-molar ratio at 1000 °C for 2 h. As
demonstrated in Figure 5.9 for both HCI release extent from CaCl. and the major Cl-bearing
species in the residues, the HCI release extent is almost stabilised at 90% at the MgCl. addition
ratio less than 0.25, and then experiences a notable increase to approximately 94% at the equi-

molar ratio between these two chlorides. Again, this is due to the transferring of Cl-bearing
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species from Caio(Si207)3Cl2 to CagMg(SiO4)4Cl; that is formed at the Mg/Ca molar ratio of
0.5 and above. Clearly, the CagMg(SiOa)4Cl. is fully saturated and stabilised at this ratio. The
excessive MgCl, added simply converts into free MgO. The reason for optimum dosage of 0.5
mole MgClz/mole CaClz should be attributed to the atomic coordination structure of

CasMg(SiO4)4Cl2. A robust explanation from 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 (CaCl, and MgCly). 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 MgCl, on the
pyrohydrolysis of CaCl, has been discussed extensively. As far as the authors are aware, a
double-sided effect of the MgCl» addition has been revealed for the first time in this study: 1)
impediment of HCI release in the temperature-rise period (700-1000 °C) via competing with
CaCly for inclusion into the solid silica matirx; 2) promotion of HCI release in the retention
period at 1000 °C through the formation of an intermediate Cl-bearing compound,
CagMg(Si04)4Cly, in which the weaker ionic polarisation between the Ca?* and adjacent anions
facilitates the release of Cl as HCI. Additionally, the addition of 0.5 mole MgClz/mole of CaCl,
is found as the optimal dosage, which increases the HCI release notably due to the formation

of CagMg(SiO4)4Cl>.

This study is primarily significant for the environmental management of the chloride wastes
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 is a critical step to improve both the
environmental friendliness and cost-effectiveness. Upon a successful regeneration from the
solid chlorides, the resultant HCI gas can be further reused in the process, while the resultant
oxide residues are applicable for a variety of downstream applications such as cement additives
27 Although the engineering design was not touched based in this study, 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 SiO». Future
works will be conducted specifically to explore the 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 of CaCl, and MgCl; at 1000
°C in chapter 5. However, the interaction between Ca?* and Mg?* in terms of their affinity with
ClI" at the co-pyrohydrolysis which is crucial for the exploration of Cl release cannot be unveiled
from atomic structural level via XRD analysis. Consequently, a substantial interpretation of the
mechanism upon the effect of MgCl. additions is absent. This chapter has studied the local
atomic structure of chlorine (CI) and its transformation upon the interaction between different
cations during the co-pyrohydrolysis of CaCl. and MgCl: for the regeneration of HCI. An
advanced analysis technique, synchrotron X-ray absorption spectroscopy (XAS) was used to
fingerprint the Cl K-edge XANES spectra and Ca K-edge EXAFS spectra. In particular, the
change on the local atomic environment of Ca?* upon the intrusion of Mg?" atom was
interpreted. Consequently, an intermediate structure of Ca-O-Mgy-Clx was revealed to address
the synergism between these two cations in the atomic coordination environment level. This
chapter has been reformatted from a manuscript which has been submitted to Journal of
Hazardous Materials: Zhou, S.; Qian, B.; Liu, C.; Hosseini, T.; Zhang, L., Synchrotron X-Ray
Absorption Spectroscopy (XAS) study on the atomic structures of chlorine and calcium derived
from the co-pyrohydrolysis of alkaline earth metal chloride wastes. Journal of Hazardous

Materials 2019 (Under review).
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Abstract

Chlorine (CI) speciation and its atomic structures in high-temperature pyrohydrolysis-derived
silicate crystals affect both its recovery as HCI gas 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/MgCl> under 700-1000 °C, and at the co-existence of steam and silica.
Synchrotron X-ray absorption spectroscopy (XAS) was employed for the detailed coordination
environments of both elements. As have been found, the silicate crystals derived from
pyrohydrolysis are highly ordered in the crystal structures, and bear less resemblance to CaCl»
than those reported in the glassy melts. Unambiguous evidence for a mixed cation Ca-Mgy-Clx
intermediate (proposed elsewhere) was not found, since Ca?* is always preferentially bound
with O? at its first atomic shell. Instead, it is very likely that an intermediate form of Ca-O-
Mgy-Cly is formed from the co-pyrohydrolysis of the two chlorides, based on the co-existence
of Mg?* and CI- on the second shell centred on the Ca?*. Consequently, the intrusion of Mg?*
compels the third shell which comprises of Ca?* to go far away, causing a less-crystalline

structure and thus promoting the Cl release.

Keywords: Pyrohydrolysis; Alkaline earth metal chlorides; Silicate crystals; XANES; 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 natural phenomena and industrial processes. In the Earth’s crust, it occurs in
silica melts and its transport in subduction settings is a fundamental part of the global CI cycle
1.2 Additionally, Cl is being used intensively in hydrometallurgical leaching and extraction of
brine and various ores 3. However, one big hurdle to these processes is to dispose of the
numerous waste chlorides, which have been widely proven to pose deleterious impacts to the
environment, human health and the lifespan of industrial equipment 7. As 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 removed 8. Thus, studies have been carried out
to immobile or reuse the chloride waste, such as vitrification of Cl-rich radioactive wastes into
borosilicates, and pyrohydrolysis of chlorides for the regeneration of HCI * °. However,
understanding the local chemical and structural environment for ClI in the high-temperature
solids/melts is still far from completion, though it is essential for the effective release and/or
recovery of CI at high-temperature processes. This is mostly due to the relatively low
concentrations of Cl and the extreme complexity of its affinity with other elements in the high-

temperature solids and/or melts.

Synchrotron based X-ray 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 an atom’s X-ray absorption possibility due to its chemical and physical states % 11, It
typically consists of two regimes, X-ray absorption near-edge spectroscopy (XANES) for the
coordination geometry and oxidation state of the absorbing atom, and extended X-ray

absorption fine structure spectroscopy (EXAFS) for the detailed atomic coordination
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environment, including bond length (R), coordination number (n) and disorder (Debye-Waller
factor or o) of atomic shells around the absorbing element. To date, this technique has been
employed to determine the speciation of CI in high-temperature synthetic glasses and natural
ones 2. However, the information achieved is sparse. In the silicate melts achieved under the
typical crust subduction environment (i.e. 1250 °C and 0.5 GPa), emphasis was given to prove
the existence of mixed Ca-Mgy-Clyx species in the melts. However, unambiguous evidence was
not found yet 2. Similarly, in the borosilicate melts derived from Cl-bearing radioactive wastes,
efforts were made to reveal the atomic structure of Cl upon its affinity with Ca in both Ca-rich
and Ca-lean glasses, upon the co-existence 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 high-temperature pyrohydrolysis reaction which is a critical step
for the regeneration of HCI in the mineral processing industry *2. Compared to the melting
conditions detailed elsewhere 2 °, the pyrohydrolysis usually employs a temperature up to
1000 °C and hence, the resultant solid products/residues are still present in a solid or semi-solid

state.

This study aims to clarify the Cl speciation, in particular its local coordination with both Ca?*
and Mg?* in the solid residues derived from the co-pyrohydrolysis of CaCl, and MgCl, under
different conditions. Silica was added into the chloride mixture to assist the cleavage of the
strong Ca-Cl ionic bond, facilitating the formation of unstable Ca-CI-Si intermediates that is in
favour of the HCI release. Moreover, depending on the reaction temperature, the co-existence
of MgCl> can either weaken the Ca-ClI affinity in the silica matrix, or compete against CaCl>
for the reaction with silica (thus inhibits the Ca-Cl breakage) 2. Upon a bench-scale X-ray

diffraction (XRD) analysis, it was inferred that the promotive effect of Mg?* might be attributed

181



Chapter 6 Atomic Structures of Cl and Ca Derived from the Co-Pyrohydrolysis of Alkaline
Earth Metal Chloride Wastes

to the substitution of a portion of Ca?* by Mg?* in the Cl-bearing silicate matrix, thus distorting
and breaking the Ca-Cl bond. However, the mixed Ca-Mgy-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 fingerprints of both Ca?* and CI- in the pyrohydrolysis
residues, aiming to explore the existence of the above-mentioned mixed chloride and any other
intermediates using this highly sensitive instrument with a strong focus on the atomic structure.
Such an effort is expected to promote the understanding of the interaction between the two
cations, Ca?* and Mg?* in terms of their affinity with CI"in non-molten silicates, which is an
arguably interesting question for the knowledge related to chlorine in silicate matrix, and also
helps us confirm the promotion mechanism of Mg?* on the CI release from the atomic

perspective.

6.2 Experimental methodology

6.2.1 Pyrohydrolysis experiment

The detailed pyrohydrolysis experimental condition was provided in our previous study *2. In
brief, the mixture of CaCl,-4H>0 and SiO- at an equi-molar ratio was completely blended with
MgCl2-6H20, at varying Mg/Ca molar ratios from nil (CaCl; alone) to 4. All the reagents are
chemical grade and mixed thoroughly prior to the test. The pyrohydrolysis was conducted in
an electrical lab-scale horizontal furnace. For each test, the sample was loaded inside the
furnace and then heated to the target temperature 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 pyrohydrolysis reaction. All the experimental conditions and the respective Cl
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content in the pyrohydrolysis residues measured by X-ray fluorescence (XRF) is summarised

in Table 6.1.

Table 6.1 Pyrohydrolysis conditions and the respective Cl (wt%) contents in the solid

silicates.
Molar ratio of ~ Reaction T Reaction time Cl content
Sample
CaCl2:MgCl> (°C) at target T (h)
CaCl - 700 0 17.3
CaCl - 800 0 14.8
CaCl - 900 0 9.8
CaCl - 1000 0 3.1
CaCl - 1000 2 2.8
CaCl, & MgCl, 1:4 700 0 10.7
CaCl2 & MgCl; 1:4 800 0 8.8
CaCl2 & MgCl; 1:4 900 0 6.7
CaCl2 & MgCl; 1:4 1000 0 2.1
CaCl2 & MgCl; 1:4 1000 2 0.8
CaClz2 & MgCl: 1:0 1000 2 2.8
CaCl, & MgCl; 1:0.25 1000 2 2.6
CaCl; & MgCl2 1:0.5 1000 2 1.8
CaCl2 & MgCl; 1:1 1000 2 1.5
CaCl2 & 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 0.25 x 0.25 mm?. 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 except CaCl, were further
crushed in a nitrogen protection chamber and transferred onto a Cl-free kapton tape with a
paintbrush. The CaCl: is 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 hydrate oxygen (O) 2. All the other samples including MgCl, were fully dried before
the analysis. In particular, the dried MgCl> was 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 MgCl; hydrate 2. Eight pieces of sample-ladden kapton type at a time were loaded
on the sample holder and introduced into the sample chamber. For the CI 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 analysis of blank 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 energy calibration. In terms of the Ca K-edge, its full energy span for EXAFS
analysis from -190 eV below to 250 eV above 4038 eV was recorded, and the element Sbh at
4132 eV was employed for the energy calibration. Apart from the two pure chlorides
(CaCl,-2H20 and dehydrated MgCly, crystalline reagents with a purity of >99% from Merck
Ltd), three extra chloride references were synthesised and analysed, including CasSiO4Cl,,

Cai0(Si207)3Cl2 and CagMg(Si0a4)4Cl- that have been detected from the XRD analyses of the
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pyrohydrolysis residues. These three standards were synthesised from analytical reagent grade

chemicals including CaCl, CaO, SiO; and/or MgCl2-6H20, at 800 °C, 1000 °C and 1050 °C,

respectively as per the procedure reported elsewhere >, The respective XRD patterns

collected from Rigaku, Miniflex 600 with a scanning step of 0.02° are shown in Figure 6.1.

As can be seen, no impurities were detected in the synthesised CagMg(SiO4)sClz> and

CasSiO4Clo. However, Caio(Si207)3Cl2 contains impurities including SiOz, CaxSiO4, and

CaSiOs. Since these inclusions do not contain Cl, their presence exerts no negative effect on

the ClI XANES spectra at all °.

I - CaMg(SiO,),Cl, 4 - Si0,
2-Ca,($i,0.).Cl, 5 - Ca,SiO,
3 3-Ca,SiO,CL 6 - CaSio,
3
35 3 3 Ca,Si0,Cl
2
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Figure 6.1 XRD patterns of reference calcium/magnesium silicate chlorides.

6.3 XAS data analysis
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6.3.1 CIl XANES

All the Cl K-edge XANES spectra were processed using ATHENA software (a part of
DEMETER package ') by conducting standard pre-edge linear background subtraction and
normalisation . Afterwards, the values of two parameters, Emax and Eo 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 post-edge range 2. In addition, linear
combination fitting (LCF) was applied for the quantitative speciation of Cl. To evaluate the
reliability of the LCF results, pure CaCl,-2H,0 and CagsMg(SiOa4)4Cl> were mixed at five given
mass ratios. Afterwards, the Cl K-edge XANES spectra were recorded for the mixtures, and
the resultant XANES spectra were processed via LCF. Figure 6.2 compares the LCF results
and actual given percentages of CaCl.-2H20 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 species. Equation (1) was thus derived for the calibration of the following LCF

analysis in this study.
Y = 0.9823X + 0.0182 Q)

where X and Y refer to the CaCl-2H>0 percentage obtained by LCF analyses and its respective

actual value in a standard CaCl,-2H>0-CasMg(SiOa4)4Cl> mixture, respectively.
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Figure 6.2 LCF analysis calibration of Cl K-edge XANES spectra.

6.3.2 CaEXAFS

Ca EXAFS data were fitted using Artemis (part of Demeter) with FEFF version 8 6. The value
s3 (the scattering amplitude of photo-electron) was first determined to be 1.0 by fitting the pure
reference CaClz-2H,0. This value was then used for the analyses of Ca K-edge EXAFS spectra
across all the samples. The fitting result for pure CaCl,-2H>0 based on the R-space is shown
in Figure 6.3. The peaks correspond to different coordination spheres around the absorbing Ca
atom, where R (bond length), n (coordination number) and ¢ (Debye-Waller factor) for each
atomic shell can be quantified. Due to the scattering phase shift, the peak position for atomic
bond distance was found to be around 0.5 A less than the actual bond distance **. For all the
samples in this study, the fitting range was fixed at 1.0 < R < 3.5 A covering as many nearest-

neighbour peaks as possible. The peaks beyond this range cannot be fitted due to the narrow k-
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space EXAFS range (2 < k < 7.9 A). As can be observed in Figure 6.3, the predominant
contribution to the Ca K-edge in CaClz-2H>0 consists of the Ca-O single scattering path at
2.32 A and Ca-Cl path at 2.73 A, which are very close to the reported bond length of Ca-O and

Ca-Cl at 2.31 A and 2.74 A in CaCl,-2H.0, respectively.

A
Y

Figure 6.3 The fitting result of the Fourier transform of Ca K-edge EXAFS spectrum for the
reference CaClz-2H20. 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 Ca-O and Ca-Cl are indicated as blue dash and pink dash,

respectively.

6.4 Results and discussion
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6.4.1 CI XANES

6.4.1.1 Cl-bearing standards

MgCl,

[ 2832.5eV CaMg(SiO,),Cl,
“\\___\ )
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2832.0eV
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Figure 6.4 Cl K-edge XANES spectra of chloride references.

The CI K-edge XANES spectra for the chloride references are shown in Figure 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 of the intensities for the two peaks.
The doublet peak has roughly equal intensity for dehydrated MgCl.. This is slightly different
from the hydrated MgCl,-6H20 showing a much larger intensity for the first peak 2. The
distinctive asymmetries are observed for the remaining standards. The hydrated CaCl:
produces a relatively large second peak, same as that has been observed elsewhere 2. The

remaining three silicate references each produce a much sharper spectra with a post-edge peak
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located at 2831.5-2832.5 eV, which should be due to the distortion effect from the silicate
crystal and/or Mg?*. The references CagMg(SiO4)sCl2 and CasSiO4Cl are most featureless with
the first peak nearly disappearing. The largest intensity ratio of the second to first peak is
witnessed for Caio(Si2O7)3Cl2. Additionally, it is evident that none of these silicate standards
bear a close resemblance to CaCl». Such a finding is opposite the phenomena observed for the

synthesised glasses/melts containing alumina (Al203) % °.

The variation in the Cl K-edge XANES spectra reflects the different coordination environments
of CI" in these chloride references. As shown in Figure 6.5 obtained by the software
CrystalMaker 2, CI- in dehydrated MgCl: is associated with 3 Mg?*. In CaClz-2H,0, each CI-
is entirely bonded with 2 Ca?* as the nearest neighbour via a strong ionic bond 2. Regarding
Cai0(Si207)sCl2 and CasSiO4Cly, the CI in both species is surrounded by 4 Ca?*. However,
their tetrahedral geometries is disordered to different extents, thereby bearing distinctively
different XANES spectra in Figure 6.4. It has been confirmed that the Cl K-edge XANES is
highly sensitive to the local chemical environment 2. Regarding the last reference
CasMg(SiO4)4Cly, it features Cl™ in a disordered octahedral configuration with the apexes being

Ca* 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.
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6.4.1.2 CI 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 CaO-SiO2-Cl
silicates obtained without (a) and with (b) the addition of MgClI> to 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 K-edge XANES LCF results and XRD analyses with respect to
the Cl-species distribution in the residue obtained at different temperatures. The numbers in

parenthesis refer to XRD results.

CaClz only CaCl2:MgCl=1:4
T,°C
CaCl; CasSiOsCly  Caio(Si207)3Cls CaCl; CasSiOsCl,  CagMg(SiOa)4Cl
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 K-edge XANES spectra for the CaO-SiO»-Cl silicates obtained
upon the pyrohydrolysis of CaCl, at the presence of silica from 700 °C up to 1000 °C, with and
without the addition of MgCl,. Note that, once the target temperature was reached, the solid
residues were quickly quenched. The spectra for the pyrohydrolysis residues obtained at
1000 °C with a 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 study *2). For the case of CaCl, with silica only in panel
(@), the spectra of the residues produced up to 800 °C bear a close resemblance to that of CaCl»
standard in Figure 6.4. The LCF fitting results in Table 6.2 confirm an intact CaCl. due to its
strong ionic bond. From 900 °C onwards, it is obvious that the doublet first peak becomes more
featureless. The 1000 °C residue possesses a notable post-edge peak that is the unique feature
for the silicate standards in Figure 6.4. The LCF results in Table 6.2 quantifies 10.4%
unreacted CaClz in the 900 °C residue, which is accompanied by CasSiO4Cl,. The XRD
analysis failed to detect the unreacted CaCl,, which 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 as the agglomeration of [SiO4]* into the large cluster, [Si.07]°".
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 2.8 wt% in the residue. The Cl K-edge spectrum shape is also unchanged,

suggestive of the stability of the structure for Ca10(Si207)3Cl2. Regarding the addition of MgCl;
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at a molar ratio of 4 to CaCl> shown in panel (b), the spectra of pyrohydrolysis residues still
bear a close resemblance to that of CaCl, for the appearance of an asymmetric doublet first
peak up to 900 °C. The LCF results in Table 6.2 confirms that CaCl; is the sole Cl-bearing
species in these products. Compared to the absence of MgCl., such a delay on the disappearance
temperature of CaCl; can be attributed to the competition from MgCl. for which the resultant
MgO scavenged all the silica 2. With the temperature up to 1000 °C, the doublet first peak
disappears, and is replaced by a featureless sharp peak that is in resemblance to the standard
CasSiO4Clo. When the reaction time at 1000 °C is further extended to 2 h, the edge peak
broadens and resembles the edge feature of CagMg(SiO4)4Cl2. The LCF fitting result in Table
6.2 further confirms this. Clearly, the intrusion of Mg?* into the silica matrix took place,
promoting a structural change from CasSiO4Cl. to CagMg(SiO4)4Cl2, both of which possess a

same skeleton of [SiO4]*.

100
Bl C- (5i,0).Cl,
— 80 [ Ca Mg(Si0,),Cl,
5 = 60
= g
E
3 Z 40
e =
o
20
I T I T 0
2810 2820 2830 2840 2850 2860 10 1:025  1:05 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 from co-pyrohydrolysis of
CaClz and MgCl; at different molar ratios, and the respective LCF analysis results. The molar

ratio of CaCl, to MgCl. is indicated. Conventions in Figure 6.6 apply.
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To further explore the effect of MgCl, addition on the change of the CI coordination
environment, co-pyrohydrolysis of CaCl, and MgCl, were conducted at different Mg?*/Ca?*
molar ratios at 1000 °C. Note that, silica was still added at an equi-molar ratio into CaCl; for
all the runs here, and a fixed retention time of 2 h at 1000 °C was also applied. Figure 6.7
demonstrates the resultant Cl K-edge XANES spectra and the respective LCF fitting results.
As the MgCl. addition increases, the Cl XANES edge peak broadens gradually. This is due to
the formation of CagMg(SiO4)4Cl2 and its substitution to Ca1o(Si207)3Cl2. Such a substitution
commences once MgCl: is present in the system, as evident by the LCF results for the case of
CaCly/MgClz = 1:0.25. Upon the increase in the MgCl2. amount, the content of Ca1o(Si20O7)3Cl2
decreases further, disappearing entirely when the two chlorides have an equi-molar ratio. Such
a phase transformation facilitated the release of Cl, as evident by its mass percentage reduction
from 2.8 wt% in the absence of MgCl» to 0.8 wt% in the presence of MgCl> at 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 decomposition of MgCl. at 600 °C in steam *2. If that is the
case, the intermediate Mg-Cl bond or a mixed Ca-Mgy-Clx bond could be formed to facilitate
the HCl release. However, based on the Cl spectra in Figures 6.6 and 6.7, none of these spectra
bear a resemblance to the pure MgCl, shown in Figure 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 Ca K-edge EXAFS spectroscopy.

6.4.2 CaEXAFS
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FT magnitude (A™)
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Figure 6.8 Fourier transform of Ca K-edge EXAFS spectra for the residues derived from co-
pyrohydrolysis at different molar ratios at 1000 °C in 2 h. The molar ratio of CaCl, to MgCl.

is indicated next to each spectrum. Conventions in Figure 6.3 apply.

Due to the short k-edge range, it is essential to fix ¢ (Debye-Waller factor for disorder) at the
value of 0.005 for all the paths, allowing the refinement of the other parameters, including AEo
(energy shift) which is shared by all paths, and n and AR (change in half-path length) which are
path-dependent 6. As shown in Figure 6.8 for the Ca R-space EXAFS spectra, the model that
best fits the spectra demonstrates a Ca-O scattering path for the peak near 1.8 A, a Ca-Cl path
and Ca-Mg path near 2.6 A, and a Ca-Ca path near 3.1 A. Additionally, the peaks near 1.0 A

are presumably the noise that are too close to the absorbing Ca?* centre to be fitted by any paths.
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Regarding the structural change of Ca upon the increase on the addition of MgCly, it is obvious

that the peak intensity for the Ca-Ca path decreases gradually and even disappears from the

molar ratio of 0.5 for MgCl» to CaCl,. Simultaneously, the peak intensity for the second path,

Ca-Cl/Ca-Mg increases monotonously.

Table 6.3 Ca®* nearest-neighbour fitting results for the residues obtained at various molar

ratios of CaCl, to MgCl,. ® (A?) was set as 0.005 for all fits. The numbers in parenthesis

refer to the fitting error.

Molar ratio of CaCl2:MgCl; R-factor R (A) n (atoms)

Ca-O

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

1:05 2.34 (0.03) 2.8 (0.6)
0.08

11 2.34 (0.04) 2.9 (0.6)
0.10

1:4 2.34 (0.07) 2.8(0.9)
0.14

Ca-Cl

1.0 2.99 (0.11) 0.9 (0.7)

1:0.25 2.98 (0.35) 0.9 (0.4)

1:05 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)
Ca-Ca

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 K-edge EXAFS spectra are tabulated in Table 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 narrow k-range of EXAFS oscillations °. For
the Ca-O bond, its bond length and coordination number are almost constant regardless of the
MgCl; addition amount. The atom O% always stays in the first shell that is nearest to Ca%*. The
second atomic shell can be contributed to two scattering paths, Ca-Cl and Ca-Mg. Assigning
this peak solely to Ca-Cl is implausible, since the Cl content in the residue decreases upon the
increase in the MgCl> addition, as evident in Table 6.1. Its trend is opposite the enhancement
in the intensity of the second peak upon the increasing MgCl. addition. Alternately, ignoring
the Ca-Cl path completely is not reasonable either, because Cl is still present in the residue and
the Ca-Cl length in the residue is quietly close to the position of this peak, according to the
crystal structure refinement. In this sense, the increase 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 MgCl,. Deconvolution of
the second peak was thus conducted carefully to include both paths into the fitting of the second
peak. The modelled Ca-Mg distance (shown in Table 6.3) is slightly smaller than the
theoretical value from the crystal structure refinement of CasMg(SiO4)4Cl2, ~3.0 A vs ~3.2 A.

This might be a result of high-temperature reactions which slightly modulates the crystalline
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structure of residues. For the Ca-Cl bond, its bond length increases slightly upon the increase
of MgCl, amount. This shall be attributed to the distortion effect from Mg?*. In terms of the
Ca-Mg path, despite a marginal growth of the distance between the two cations, the increase in
the atomic number of Mg?* surrounding Ca?* is most pronounced. In particular, upon an
increase of the MgCl. fraction up to 0.5, the atomic number of Mg?* around Ca?" is doubled.
These Mg?* atoms should be derived from the decomposition of MgCl; at the earlier stage. The
resultant Mg?* atoms should be highly mobile and have opportunities to enter the crystal
structure via the interatomic gaps. Once getting close to Ca?*, a portion of the mobile Mg?*
might affiliate with CI", creating an intermediate Mg-Cl bond that immediately decomposes
into oxide and HCI. Vacancy are thus left on the second shell and occupied by the free Mg?*.
The intrusion of Mg?* atoms even comples the Ca?* in the third shell to go far away, as evident
by a reduction on the atomic number of Ca?* on the Ca-Ca shell from 2.2 for CaCl; alone to
1.2 for 0.25 MgCl> mixed with CaCly, and nil onwards. Note that, this model may not be the
sole explanation of the Ca EXAFS features observed for the co-pyrohydrolysis residues.
However, it is the best deconvolution we can achieve so far, considering the nature of the data

and the complexity of silicate crystal structures.
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Figure 6.9 Hypothetical atomic structures of the co-pyrohydrolysis residues depicting

plausible Ca?* sites determined from EXAFS. (a): CaCl.:MgCl,=1:0-0.25; (b):

CaCl2:MgCl>=1:0.5-4.

As per these observations, effort was finally made to plot the hypothetical atomic structures
centred on Ca?" in the two typical pyrohydrolysis residues, one having low MgCl./CaCl, molar
ratios of 0.25-1, and another one with higher MgCl./CaCl; ratios. As illustrated in Figure 6.9,
the first shell for Ca-O is barely changed upon the variation of the MgCl. amount. This is
reasonable since O is always the first atom affiliating with Ca. The average bond length of Ca-
Cl increases marginally by only 0.03 A from the low end group to the high end one. Again, the
most substantial difference is the third shell ranging from 3.63-3.65 A which comprises of Ca?*
in Figure 6.9 (a), but not in panel (b). The presence of the third shell demonstrates a highly
crystallised structure for the silica matrix, in which CI is bound intensively and solely with
Ca?*. In contrast, for the Mg?*-rich residue visualised in panel (b), the occupation of Mg?* on
the same shell with CI- is established, which is also on the second shell surrounding the Ca?*
centre. However, a direct link with this into the formation of a mixed Ca-Mgy-Clyx intermediate

(proposed in [2]) seems implausible, considering that Ca?* atom is preferentially surround by
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O atom at its first shell. In this sense, an intermediate form of Ca-O-Mgy-Clx could be more
reasonable for the description of the near-edge structure of Ca when it co-exists with the free
Mg?* in its second atomic shell. This is to certain extent similar with the pyrolysis of MgCl;
alone via the formation 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
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Figure 6.10 Correlation of Emax and Eg 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 Cl-bearing pyrohydrolysis products/residues formed in the temperature range of 700-
1000 °C, which is below the melting points of these products. As demonstrated in Figure 6.10,
there is a tiny energy shift (approximately 0.2-0.4 eV) for the Emax of the two pure chlorides
(CaClz and MgCl>) between this study and the reference [2], although the same beamline and
conditions were employed in both studies. This is 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 glassy melts synthesised at 1250 °C and 0.5 GPa 2. In comparison to the glasses
that are closer to CaCl, representing an intimate affinity of the ionic Ca-Cl bond, the silicate
crystals bear a relatively larger Emax and Eo, both of which also increase further upon the
inclusion of Mg?* 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 of Mg?* is beneficial in distracting Cl out
of the Ca-Cl bond, leading to the restructuring of the crystal matrix and the enhancement of the
HCI release. The mechanism for the role of Mg?* is dictated based on the Ca EXAFS analysis,
in which a formula of Ca-O-Mgy-Clyx is more reasonable for the intermediates formed upon the

interaction between these two cations.
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7.1 Conclusions

This thesis presented a comprehensive low-rank Xinjiang coal leaching process for selective
removal of AAEMs in an environmentally-friendly manner for the first time. Through the
Aspen Plus simulation, an integrated coal leaching and waste leachate treatment process has
been established. The leaching mechanism for using recycled leachates and the recyclability of
leaching reagents are elucidated. Additionally, an efficient HCI acid regeneration method from
chloride wastes is explored and the corresponding mechanism is unveil from atomic level. The
results provide a database for the design and scale-up of industrial low-rank coal leaching

process.

Chapter 2 specified the research gaps for low-rank coal leaching after a thorough literature
review. Chapter 3 established a framework for the overall map, where two core steps, coal
leaching and waste leachate treatment are integrated effectively. The recyclability of two
leaching reagents (water and HCI acid) was addressed in chapter 4. Chapter 5 presented an
efficient HCI regeneration method from alkaline earth metal chlorides. The interaction between

Ca?*" and Mg?* regarding the affinity to CI was elucidated in chapter 6.

7.1.1 Integrated coal leaching and 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, both three-stage counter-current
water leaching process and single-stage HCI acid leaching process can improve the 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 content of low-rank coal, at 25 wt% 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 RO, the water consumption is proven to decrease significantly to 40-50 kg/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 acid

The water-soluble (mainly Na) and HCI acid-soluble AAEMs witnesses different leaching
performance upon the recycling of leaching reagents. The removal extent of water-soluble Na
decreases gradually upon the recycling of water, as a result of the increase in the Na* content
in recycled water and/or the decrease in the water-soluble Na content in coal. By contrast, the
removal of HCl-soluble 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 for 15 times when it is saturated to NaCl, CaCl, and MgCly, at 15900, 67400

and 10600 ppm, respectively.

7.1.3 Recyclability prediction by leaching Kinetics modelling

A modified SCM integrated with iterative calculation was developed and validated for the
three-stage counter-current water leaching process. It indicates that the water-soluble Na
removal is predominated by the intra-particle outward diffusion of Na*. Upon the recycling of
water, the water-soluble Na removal decreases exponentially from around 90% in the first cycle
to negligible in 15™ cycle. On the contrary, the HCI-soluble 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 constant HCI-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% CI can be released and recovered as HCI acid from
the mixture of CaCl, and MgCl. via co-pyrohydrolysis. It is discovered that the addition of
MgCl; poses a double-side effect on the pyrohydrolysis of CaCl,: 1) delaying the HCI release
from CaCl, in the temperature-rise period from 700 to 1000 °C due to its competition with
CacCl; to react with silica; 2) promoting HCI release in the retention period at 1000 °C arising
from the formation of CagMg(SiO4)4Clz, in which CI- is bonded loosely and can be released
more easily. Additionally, the optimum MgCl; addition is 0.5 mole/mole of CaCl,, which can
be contributed to the formation of CasMg(SiO4)4Cl, although a deeper mechanism elucidation

IS necessary.

7.1.5 Atomic structure analysis of Cl and Ca derived from the co-pyrohydrolysis of

alkaline earth metal chloride wastes

The fundamental science underpinning the co-pyrohydrolysis is explored via using synchrotron
X-ray absorption spectroscopy (XAS). Particularly, the variation on the local atomic
environment of Ca?* upon the intrusion of Mg?* atom is interpreted. It is found that Ca* is
always preferentially bonded with O? as its first atomic shell. A mixed cation intermediate,
Ca-O-Mgy-Cly is thus very likely to exist at the co-pyrohydrolysis of the two chlorides, instead
of Ca-Mg,-Clx proposed elsewhere, since of the co-existence of Mg?* and CI- on the second
shell centred on the Ca?*. In addition, the intrusion of Mg?* compels the third shell which
comprises of Ca?" to go far away, causing a less-crystalline structure and thus promoting the

Cl release.
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7.2 Recommendations for future work

The research results demonstrated in this thesis have proven the techno-economic feasibility of
low-rank Xinjiang coal leaching for 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 for future work is shown as follows.

7.2.1 Applicability study of the proposed leaching process for other low-rank coal

Research on the other types of low-rank coal, such as Victorian brown coal is recommended to
examine the applicability of the leaching part in this thesis, especially the developed kinetics
model. This applicability study will enhance the robustness of the research findings and

promote the scale-up of low-rank coal leaching process in worldwide.

7.2.2 Pilot scale research

The next meaningful step is a pilot-scale process which uses contiguous feeding of low-rank
coal, recycles the leachate to examine its recyclability, and regenerates HCI acid at a larger
scale. The pilot-scale study can offer an insight into the technically feasible range of this

process. Meanwhile, the environmental impact can be evaluated.

7.2.3 Effects of atmosphere on pyrohydrolysis

Since the atmosphere in the pyrohydrolysis conducted in this thesis was fixed, it is

recommended to test the effect of atmosphere on the HCI release 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 on energy requirement reduction of pyrohydrolysis

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 reaction temperature by adding other ‘catalysts’, such as clay
which a combination of silica and alumina. Probably due to the participation of alumina, the
reaction route will be modified and the activation energy could be reduced, achieving ‘fast

and/or low-temperature pyrohydrolysis’.

7.2.5 Application of the pyrohydrolysis method on other chlorides

Given the fact that the pyrohydrolysis can be used to generate high-purity oxides or silicates
and HCI acid, it is worthwhile to apply this approach on other chloride 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.

212



Appendix A

5 Fhowu etal

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

213



Appendix A

5. Fhow etal Pl Frovesing Technolbogy 172 (2018) 13-28

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

Pl Frocesiing Technobgy 172 (2018) 13-28

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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Fig. 1. Zemidwity analysk of effecs of capind cos, anomal op-
exatng aet, theselling prdse of pondo o and HO price an (2 NPV,
i) MR and ) Payback Perlod for Scenario 4
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the water cycle mumber and power consumption, s evident in panels
(a) and {c). Finally, the increase in the molsture of coal out of centrifuge
cawses larger water consumption and smaller power consumption due
to the dacline in the water transferred to RO feeding pump, the main
power consumption undt. However, similar to the PSD change, it affects
little on the cycle number.

352 Effecs of the principal varables an NPV, [RR and payback peried

Cash flow analysis was implemented to determine the varation of
NPV, IRR and payback period for the best Scemario 4. To relterate, the
income of this project is from the sale of the main prodoct, washed coal
with a price of 200 RME/t in the local market, and by-produoct tailings
at 10 RME,/1. With an economic lifecycle of 20 years for the base case
Scenario 4, NPV, IRR and payhack period are 87 million BMB, 27.8%
and 4.7 years, mespectively, indicative of a stromg investment tempia-
ton IRR s almost fivefold larger than the highest inflation rate in
China inrecent ten years, at 5.9% [43], showing a strong sk tolerance.
In particular, considering the high NPV of 57 M 1lion RMB and a short
payback period of 4.7 years, a satisfactory profitability is envisaged.

Fig. 11 demonstrates the sensitivity of the economie analysk realis
upon a + 50% vartation of the principal vartables exeept the HCl price
changing from O to 260 RMB/t that is the market price in China [44 .
Based on the panel (a), it is obvious that the NPV i3 mostly susceptible
o the varation of the selling price of the Anxal prodoct, washed coal. A
S incmease n the selling price can make NPV spar to 223 mil-
lion RMB. By contrast, NPV iurns negative when the selling price de-
creases by 32% (136 RMB/1). With respert to theannual operating cost,
15 50% increase causes NPV o drop to 20 milbon RMB, compared to
the 154 million AMB when the operating cost decreases by 50% from
the base case The capital cost is a relatively insensitive parameter for
NPV, as suggested by a much less steep sope. The HEL price also exens
a margnal effect on the NPV, lis 260% increase only resulis in NPV o
decline from &7 to 50 milllon RMB.

In regard to the [RR in panel {b), the selling price of the Anal poo-
det 15 atill the most influential parameter. A decrease to44.5% for the
final product price resls in the IRR plemmeting from 52.1% to ofl, and
then negative upon a further decline in the selling price of the main
product. The variation of capital cost can ako change the [RR greatly
from 52 8% to 188% upm lis change by — 50% and + 50% respec-
tively. A similar trend & olserved for the impact of the anmeal oper-
ating cost on ITRR. A 50% incresse in the operating cost makes TRR
decline to 14.4% from 27.5% (the base case value)l HCl price is the
least sensitive varable to IR, indicated by its rather at dope. The IRR
stilll remains above 20% even with a 260% increase in the HC price

With respect to the payback period, the selling price of the product
abo presents the highest sensitivity. Here again, a mindimum selling
price of 136 RMB/t { — 32% deviation from base-case value) is essential
to enzure that the payback period smaller than the lifespan of the
project (20 yeas). A 50% nse in the sellng prices however, wil
shorten the payback period from 4.7 to 24 years. The sensitivities of
payback period towands the anmeal operating cost and caplial cost are
close, increasing from appmosdmately 2.5 yeas at — 500 deviations of
each of the vartables to 1008 and 7.7 yeas upon + 50% deviations of
the operating cost and capital cost respectively. With the increase in
HC price from O to 360 RME/t, the payback period incresses gradually
from 4.7 to 6.8 years, Indicating the least sengdtivity of the variation of
HCl price to payback period.

Fimally, it is noteworthy that, the simulation and cost estimation
resulis here are merely for a preliminary estimation and comparson
with black coal purpose. The cost caleulation results of this stage could
have + 3% error [23). Detalled and more accurate plot plant testing
iz underway to further adjust the results predicted bere Even so, one
atlll can envizage that the proposed low-rank ooal washing process is a
promizsing technolegy solving the alkall element - related problems
during the combstion of low-mank coals.

Fuel Processing Technolksgy 172 (2028) 13-28
4. Gonclusion

This paper has performed the techno-economic analysk of four
different scenarios for the selective removal of Ma and Ca from a low-
rank sub-bituminous coal, targeting to improve the ash fsion tem-
perature of the washad coal to reduce lis slagging and fouling pro-
pengdiy in the pulverized coal-fired bodlers. The major conclsons
achleved are & follows

1) From the technical perspective, the we of a three-stage counter-
current water washing or a two-stage acid controlled washing is
emential for the improvement of the ash fision tempemiure above
the opermting temperature of the bollers These two scenarios can
redisce the mas fraction of MazD) in sh from original 4.32 wit
down o 0LES and 0.19 with, respect ively. The acid-controlled two-
stage washing is alse able to remove 12 5% calclum and 19 2% total
ash.

2) For the recycle and treatment of wastewater, the water gain is de-
simble for the use of evapomtor for a base case low-rank ooal con-
taiming 25wt water. This s becawse the water in coal can be
mostly squeezed out in the centrifuge. Instead, the we of RO resulis
in a water los accouniing for maxdmum 228 4 ket eoal However,
prior to the RO treatment undt, the rewse of the unaturated water
for a maximum sk cyeles B beneficial in reducing both the water
and power consumption. The water consumptlon drops to 38.1 kaot
coal and 48,1 kgt eoal for the threestage water washing and acid-
washing process, respectively. Both are remarkably = 85 kg-water/t
coal for the black coal. The power consumption drops to amund
9.4 kwh/t coal for the threestage water washing proces and fur-
ther down to 58 kWha in the case that acld-contml washing is
adopted, which & lower than 6.3 KWh/t for the black coal.

3) For the beat seenario integrating acld washing and RO wndt, its base
case 13 economically viable. Based on a local selling price of 200
BME for the washed coal, an NPV of 67 milion RMB and IRR of
27 &% as well as short payback perisd of 4.7 years have been con-
frmed.

4) Sensitivity analysts ind icates that the original Na content in raw coal
1= the mast inflential vadable on the water and power consumption
of the overall proces, followed by the initial modsture content in the
raw ooal For a low-rank coal containing > 2150-2530 ppm Na
and/or = 19 with molsture, the washing process proposed would
tum economically unviable compared to the exitng black coal
washing proces. The influence of other three vartables is rather
marginal.

5) The selling price of washed coal influences the economic Indexes
mostly. s 50% increase can improve the NPV and IRR from
7 milion RMB and 278% (base case values) to 223 milllon RMB
amd 521%, respectively. A minimum seling price of 136 RMB/t
{ — 32% deviation) & essential to keep both NPV and [RR positive a
well as the payback peried shomer than the project 1ifespan.
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ABSTRACT: Prior washing of coal is an essential step for the minimization of ash-related shgging and fouling inside a coal-
fired boiler. With regard to the coal washing process, the recyclability of the washing reagent, usnally water, is critical from both
cost-effective and efficiency perspectives. This paper addresses the washing kinetics of water-soluble Na* from two different low-
rank Xinjiang coals using both fresh and wsed /recycled water to alleviate the ash-related fouling in low-rank coal-fired boilers.
Apart from oncethrough fresh water washing, washing wsing recyded water via both multicyde single-stage and three-stage
countercurrent processes was studied in detai to investigate the recydability of water. Additionally, a modified shrinking core
modd (SCM) was developed to reveal the Ma* removal mechanism under all washing conditions. Our experimental results
showed that the Ma® removal extent decreased with the recycling of used water due to an increase in the Ma® concentration in
the recycled water and/or a decrease in the Na® content in the washed coal The saturation point of Ma* in the used water,
beyond which the water can no longer remove Ma®, is far below the solubility of NaClin water. The modeling approach further
confirmed that the overall rate for the removal of watersoluble Na™ is dominated by the intraparticle diffusion within the coal
matriz The effective diffusion coefficient of Na* was within the range of 028 % 1075 to 3.75 % 107 cm®/s, which agrees with
reported values in the literature. Additionally, a novel iterative calculation method integrating the modified SCM into the three-
stage countercurrent washing process has been proposed to predict the Na* removal at each stage for each cycle. The results

show that the water can be recyded a maximum of 15 times in the threestage countercurrent process

1. INTRODUCTION

Electridty generation from coal-fired power stations is projected
to continue to increase to ~1 trllion k¥Wh by 2040 although its
share is foreseen to dedine from the current 38% in the global
energy matrie.’ Use of low-rank coals for power generation
becomes more attractive because of their abundant reserves and
much lower price compared with black coals. For instance, 90%
of the power in Victoria, Australia is generated in power stations
firing huge reserves of local brown coal.® The situation is similar
in Xinjiang Uyghur Autonomous Region, China* However,
bailers firing low-rank coals are known to suffer from severe
fouling, among which the abundance of sodium (Na) i one of
the main reasons.*” It is estimated that billions of dallars has to
be spent anmually on sbating the fouling-related isaies®

Prior washing to remove Na out of coal i a simpler approach
to increase the fusion temperature of ash and hence reduce its
fouling propensity.’ To date, newly al the coal washing
technologies were developed and for tested for high-rank coals
that are rich in discrete mineral grains. None of these
technologies are suitable for low-rank coal that is rich in
organically bound species coal® With regand to the studies on
low-rank coal washing, most of them were conducted based on
the use of different fresh washing reagents without considering
their recydability at all This i crtical for a cost-effective
operationof the processandin panticularimportant for the plant
location where water ks scarce, such as the Xinjlang region in
China.*"

w7 ACS Publications  © 219 Amedican Chemical Sacieny

2142

For washing kinetics modeling, Neavel et al.* daimed that the
water-soluble Ma* removal from Illincis coal by fresh water
could be fitted by a graphical solution of a diffssion model
proposed by Crank” The diffusion coeffident of Na* was found
sensible to the washing time even for a fived particle size range.
However, no explanation has yet been given. This model was
later applied by Readett et al '™ to the removal of water-soluble
Ma® from a different lignite. Tt was found that the model for
smaller particle size ranges failed to comelate satisfactorily with
the experimental observations. Therefore, a semiempirical
model was proposed and chimed to match the washing results.
The empirical nature of this model cansed afailure of calculation
on the diffusion coefficients. Moreover, these existing modek
abways assumed that the amount of water was significantly in
exces of that of coal, which &, however, instinctively different
fram the reality where the liquid-to-salid ratio usually remains as
small as posible to minimize the water usage and los.* In
addition, the leaching mechanism underpinning multicycle
leaching processes where the spent reagent is reused has yet to
be explored

This study for the firg time aims to investigate the washing
kinetics of the water-saluble Ma® from low-rank Xinjiang coals in
a multicyde three-stage countercurrent washing process. A low
liquid-to-solid ratio close to industrial application i employed,
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and a kinetics model is established to quantitatively describe the
removal of Ma® upon the recycling of water. Results are fistly
reported from intensve experiments to assess the effect of
various process parmeters incliding coal particle size, liquid-to-
solid mtio, and in particular the number of oycles for reusing the
used water. Specific efforts are made to explore the saturation
point and hence the maximum number of cycles for reusing the
used water via the use of NaCl solutions mimicking the recycled
water with a high Na™ concentration. Subsequently, effort was
made by us to derive a modified shrinking core model (SCM) to
accommodate the use of both fresh and used water in which the
dissolved Na* pre-exsts. The validated model is expected to be
applicable to the ather low-rank coals, as well as to assist in the
future scale-up.

2. METHODOLOGY

2.1. Coal Properties. Two Xinjiang sub-bituminous coal
samples (namely, Coak Aand B hereafter) were used Tables 1

Table L. Properties of Raw Xinjiang Coal A”

parsicle size (mm)
propeny 0206 061 14 48

promimate analysts (Wt %)

madstore. {ar) 3034 08 LA 284

valasile [dh) 353 3456 i 3507

fired carban [dh) S84] S9.48 SAAS anzl

s (dh) G35 s88 A3 4n
nltimate anabysis (wt %, db)

arbon T4 TLE? 7140 FA07

hpdragen A7 S Am 404

e 2473 2104 7 172

nitragen 089 087 s w7

sulfar 057 0860 111 L]
element content (ppm, as received raw coal)

ot Ma 2930 2755 036 g

marimam wate-sainble Ma 1de 1905 1400 1562

“ar: air-dried; db: dry basis.

and 2 list the properties of the two coal samples with avadety of
particle sizes. Mote that these sizes are abundant and make up
the majority of the two coals here. The moisture contents of
these coal samples range from 16 to 22 wt % (as-received ). The

Table L Properties of Raw Xinjiang Coal B

particle size (mm)
propesy 0106 061 14 48

promimate analysis (Wt %)

malsture: {ar) 161 1681 167 167

volatile () 375 93 W3 WO

fixed carbon (db) 619 623 G3r 54

ash (db) 125 12 w: 86
nltimate analyss (wt % dh)

arbon 703 709 7L1 Tih

tydragen 33 33 a4 a2

apgen 5% 2458 25 i4

nitragen 0l 072 [ [l

subfar L) 04 LEL] 3
element content (ppm, asreceived raw coal)

i Ma 1158 13524 134 1365

macimam wata-saoble Ma 602 TH T 51

2143

ash contents of these coal samples exhibit a similar dependence
on particle size; broadly the ash content decremses with
increasing coal size. However, the ash content of Coal B is
twice higher than thatof Coal A, approxcimately 12 wt % in Coal
B versus 6wt % on average for Coal A

The contents of total Na in coal samples {on the as-received
coal mass basis) were quantified by inductively coupled plisma
optical emizsion spectrometry (ICP-OES), following a
previously established standard procedure.'’ Since the water
washing process was only able to remove the Ma® that i water
soluble, effort was thus first made to determine the content of
water-soluble Ma®, that is, maximum water washable Na™ ineach
coal The raw coal was firstly crushed to a sample less than 100
mesh,'* which was then washed using fresh water (deionized
water ) at a liquid-to-solid ratio (on 2 mass basis) of 2.5 for 90
min. After the solid and liquid separation, the residue was insed
with fresh water to remove any possibly remaining water-soluble
Ma*. Finally, the content of water-soluble Ma® inthe raw coal was
determined wvia analyzing the leachate by ICP-OES. The
contents of total Na® and water-soluble Ma™ in Coal A are
around 3000 and 1500 ppm, respectively, in comparison to 1200
and 700 ppmin Caoal B. Overall, for both coals, around 50-60%
of the total Na & watersoluble. For both samples, a distinct
correlation between Na content and particle size seems to be
absent.

2.2, Experimental Procedure, Three sets of waterwashing
experiments are conducted at room temperature and atmos-
pheric pressure, s llustrated in Figure 1. These three sets are
named fresh water = raw coal, used water = raw coal, and used

I._l.m. [m\m

MM_J Wasking | Elurry I'\'mum ]Mmﬂ

| TERTHE L filimation J
(al
Freels waser Rescycied Taed wrier
Raw eenl | Wasking Sy Wacamm
reachon filtiraiion
L1
2w waler 1) Faeyeled
Feedh waler R
rae]
Rer cral 1 wishead | 1™ washed 3 washed
() P wahing | el (M) P wmbing | coaliMyy | 3 uaiag | sesl (M0
reacior reacker

| roacier

1,

3" wsad waor

1 e ke
iCa')

il

Figure 1. Experimental dia grams: (a) fresh water washing mw coal, (B]
single-stage multicycle water washing, and (c} three-stage counter.
current water washing.
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water — washed coal The first set refers to the smplest once-
through single-stage fresh water washing experiment in Figure
la. Briefly, 30 g of raw coal and 45 g of fresh water were mixed
and magneticallystirred ina glass beakerata iiquid-to-solid ratio
of 1.5 (dose to the practical value used in indust'yl"'}. Far
different liquid-to-solid ratios, the mass of water was adjusted
proportionally while the coal mass remained unchanged. During
the washing, the leachate was sampled at intervals of 1 =15 min.
The leachate samples were then analyzed using ICP-OES for
quantifying the concentration of Na® in leachates according to a
standard pmcaiuu.“‘ After washing, the resultant leachate and
solid residue were separated via vacuum filtration using filver
paper with a cutoff size of 2 gm. This set of experiments was
conducted to determine the optimal washing conditions. The
second set for the used water — raw coal is shown in Figure b,
aiming to determine the maxdmum allowable Na™ concentration
in the used water. It is expected that, upon recycling the used
water; the Na® is accumulated in the solution and Na* may ako
possibly redeposit on the coal suface Therefore, the Ma®
saturation point has to be determined to guarantee the washing
effectiveness of the used water. To start the single-stage
multicycle water washing experiment, fresh water was used in
the fisst cyde. After filtration, the used water was employed
instead of fresh water forwashing in the nest cycle until the used
water was inactive to remove Ma”. The last used water — washed
coal set was designed on a batch scale to mimic the practical
three-stage countercurrent water washing process shown in
Figure Ic. In this case, fresh water is firstly used to wash the raw
coal for 30 min, yielding a washed coal termed Coal 1 and used
water. Subsequently, the used water was applied to wash Coal 1
for another 30 min to attain a two-time-washed coal, as Coal 2,
which was finally washed by fresh water to obtain the 3rd washed
coaland Istused water as shown in Figure Ie. Afterward, the Ist
used water was used to wash Coal 1 for 30 min, obtaining Znd
used water and 2nd washed coal. Finally, the raw coal was
washed by the 2nd used water to get 1st washed coal and 3rd
uwsed water.

2.3, Modified Shrinking Core Model. Considering that
the proposed coal washing process i a dissolution of water-
soluble Na® of coal, the overall mte for Na® removalis very likely
intrapartide diffusion contralled. Inlight of this, a widely applied
leaching model the shrinking unreacted-core model (SCM)*is
considered here. However, there are two primary theoretical
differences between the dasdc SCM and the required model in
this study. First, in the dassic SCM, the ash-diffusion-controlled
formula is derived based on the liquid reactant difusng inward
to the unreacted shrinking core. However, the water-soluble Na
removal is an opposite process that might be govemed and
driven by the concentration gradient of Ma® between the internal
pore and the bulk water outside the coal partides. Therefore, the
intraparticde resistance against the outward diffusion of Na® out
of coal particles might be rate-limiting. Second, the clsscal
SCM assumes a sharp reaction interface and an unreacted
shrinking core with a constant molar density of solid reactant, so
as to achieve a relationship between solid reactant conversion
and the decreasing mdius of the shrinking, unreacted core.
However, in this study, the water-soluble Na* concentration
remaining in the shrinking core keeps decreasing because the
water-soluble Ma® dispersed in a whole coal particle gradually
diffuses outward during the process This does not agree with
the fundamental assumption of a constant element concen-
tration inside the shrinking core in the clissical SCM model.

In this study, the following ssumptions are made to modify
the dassic SCM depicted in Figure L

Fulks waser Pares in coal Gilled with

water a= the pathway of Na*

Hypothetical cener
point costaining all
water-soduble Na®

Surface of panticle

0

Concentration of Ha" in
coal panticle (mg/l)
a0

B r a i
Reaclial persibing

Figure 1. Diagram of a reacting particle when intraparticle diffusion of
Ma® is the controlling resistance.

(1) In the original coal particle, the watersoluble MNa® is
present in the capillary water entrapped inside the
pores. ™!

(2) The overdl removal of Ma® is controlled by its outward
diffusion toward the bulk water, whereas the diffusion
resistance in bulk water and liquid film out of the particle
can be eliminated at a certain stirring peed.'*

(3) All coal particles are spherical and hamogeneous."*

(4) The radius of the partide remains constant during the
washing process. It is valid becanse of the absence of
mechanical crushing in the washing process. The coal
partide size distribution remains unchanged

{5) All the water-soluble Na* & assumed to exist in a
hypothetical center point of a single partide, and hence,
its distribution is irrelevant to the particle radius.

{6) The flux of Na* i constant throughout particle radius."

The modified SCM derivation blodk diagram is shown in

Figure 3. Inbrief, based on the above assumptons and specific to
one single coal particle, the Na* mass change in bulk water can
be expressed by the classic formuly of flx and Fick's first
diffuson law. Upon unit conversion and integration in terms of
time, a virgin model formula induding an unknown parameter C;
can be dedved Afterward, C) i expressed via Na mass
conservation, so a5 to obtain the final mode equation. Aside
from the sngle-stage fresh water washing, this model is further
combined with the Na® mass balance in each stage and overall
process and applied into the three-stage countercurmrent process
in order to predict the Na® removal in each cycle and the
recydability of water. Figure 4 illustrates the derivation diagram
for the three-stage process. According to Figures 1cand 4, two
Ma® mass balince equations including only two unknown
variahles, the Na™ removal extents in 2nd and 3rd stages, can be
finally derived and solved. Furthermore, by plugging these two
values into the model, the Na® removal in the 1st stage can be
acquired easily. Finally, the Na® removal in each cycle can be

DO 000 O s i Gy L B OO0 OS5
Evergry Fuas 209,33, 1 42- 210

231



Appendix B

Energy & Fuels
Flox of Wa® ) dedinition equation
dmy
—2 = R’
e Ry
- A goeniralion lisge in MUK wiler o G/ dt
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Figure 3. Modified SCM derivation block diagram.
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Figure 4. Three-stage countercurrent process model derivation block diagram.

calculated via an iterative calculation The detailed dervation is single coal particle, where Jis the flux of Na® through the exterior

shown bhelow: surface of each partide I:mg.-r[s-cml}}“
Assume that my s the mass of Ma® in bulk water; the mass dm, )
A 4m
change of Na”™ in bulk water can be expressed by eq 1 based on a di (1}
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where fis thewashing time (s) and R is the radius of coal particle
(am).

As per assumptions 5 and 6, | can be expressed by eq 2
according to Fick's first diffusion law'

(C[ - Cu}
= —[e——— x 1000
I=-Ds— @)
whene D= is the effective diffusion coefficient of Na* in coal
particles (cm?®/s) and C; and C, are the Na® concentrations in
the hypothetical center point (mg/L ) and in bulk water (mg/L)
atany time f, respectively. Same as the derivation of the original
SCM, the diffusion distance is simplified as R without the
consideration ofthe tortuosity of coal partides. Combiningeqs 1
and 2, eq 3 is obtained
dmy 1, (G=G)
— = —4xR — % 1000
dt B R (3)
The mass change dm,/dt is converted to the concentration
change of Na* in bulk water as shown by eqs 4 and 5

dmy _ 4G
dt  d (4}
2 ond
—RR
V= w2 % 1000
# (s)

where V, ks the volume of bulk water corresponding to a single
coal particle (L), Wi, is the liquid-to-solid mass ratio, and p_and
g, are the densities of coal particle and water (kg/L},
respectively. Substituting eqs 4 and 5 into eq 3, we have

dc,  30gn

dt  w,Rg (8}

Through the integration of eq 6 withrespect to fandbased on

the boundary conditions of €= C_jatt=0and C, = C_at t, we
can yield

G- Co _ g, ¢

O-C  WRg 7
where C_y is the initial Na* concentration in bulk water (mg/L),
which is zero for fresh water while not zero for recyded /used
water. Upon the combination of all the constants in the right-
hand side of eq 7 as a rate constant k (eq 8}, eq 9 is further
established

P 3lgm
= L pio
WRg (#)
5% _p
O- G (@)

According to the comservation of Ma® mas, C) can be
expressed as eq 10
M e, e,

C = -
W (10}

M
'Lr;= J—
Cha (11}

where M is the maximum water-soluble Na* content in the raw
coal (mg/kg-coal), ¥y is the wolume of accessble pores of coal

partides illed by water { L/kg-coal), which i assumed constant
during water washing, and Cp is the maximum Na®
congentration in the water contained in a coal particle (mg/L).

Substituting eqgs 10and 1 1and g, =1 kg/L for waterinto eq 9,

Go— Cw _
L
My o (12)

Finally, the Na® concentration in bulk water {C_) can be
expressed as eq 13 by rearranging eq 12,
_ HCM + WG, + CM
" WktCyp + M(1 + kt) (13)

The MNa® removal estent X is defined as

Na* concentration in leachate % W],

X= 100
maximum water — soluble Na content of coal
o (G Gl
M
(14)

For the threestage countercurrent water washing process
shown in Figure I¢, the values of M and Cg ineq 13 vary from
one stage to another. The value of M for maximum water-soluble
Na* decreases gradually from the initial value of Na® content for
raw coalat stage 1 to the lowest value for the 2nd washed coal at
stage 3. In contrast, the value of C.s for the concentration of Na™
in water increases gradually from zero in fresh water (1st cycle)
atstage 3 to the highest value in the 2nd used water atstage 1. It
is impossible to use eq 13 directly to predict the Na®
concentration in the leachate of stage 1 due to the lack of Na®
conversion in the other two stages and thus an unknown Cy in
this equation. Similarly, if eq 13 is used for back calleulation from
stage 3 first, an unknown M exists and it does not allow for the
completion of the caloulation either.

To address these concerns, the following dervations are
further conducted in regard to the three-stage countercurrent
water washing, as ilusteated in Figure 4.

Mccording to Figure Ic, at stage 1 ( 1st washing reactor), the
MNa® concentration in the 2nd uwsed water, denotedas C_, can be
expressed by eq 15

'::'nu2 =G+ Gy + G (15)

whene CJ, and C_, are the amounts of Na® removed in stages 2
and 3 divided by the volume of bulk water, respectively (mg/L)
and C_ is the original Na® concentration in recyded water (C,
=0 for fresh water).

Repladng Cy In eq 13 with Cg%, eq 16 is obtained, which
imvolves two variables, Cl and CJ, (C.y = 0 for the first oycle
using fresh water)

RC(M + WC,T) + O™

Wkt Cy + M1 + ki) (18)
where C,,l, is the Na* concentmtion in leachate at time f in
reactor | (mg/L) and k can be determined in the single stage.
Assigning symbol T for the total washing time in one reactor, the
Ma content of 1st washed coal denoted & M, (mg/kg-coal), is
then equal to the difference between the Na™ content in raw coal
(M) and removed Na® in reactor 1 after washing time T, shown
ineq I7.

M= M— WGyl — Cy') (17)

ol =

ot —
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For stage 2, the Na* concentration in the Ist used water is
defined a ;"

Ca'= G+ G (18)
Similar to stage 1, after substituting C.p in eq 13 by Cy', we
obtain eq 19
KO (M, + W Go') + Co'M
WikfCy + M(1 + ki) (19)
where C_,l, is the Na* concentration in leachate at time f in
reactor 2 (mg/L). Meanwhile, the Na® content in the Znd
washed coal, M, (mg/kg-coal), can be expressed by eq 20,
M, =M-— WK(CML_T - Cwl} - ilIIIru{:‘:mln-r - Cnul}
(20)
After washing for atotal time of T in reactor2, the value of O
ineq135is equal tothe difference between the Na® concentration
in the leachate (C_ol, - ) and the value in the Ist used water
{(Ce'), shown in eq 21.
Coslr — CooL= Ca (21}

Similartostages 1 and 2, we obtainthe equations for stage 3 as
fallonws

Caly =

HC (M, + WCo) + Gy
Wkt Cyp + MI1 + ki) (22)

where C,;l is the Na* concentration in leachate at time f in
reactor 3 (mg/L).
Similar to eq 21, eq 23 can be obtained

Gt — G = Coa [23)

At the first cycle when the fresh water is used in stage 3, the
value of C is zero. There are thus only two variables C, and T
involved in eqs 21 and 23. After obtaining the values of CZ, and
C.; by solving egs 21 and 23, the Na® removed in stage 1 CJ; can
be calculated by eq 24.

Cr=Gibr — Cool (24)

Based on eq 13, the Na® removal percentage at each stage at
any tme can be finally attained.

The MNa* removal extent in the following cycles can be
obtained by an iterative calculation. Asshown in Figure le, inthe
second cycle, the Ma® concentration of the recycled water back
to stage 3 (C_,) is exactly the same as the value of the ird used
water after a total washing time T (C_;l, 1) in the fist cyde.
Thus, the Na® removal extent in the second cyde can be
obtained by repeating the above calculation and substituting the
value of Cg (C.o= 0 in the fist cycle) with C_l, - . Finally, the
relationship between the Na™ removal extent and cyde number
can be obtained by an iterative caloulation.

Coe =

3. EXPERIMENTAL RESULTS AND DISCUSSION

Experiments were repeated at least three times per run. A sstisfactory
accuracy has been confirmed, as evident in Figure §, which bears a
standard deviation of around 0.5% only.

3.1. First Set of Experiments for Fresh Water versus Raw
Coal 3.1.1. Effect of Stirming Spesd. Figure 5 demonstrates the effect
of stimring speed on the Na® removal extent after a washing duration of
90 min for the coarsest coal particle size of 4—8 mm and a liquid-te-
solid mtio of 25. Note that Coal A was wed in the whole Section 3.1.
Cleaddy, the Na removal extent increases manginally with the initial
imcrease in the stirring speed and reaches a plateau in excess of 300 rpm.

2147
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= Particle size: 4§ mm

@
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Figure 5. Effect of stiming ate on the water-scluble Na® removal extent.

This can be attributed to the imination of the liquid film layer cutside
of particles and extemnal diffusion resistance.” ™ * However,a further rise
in the stirting ate to 350 rpm results in a decrease in the Na removal
down to the same level as that achieved at 100 rpm. It s believed that
the coal particles may rotate with the liquid water synchronoudy, which
in turn leads to the regeneration of the negative influence of external
diffusion and liguid film outside the coal particdes'™ Therefore, a
stiming speed of 300 rpm was employed for the rema ining experimen s
in this study.

3.1.2. Effect of Liquid-to-50id Ratia. Figure 6 Thstrates the efectof
the liquidto-solid ratio on the removal extent of Na® from two extreme
particle size ranges, the smallest sive binof 0 2—06 mm and the coarsest
one of 4—8 mm in Figure a b, respe ctively. For the smallest size of 0.2—
0.6mm ( Figure 6a), the Na® removal extent remains constantacross the
three different ratios and levels off rapidlyin around § min. [t suggests
that there is a negligible external diffsion resistance while the
intraparticle diffusion resistance may exist.'""" In contrast, the Na®
removal extent for the coamest size of 4—8 mm experiences a
remarkable rive when the liquid-to-solid ativincreases from 1.25t0 1.5,
Upon a further increase in the liquid-to-selid ratio to 2.5, there s
however nochange in the removal of Na®. Thisisa dear indicator of the
existence ofan extemal diffusion atthe lowest Equid-to-solid mticin the
case of the coarsest coal sive, which cannot be eliminated unless the
liquid-to-solid ratio reaches 1.5 or above. This i different from the
sl lest coal siwe and shall be attributed to the smaller contact area from
the coarse coal particles. Since the washed coalin reality is a mixture of
varipus sizes, a liguid-tosolid mtio of 1.5 has been chosen hereafber,
which is noted to be considerably lower than that [ reported to be 2.87)
for black coal washi

3.1.3. Bfect of Coal Particle Size. Figure 7 shows the removal extent
of Na™ s a function of coal partide size at optimized cond itions. (liquid-
to-selid mtio: 1.5 stiring speed: 300 mm ). Clearly, the Na® removal
extent decreases quickly with incressing coal particle sze. For the
smallest coal particles (0.2—0.6 mm ), the Ma® removal scars up to 60%
in the fimt 5 min and then only increases dowly to 70% within the
subsequent 25 min. For the two medivm-sized coal smples, the Na*®
removal extent increases much dower, approaching the final Na
removal extent of 70% in a considerably longer duration of ~90 min.
For the hagest coal particles, washing is the dowsst and time-
consuming, resultingin a Na®™ removal extent of only 45% after %0 min
of washing Cleady, intmparticle diffusion phys an increasingly
important role in Na® removal fom coal particles as coal particle size
N DRSS

3.2 Second Set of Experments for Used/Recyded Water
versus Raw Coal. Following the experiments on the washing of mw
coal by fresh water, Coal B was selected for experiments in the second
scenario shown in Figure 1b to ases the Na® removal extent from mw
coal upon the reuse of spent water.

The change of Na™ removal efficiency upon using the repeatedly
recycled water is presented in Figure 8. It is clear that the Na® remowval
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Figure 7. Effect of coal particle size on water soluble Na™ remonval.

extent declines steadily with the increasing cycle number of water. This
shall be due to a continuous increase in the Na® concentration dissoheed
in the recycled water, a5 evident for the conc entrations of the major jons
for the 4th recycled water in Table 1 It results in a gradual decrease in
the diffusion driving force. More interestingly, for the second to fourth
cycles where recyeled water was used, the first 5 min alwvays witnesies a
rapid rise in the Na™ removal extent, which then slows down and levels
off gradually from 5 min onward. This indicates that the dissolved Na™

in the leachate can quicky reach equilibrium with these remaining in
the coal particles, thereby hindering the further outward diffusion of
Ma”

Baged on Table 3, it is obvious that the content of Na™ is almost
equivalent to that of C17 (the most abundant anion ) on 2 moelar basis. It
is thus inferable that almost all of the dissolved Na® shall be associated
with €17, which i in line with previous reports.™"” In light of this, the
pure NaCl solutions with differsnt concentrations were used to reveal
the saturation or the tuming point by which the recyled water loses its
washing capability of Na®. The use of pure Na(] sclution rather than
the recpcled wateris due to the fact that the concentration of Na™ within
it increases very slowly. As shown in Table 3, the Na© content only
increases to 0045 mol/ L after four times of recycle, which is far below
the theoretical solubility of NaCl in water (6,14 mol /)" It was also
assumed that the other elements inchiding Ca™ and 50, found in the
recycled waterin Table 3 played little role in the removal of Ma®. These
ions we e speculated to dissolve in parallel with Na™ into water. The aw
coal size of 1—4 mm was used for the test here, and the results achisved
are depicted in Figure 9.

As shown in Figure 9 the Na™ in the kachate kee ps increasing over
time when the coal is washed by the (.5 wt % NaCl solution, suggestive
of an unsaturation state for this solution. [nstead, the concentration of
Na”in the leachate remains unchanged when the coal is washed by 0.7
wt % Na(l. However, when the coal s washed by the two higher
concentrations, the original Na® in the leachate i quickly absorbed on
the coal surfice in less than 10 min After it, Na© concentmtion
equilibrium inside and cutside coal particles is achieved, leading to an
unchanged concentration of Na™ in the leachate. Cleady, the madnmm
allowable Ma® concentration in the recyded water shall be around the
walue of 0.77 wt % NaCl solution (~3000 ppm]), beyond which the
vashing capability of the leachate will be lost due to the reverse
deposition of Na™ on the coal surfice. Such a situnation point is far
below the solubility of NaCl in water (359 g/L (~36 wt %)) at room
1;::11]1-:1:1:\1:1!1-LL

3.3. Three-Stage Countercurrent Washing. Last effort was
made to explore the ultimate three-stage, countercurment water washing
process in which the used water encounters the washed coal. The results
are plotted in Figure 10. In agreement with the results shown in the
above section, the wsed waber still has the ity to remove Ma ™ even
from the washed coal In terms of the Na™ removal extent, it reaches
around 51% in stage 1 where the aw coal encountered the “dirtiest”
used water, 2% in stage 2 where the less washed coal encountered the
“dirtier” used water, and finally 15% in stage 3 where the intensively
washed coal further encountere d fresh water. Such a decrease reflects 2
continuwousdy reducing driving force, that is, the Na™ concentration
difference between the inside and outside of coal particles.

4. KINETICS MODELING

The modified SCM was first validated by fitting the result of the
first set of experiments, fresh water versus raw coal. This aims to
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Table 3. Concentration of Main Tons in the Used Water after Four Cycles
s |:1m1,,"[.:| a- Ma* 0 Cat* Mg‘“ K
valne 0048 D0as0 D134 00S LS 0 E
b i control defined by the original SCM.'* The respective
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£ 2

b
B
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Na' eomeniration in kachate of' (.5 wite NaCl wasding (ppmb

Ha* concantration m kachates of 07, 1 and 3 wi%s NaCl washiog ippm)
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Figure 9. Na™ concentration in keachates change upon washing time in
different NaCl soltions.
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Figure 10. Experimental watersoluble Na™ removal extent in each
b ]

verify that the Ma® removal is mainly controlled by its
intrapartide diffusion Afterward, the secondset of experiments,
wed water versus raw coal, was modeled to validate the
application of the modified SCM to used water washing and to
predict the recydability of water. Finally, the ultimate three-
stage countercurrent water washing experiment was simulated to
quantify the Na® removal extent of each stage at each cycle and
the madmum possible recyde rumber of the used water.

4.1. Modeling of Fresh Water Washing Raw Coal with
Various Particle Sizes. For comparison, the removal of Na®
from raw coal by fresh waterwas firstly modeled against both the
chemical reaction control and intraparticle water diffusion

2149

correlation coeffidents (RY) for the modeling accuracy are
listed in Table 4 Cleady, the orginal SCM filed to fit the
experimental data accurately, with the exception of the coarsest
partide of 4~8 mm with an R of 09959 for the diffussion
control.

Table 4. R* Using the Reaction Controlled Model and
Diffusion Controlled Model Defined by the Driginal SCM

reaction contmBed

meadd diffasi on. con fraBed meaoded
FT::.JE 1-(1-x'" 1-30-X"+201-%)
0206 04435 06195
061 Qfi2 52 07963
1—4 QL8060 05461
48 8091 09959

Instead, the Na” intraparticle diffusion control defined by the
modified SCM presented in eq 12 was proven to fit all the
experimental results satisfactorily. As evident in Figure 11, the

b}

£ B AT
o0 2-08mm =06-lmm  ol-imm = &dmm

(R o-ColiiCCa)

Time {min}

Figure 11. Plots for Na© diffusion out of coal particle defined by the
musdified SCM

correlation coefficients achieved are beyond 0.98 for all the four
sizes. Additionally, based on eq & the effective diffusion
coefficient D of Ma® through the water phase contained in
coal particles can be caleulated, as listedin Table 5 These values
fall in the reported range of the osder of 10~ to 10 cm®/s. ™™
On the other hand, D, increases with increasing coal particle
size, which is consistent with previous studies S5 1t can be

Table 4 Effective Diffusion Coefficient (I z) of Each Particle
Size Range

partide dametr
(ram) average partide dumeter (mm) D (107" am®/s)
(e i} [ 08
0d—1 [iE] 058
1—4 b L1 313
4—8 A R
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expliined as follows. As shown in eq 15,1‘4 in which D i the
molecular bull diffusion coeffident of Na® that is an invariant at
fwed pressure and temperature, D _ ks only proportional to the
porosity g ofcoal partidesif the tomuosty risassumed to bethe
same for all particle size ranges. Therefore, the larger coal
partides tend to possess a larger Dz since they hawe higher
porosity values ™ Both the reasonable value of D zand the right
rélationship between Do and coal partide size verified the
physical meaning of this modified SCM. This further confirmed
that the water-soluble Na* removal out of rmw coal by fresh water
is dominated by its intrapartide diffusion.
Da _ 2
D T (25)
4.2. Modeling of Single-5tage Multicycle Used Water
Washing of Raw Coal. For the single-stage multicycle used
water washing fitting result, Table 6 summarizes the B, overall

Table 6. R*and k Using the Intraparticle Na* Diffusion
Controlled Model Defined by the Modified SCM

k initid Na* concentrasion in water
recplemmber  RP O (man!) [ppm)
st agsgr 001w Q
Ind a98i0 Q08 ek
Ard OMEs 00196 565
OSwt%Na 09818 00X X178

rate comstant k (the slope of eq 11), and the initiad Na®
concentration in water for the first three cycles. The value of k
is only a function of D2 (eq 8) for a fived particle size, which
should be independent of Ma™ concentration. Therefore, aside
from the high R the relatively constant value of k for each cycle
verifies the good fitting of the modified SCM. In addition, the
applicability of this modified SCM has also been proven by the
satisfactory fitting to Coal B to some extent.

To examine if the modified SCM can be extended to the
washing by used water whose Na® concentration is accumulated
to a very high value, the experimental result of 0.5 wt % NaCl
washing raw coal shown in Figure 9 was further simulated. It can
be observed from Table 6 that R* is above 098 for such a high
initial Na* concentration. This satisfactory fitting allows us to
use this model to predict the Ma® removal change upon the
recyding of the used water. Based on the results in Table 6, the
average of k values of the first three cycles and the Na®
concentration in the leachate after three cydes were calculated
and substituted into egs 13 and 14, Subsequently, the Na*
removalin the fourth cycle was predicted and compared with the
experimental result. As demonstrated in Figure 12, one can see a
close match between the model prediction and the experimental
observation. Byan iterative calculation, the relationship between
Ma® removal extent and the cyde number of watercan be further
predicted, which is illustrated in Figure 13 This indicates that
the Ma* removal exent decreases exponentially upon the
increase in the water recyding number. Once the recycling
number approaches 20, the water neady loses its washing
capability for the mw coal and hence has to be desalinated.

4.3. Modeling of Three-5tage Countercurrent Water
Washing Process. The fitting result of three-stage counter-
current water washing is tabulated in Table 7. The high R af
each stage indicates that all washing conditions included in the
countercurrent washing can be modeled very well by the
modified SCM, irrespective of fresh or used water and mw or

2150
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Figure 12, Comparison between calculated and measured Na® removal
extent at the fourth cycle
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Figure 13. Na" removal extent change upon the recycling of used water.

Table 7. B* and k for Three-Stage Countercorrent Washing
Fitted by the Modified SCM

smge nomber B k (min™")
st 09984 LTk
Znd L9942 LTI ELY
Ard 09542 LT 38

washed coal. In addition, the validation of the modified SCM is
substantiated by the close value of k for each stage, which is
independent of the Ma™ concentration in bulk water and Na™
content in coal

Flugging the value of k into egs 15=24, the water-soluble Na
remowval at each stage was further predicted to examine the
proposed calculation approach spedfic to the countercurrent
washing process. Figure 14 compares the calculated and
experimental Na removal extent of each stage. The excellent
linear relationship with high R proves that this caloulation
method can accurately predict the Na* removal extent at every
stage at any time.

Similar to Figure 13, the relationship between the total Na®
removal of threestage countercurrent water washing and the
recyding of water was predicted and is presented in Figure 15,
Again, the total Na® removal extent (sum of Na removal extents
of three stages ) decreases exponentially upon the increase in the
recyding number. However, the water loses its Na removal
ability after 15 times of recyde, which is less than 20 times
confirmed for the single-stage multicycle washing in Figure 13,

[ T e T
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Figure 15. Total watersoluble Na®™ removal extent of three-stage
counter current washing upon the recycling of used water.

This is mainly a result of the higher Ma removal extent in each
cycle that can be achieved by the three-stage washing process,
Moreover, the rebiionship between Na”™ removal and the initial
Ma* concentration in water can ako be obtained, as shown in
Figure 16. This confirms a linear decrease in the Na™ removal
extentupon the rise of Na* concentration in the leachate, that is,

108
a
B0 b
i
o0
50 b
W |
£
LIS
10
]

Wister-sclublo Na® rormonal exbant (%)

L] L) Tang 1500 2040 e ) Joaig 3500
Chriaine] Ma* comeenimanion in water {ppm)

Figure 16. Total Na™ removal extent in three-stage countercurment
washing upen the increase of Na™ concentration in used water.
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the recyding of the water. It can be expected from eqs | 3and 14
that, once the origina Na® reaches around 3000 ppm, the
recyded water loses its washability.

5. CONCLUSIONS

A comprehensive investigation on the washing propensity of
Ma” from two types of low-rank Xinjiang coals using both fresh
and used water has been performed from both experimental and
modeling pespectives. Apart from the parametric study on the
once-through fresh water washing raw coal, other two scenarios
including single-stage multicyde used water washing and three-
stage countercurrent water washing have also been conducted.
This aims toreveal the Na* removal extent upon the recyding of
water and the recydability of water. The major condusions
achieved are as follows:

(1) The Ma* removal extent decreased upon the recycling of
water in both the single-stage multicyde process and
three-stage countercurrent process. It is a result of the
increase in the Na® concentration in recycled water and/
or the decrease in the remaining Na® content in the
washed coal. The satumtion point of Na* concentration
for the used water was found to be far less than the
solubility of NaCl in water.

(2) A modified SCM integrated with iterative caloulation was
developed for the multistage washing processes, which
was also successfully validated by high correlation
coefficients between experimental and model results and
reasonable Dz mnging from 0.28 ¥ 107 t0 3.75 % 107¢
cmi'/s, which is in line with the reposted values. The
model indicated that the overall Na® removal mte is
controlled by the intrapartide diffusion of Na'.

(3} Spedfic to the three-stage countercurrent process, it was
found that the water loses its capability to remove Na®
after recyding 15 times when the Na* concentration
within it reaches the saturation point. Upon the increase
in the cycle number, the overall Ma® removal extent drops
from arcund 90% in the fist cycle quiddy down to
negligible in the 15th cycle. The overall Na® removal
extent was also found bearing a reverse proportion to the
concentration of Ma® accumulated in the used water.
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B MNOMENCLATURE

C; = Ma concentration in hypothetical center point at any
time f (mg/L)

Cyp= Matimum Na® concentration in the water containedina
coal particle (mg/L)

C. = MNa® concentration in bulk water at any time f (mg/L)
C.=MNa' concentration in fresh /recyded water (mg/L)
C.;' = Na' concentration in the Ist used water (mg/L)
C_,* = Na* concentration in the 2nd used water (mg/L)
Col = Na° concentration in leachate at time ¢ in reactor 1
(mg/L)

C.al, = Na° concentration in leachate at time ¢ in reactor 2
(mg/L)

C.gl = Na' concentration in leachate at time f in reactor 3
(mg/L)

C., = Amount of Na removed in stage 1 divided by the
volume of bulk water (mg/L)

Cly = Amount of Na removed in stage 2 divided by the
volume of bulk water (mg/L)

Cly = Amount of Na removed in stage 3 divided by the
volume of bulk water (mg/L)

Dz = Effective diffusion coefficent of Na® in coal particles
{cm?/s)

J =Flux of Na" through the exterior surface of the particle
(g (s-em®) )

k = Rate constant

my = Mass of Na® in bulk water (mg)

M = Maximum water-soluble Na content of raw coal (mg/kg-
coal)

M, = Na content of 1st washed coal (mg/kg-coal)

M; = Na content of 2nd washed coal (mg/kg-coal)

R = Radius of coal partide (cm)

t= Washing time (s)

T = Total washing time in one reactor (s)

V; = Volume of bulk water corresponding to a single coal
particle (L)

V, = Volume of accessible pores of coal partides filled by
water (L /kg-coal)

W, = Liguid-to-solid mass ratio

X = Naremoval extent (%)

. = Dendty of coal particle (kg/L)

= Density of water (kg/L)
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ABSTRACT: In this paper, an efficient HCl acid recovery method from the mixture of alkaline-eanth-metal chlorides waste was
demonstrated via co-pyrohydrolysis in a hboratory-scale hodzontal furnace in a temperature range of 700-1000 °C, and fized
additions of S0, and steam. The smergistic effect of MgCl, on the HCI recovery fom CaCl, was red intensively. A
double-sided effect was revealed. For the reaction temperatures below 1000 “C, the MgCl, addition delayed the HC release
through competing with CaCl, for the inclusion into silica matrix. In contrast, once the chloride mistures were subjected o
1000 °C with a noticeable residence time (eg., 2 h) and at a minimum molar ratio of 0.5 of MgCly to CaCly, the MgCl,
addition promoted the HCl release remarkably, via promoting the conversion of Cajl:Slﬂ_‘)Cl,_ into CaMg(5i0,),Cl,. A
portion of Mg™ derived from the early decomposition of MgCl, substituted the Ca(T) site in Ca( 510, )Cl, thereby resulting in
the formation of weak Mg—Cl bond that is in favor of the HCI release. Additionally, the remaining Mg™ consumed the
excessve Sil), s as to cause the skeleton of [Si0,]* to be fully afiliated and balanced by cations to form CaMg(Si0,),Cl, in
which the weaker jonic polarzation between Ca®* and adjacent anions further enhanced the breakage of the Ca—Cl bonds.

EEYWORDS: Pyrofydralysis, Alkaline-carth-metal chiorides, HCI regeneration, CI release, Silica

B INTRODUCTION
In the hydrometallurgical processing industry, hydrochlaric
add possesses notable merts compared to other acids for the
extractive leaching of metals, offering higher extraction kinetics,
simpler leaching conditions, larger solubiities of metal
complexes, and simplidty of the pretreatment requirement.’”
However, one major barrier to hydrochlorc add leaching is
the difficulty in disposing of the waste liviant that is rich in
chlorides. The chlorine-bearing lixiviant i prohibited from
direct landfilling because it is corrosive and detrimental to the
aquatic environment ™ On the other hand, as an important
chemical in most chemical industries,’ hydrochloric add is
primariy produced by the electrolysis of NaCl solution that is
energy-intensive, cost-ineffective, and prone to eectrode
corrosion and fmlling_"_g Because of these considemtions, a
successful regenemtion of HCl acid fom chloride-based
lixiviant is crudal for the sustainability of HCl-based industries
across the world.

To date, extensive mesearch has been conducted to
regenerate HCOl gas from chloride solutions, including

- ACS Publications 0% Ameicn thamizl Sodey

electrowinning, sulfation precpitation, and pyrohydrolysis.'
Compared to the other two methods, pyrohydrolysis has only
been proven and commercialized for three metal chlorides,
MgCly, FeCly, and NiCl' To futher advance the pyrohy-
drolysis technology on a large scale, it s critical to investigate
the other metal chlorides such as CaCly, which is an abundant
byproduct produced from a broad vadety of hydrometallurgy
pmcemsq_“ Maoreaver, because they have similar properties
and coexist in a large number of natural minerals and man-
made wastes, CaCl, and MgCl, are often produced
simultaneoudy, such a from the leaching of low-rank coal
and its ash by HCI add,* " the production of magnesia from
dolamite by HCl acid le.\chjng.”"’" and the production of
high-purity magnesia from brine via the addition of slaked lime
that generates 1.38=275 tonne of Calll/tonne of MgD."™
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Table 1. Summary of HCl Release Extents Obtained at Each Experimental Condition

moler rato of reacion T holding time at target awerall HCI relesse from HC réese atent from
samgple Call:Mgl, steam?  Sily, ! () T(h) mirtore (%) CaCl, (%)
Mgl na na 00 2 446
Hgﬂ; yes na ] 1 kel
Call, b na 1000 F a
Cacl, yes yes 1000 F L]
Call, Fes Fes b ] [i]
Call, yes yes 00 Q k-]
Call, yes yes 00 L &0
Cacl, Fes Fes 1000 a =
Call, yes yes 1000 2 L]
Cacl, yes yes 1000 4 91
Cach Fes yes 1000 & ]
Call, and 14 Fes Fes b ] &0 [i]
3
Cadl, and 1:4 Fes yes 00 L] L] 0
'
Call, and 14 yes yes 00 Q 93 43
¢
Call, and 14 Fes Fes 1000 ] L] -
Mgl
Cadl, and 1:4 Fes yes 1000 F L] 9
Mgl
CaCh and 14 Fes Fes 1000 4 L] L]
Mgl
Cach and 1:4 Fes yes 1000 & L] w
Call, and L0 yes yes 1000 2 L] 0
¢
Call, and 1:025 Fes Fes 1000 F 9% L]
3
Cadl, and 108 Fes yes 1000 F L] 2]
'
Call, and 1:1 yes yes 1000 2 L] 4
¢
Call, and 1: Fes Fes 1000 F L] L
Mgl
Calh and 1:4 b b 1000 2 w 4
MeCh;

The pyrolydmlysis of MgCl, involves dehydration, hydrol-
ysig, and thermal decomposition in sequenca"' An inter-
mediate product, MgOHC], & formed at 235 “C that
subsequently converts to MgD and HCl gas at 415 “C via
the reaction with steam. By contmst, the pyrobydmlysis of
CalCl, is refractory because of the larger jonic bond ener%r of
Ca=Cl compared to that of Mg—CL 409 vs 327 k] mal . "" To
resolve the breakage of Ca=Cl bond, the coaddition of silica
and steam has been examined at 770—-870 °C, for different
maolar ratios of silica to CaCly, vadiows addic solids, and parial
pressure of steam.”” The overall reaction route has been
proposed as reaction | below. At the temperstures below its
melting point (772 °C), CaCl, tends to disolve into the cage
of solid add to forn the CaCl, Si0, solid solution, Fom which
HCl gas & then relessed Howewer, the detailed crystal
structures of CaClySiQ; and any of its intermediate
compounds have yet to be clarified and hence, the
mechanisms underpinning this reaction il remain vague.
More importantly, the effect of MgCl, on the pyrohydrolysis of
CaCly has not been explored at all Upon the coexstence of
these two alkaline-earth-metal chlorides, a quick decompos-
tion of MgCl, at low temperatures presumably results in the
formation of free Mg() that may compete with CaCl, for the
inclusion into silica matds, thereby delaying the decomposition
of CaCl, However, in the later stage when CaCl8i0, solid

solution is fommed, the imvagon of Mg™* cation into the matrix
and its substitation to Ca™ could weaken the Ca—Cl affinity,
and hence, promote the decompostion of CaCl,.

Cally-S5i0y(s) + Ha0(g) — CaD-5i04(s) + 2ZHClg)
(1)

In this study, a series of experiments were designed to prove
the above-mentioned hypotheds, and to explore the synergism
betwesn MgCl, and CaCl, during the co-pyrohydmlysis. The
pyrohydrolysis experiment was conducted in a laboratory-scale
fmed-bed reactor, under the conditions of 700=1000 “C, a
ficed steam partial pressure of 07 bar, and varying retention
time at the temninal temperature. A non-isothemnal heating
procedure was fist employed so that the residues produced at
intermediate tempertures were quenched and subjected to X-
ray fluorescence (XRF) and X-my diffraction (XED) to
quantify the remaining Cl content and its crystalline species,
respectively. Scanning electron microscopy (SEM) analyss was
ako conducted to distinguish the phase of the residues. The
changes in the atomic structure of the residues were further
determined by CrystalMaker software " In addition, thermo-
dymamic calaulitions were conducted in FactSage 64.°% All
these efforts were made to attain the mechanistic insights
goveming the co-pyrohydrolysis of CaCl, and MgCly, and
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hence, to promote the HCl regeneration mte from this
abundant, mixed waste.

B EXPERIMENTAL METHODOLOGY

Experimental Rig and Conditons. An electrically heated
horizontal frmace was employed, the schematic of which is ilustrated
in Figure §1, in the Supporting Information (S1). The thermal
decomposition took place inside a quarte tube with an inner diameter
of 51 mm and a total length of 13K mm. A sample-hden commdum
])llM (ALD, > 99.7% ) was ]iamdin'ﬂumi{cﬂe of the ﬁu)uur_hrpm
was blended with steam and used to purge the resctor continuously,
which also swept away the HC] gas once generated.

For each run, imately 1 g of CaCly4H;0 was Hended
thoroughly with MgCl-6H;O by a roll mill, with varying molar ratios.
The amount of MgCl, 6H, 0 varied from 0 to 4 mol/maol of CaCCl,
4H, 0. Additionally, 50, was fwther mived with each chloride
mixture in an equimolar ratic. All the reagents wed are analytical
reagent grade with a purity »99% and purchased fom Menck. Lid
(chlorides) and Sigma-Aldrich Co. (silica). The reaction temperature
ranged fom 7D to HND *C with an interval of 100 *C. The
temperature was mmped from moem temperature at a heating rate of
10 *C/'min and then maintained at the target temperature for varicus
dunations, ranging fom O to & h. Once the experiment was finished,
the sample pan was quickly pulled out and moved to the cold end of
the quarte tube, whereas the steam was stopped immediately while
pure argon of around 10 L/min was tumed on to quench the hot
decomposition residue. The volumetric percentage of steam in the
feeding gas was fwed at 70% v/'v, to guarantee a complete conversion
of Cl radicals released to HCI gas.

The overal C]-l:-u.lringga is g'm])]}- HO, and its release extent for
the pyrohydrolysis of CaCl; or MgCl, alone or their mictures was
determined by the mas difference of (1 between the original chloride
sample and its decomposition residue, as shown in oq 2 below.

MxB-Mxh oo
M= R (2}

where M and M, are the maw of the original chloride and its residue,
mspncti\d}-,amf}'lmu{}':t{emﬂmﬂmﬂ percentage of the
original chloride and its residue tested by XRF (SPECTRO 1Q LI},
respectively. The XRF was previcusly calibrated by the Clbearing
mixtures [MgCl and 5i0y) with different C1 contents.

¥RD and Crystal Structure Analysis. Fach reaction residue was
ground to less than 45 gm © minimize the preferred orentation and
improve the statistical distribution of the lattice plnes in the
reflection. The XRIY patterns were recorded on 2 Rigaku, Miniflex 600
with Cu K& mdiation (4 = 15406 nm) under 40 kV and 15 mA_ The
powdered samples were scanned between 10° and 80 with a D/teX
Ultra detector, with 2 scanning speed of 5”/min and a scanning step
of 02", The optical configuration was a fived divergence slit (1.25%)
and a fived incident antiscatter slit { 25%). The standards used for the
XRD fitting are listed in Table 51. Note that a portion of these
standards highly overap with one another at their most intense peak
of approximately 33°. However, their second and third mest intense
peaks are highly distinctive and sufficient for differentistion. All the
Clbearing stan dards bear a very lurge discrepancy of peak positions
and, hence, can be identified easily.

The crystal structure for each identified species was further
extracted from the software CrystalMaker th:uus}l g'm])]y importing
the respective CIF files shown in Table $1 To extract the local atomic
environment of individual atom, the finction of “Define Cluster” was
applied via defining the chister ange centering on the target atom."

Thermodynamic Equilibium Calculation FactSage &4 was
employed to conduct thermodynamic equilibrium caloulations. The
equilibrium mode was chosen as OPEN that is specifically designed to
simulate a continuous flow system as used in this study. The total step
number of injecting gases in the OPEN mode was set as the lagest
allowable number of 25 to be 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 experimental

averall Cl release extent (%) =

condition mentioned above. The thermodynamic databases applied
inchided FactP$ and E'1omd'.1}|.e-ut|n]nnpmd1|c|:mdudg:du]ga,

liquid phases, and solids phases
B RESULTS AND DISCUSSION

Table I provides a summary of all the HC release extents from
the experiments conduded throughout this sudy. Note that
the reliabiity of these experimental data has been assessed by
repeating some of the pyrohydrolysis experiments three times.
A high accuracy has been confirmed. For instance, for the
condition of CaCl, only at 1000 °C for 2 b, its HCI recovery
extents were found to be B9%, B9% and 90%, bearing a
standard deviation of only 0.6%. Additionally, the gaseous Cl-
bearing species has also been sampled by impinge tmins
containing sulfuric acid. The collected C17 jon was quantified
by a chlorine ion selective electrode detector. The mass
balance of Cl reached 95-98% in most of the cases.
Pyrohydrolysis of MgQ; and CaCl; Alone. Decom-
position of MgCl, alone was first conducted as a reference. As
shown in Table | and Figure 52, the addition of steam was
essential, promoting the decomposition extent of MgCl, to
9% at 600 °C for 2 h, relative to 46% only in the absence of
steamn. In contrast, for the pyrohydrolysis of CaCl, done, a
higher temperature up to 1000 °C was essential, and so was the
coaddition of steam and S0, & evident in Table 1. Upon the
addition of Si0, at an equimolar mtio to CaCly, the HCI
release extent reached 90% at 1000 °C for 2 b, relative to a
nondetectable extent in the presence of steam only. The XRD
patterns for the respective residues in Figure 1 demonstrate

- Call JH,0 L
Todacl, 6 6 Ca (800, 1,
3. ORI,
A Cafall,

. |
j PR __“"leﬁl’l 1? d._u-,l,_..
1

%44* B Call,:5H,=100

AR L e

..

T N
T 1
T

|J 1]

Dm;=|

Figure 1. Effect of 50, addition on the pyrohydrolysis of CaCl, at
1000 *C for 2 he (The SEM of decomposition residue is included )

that the CalCl,4H,0 feedstock was only partially dehydrated
in the absence of silica. The inset SEM picture indicates a
dense surface for the reddue because of the melting of CaCl,
which has a low melting point of 772 °* In this case, instead
of guseous HCI, the gaseous CaCl, should be formed because
of its liquid—gas equilibrium pan:itimjng_ Moreover, the
molten duster could hinder the outward diffusion of Cl
radicals and the inward diffusion of steam water molecules By
contrast, the addiion of 5i0, led to the converdon of CaCl,
into the form of Cag(Si,04)yCl; which has a melting point of
1065 *C. The residue thus remained a5 fine solid partides with
large porosity evident by the inset SEM picture Such a large
surface area and the interatomic clearance in the solid crystal
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cleady facilitsted an easy dissociation of Cl, and an inward
diffusion of seam to react with Cl radicaks to form HCL This
finding is in line with the previous study."”
Co-pyrohydrolysis of CaCl, and MgCl, in the
Presence of Silica. HCI Releae from CaCl, as a Fundion
of Temperature. Figure 2 shows both the experimental and

100 [ ¥
Calculared fbom CalCl, (N}
- -
Caleubwed from CaCl, (¥} " a
W ' 4
Z
Fa
53 Expimom Call, ().
¥
g Exg from Catl, (Y}
E
= b
£
-
- .
I e L L .
T 203 4 10
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Figure 2. Experimental and Factage caloulated HOI release extent
with and without MgCl, addition versus resction temperature. (¥ and
N in parentheses refer to the cases with and without MgCl, addition,
respectively; solid and dashed lines are for the experimental and
calculated results, respectively; molar ratio of CaCl:MgCl; = 1:4.)

themodymamic equilibrium predicion results for the co-
pyrolydrolysis of CaCly and MgCl, at a fized molar ratio of 1:4
and different reaction temperatures. Note that, for the
experimental works conducted at different temperatures, the
X-axis refers to the terminal temperature to which the samples
have reached upon nonisothermal heating. Once the terminal
tempemture was reached, the solid residues were quickly
quenched. Moreover, corsidering the full decomposition of
MgCl, before 700 °C, the Y-auds was caloulated for the HCI
release extent from CaCly alone, by assigning the remaining C1
in the residue to CaCl,. For all the conditions examined here,
the molar mtio of silica was fixed a5 1 mol/mol to CaCl,.

In principle, upon the absence of MgCly, CaCl, alone can
decompose entirely into HC1 from 700 °C. The addition of
MgCl, would however postpone the full decompostion of
CaCly untdl 900 “C because of their competiion for the
indusion into silica matrix However, the experimental
investigation revealed a very slow release of HCI from CaCl,,
irrespective of the addition of MgCl,. This & an indicator of
the kinetic control for the overall reaction before 1000 °C. At
1000 °C, the HCI release extent was much closer to the
themnodynamic prediction, demonstrating a diminutive effect
ofthe kinetic control. Moreover, the inhibitory efiect of MgCl,
was experimentally confirmed, which commenced at 800 °C,
marimired at 900 °C, but slightly reduced at 1000 °C.
Apparertly, this links with the change in the crystalline
structures of the Cl-bearing residue and its intermediates.

The XRD pattems for all the respective residues are
displayed in Figure 53 Considering that each residue
contained only one Clbearing species which also consigs of
Ca (because of the strong affinity of these two elements), the
maolecular ratio of Cl/Ca of the Clbearing species in the
reaultant residue was plotted versus reaction temperature a5

solid lines in Figure 3. For comparison, the themnodymamic
equilibrinm calculation results are included as dashed lines.
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Figure 3. Molecular ratio of C1/Ca of the (-bearing species in the
decomposition residues obtained from experiments and Factuge
caladations verms reaction temperature. (Y and N in parentheses
refer to the cases with and without MgCl, addition, respectively;
experimental results were determined by XRD in Figure 53.)

According to the thermodyramic equilibrium prediction, no
Clbearing species is present (thus, C1/Ca = 0) for the case of
CaCly alone across the whole temperture range In contrast,
CaCl, remains stable undl 900 “C for the case of the addition
of MgCl,. This proves the themodymamic preference for the
inclusion of MgQ (derived from MgCl,) into the silica matrix
before 900 *C. With regard to the experimental observation,
CaCl, disppeared at 900 °C when no MgCl, was added,
converting into Cay(Si0y)Cl, as the sole Cl-bearing
component with a molar Cl/Ca ratio of 0.67, relative to 2.0
for CaCly, Upon a further rise of the temperature to 1000 °C,
the Cl-bearing gpedes converted into Ca,(5i,0,),CL with a
Cl/Caratio of 0.2, demonstrating the continuous release of the
remaining Cl out of the Ca=Cl affinity. The remaining CI
should be tightly embedded within the matrix, and hence, not
able to be released easily Regarding the case with MgCl,
addition, CaCl, did not disappear until the temperature
reached 1000 °C where Cay(5i0,)ClL with a C/Ca maolar
ratio of 067 was formed Cleady, the addition of MgCl,
delayed the formation of the above two intermediate products
that are not predicted by the thermodynamic equilibrinm
model at all The stronger ability of MgO to react with Si0,
agreed with the calaulation results.

HCI Release from CaCl; as a Function of Reaction Time at
1000 “C To further marow down and even eliminate the
inhibitory effort of MgCl, different retention times at 1000 °C
was experimentally explored The resultant residues were
characterized by XRD (Figure 54). Figure 4 compares the HCI
release extent with and without the addition of MgCl, as a
function of retention time, where the prncipal Clbearing
species and other major compounds in the residues are also
listed. As expected, the HCl release extent with the addition of
MgCl, was slightly lower than that without MgClL at the
beginning, 84% versus £9%. Interestingly, the HCI release
extent upon the addition of MgCl, increased quiddy to 94%
ater a retention period of 2 b, overtaking the value achieved in
the absence of MgCl, that was almost unchanged. It further
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Figure 4. Experimental HCl release extents from Call; with and
without MgCl, after different reaction times at 1000 *C. (The Cl-
bearing species is included, determined by XRD in Figure 54.)

increased exponentially, reaching almost 100% in & h. Clearly,
the effect of MgCl, addition turned positive upon the increase
in the reaction time at 1000 “C.

Forthe absence of MgCly, CayalSi; 04) 301, was the only Cl-
bearing spedes in the residue, re 55 of the retention time.
It was transformed from Ca, (Si0 )CL, which was also the only
Cl-bearing species at 900 “C (Figure 3). Upon the addition of
MgCl,, the Clbearing spedes changed its structure from
Cay(SI0,)Cly (C1/Ca = 067) to CagMg(5i0,),Cl, (Cl/Ca=
0.25), and then to the mixture of Ca,Mg(5i0,),, C4,5i0,, and
CaMgSi0y with none of them containing Cl at all

The orystal strucure of Caya(Si,049),Cl is displayed in
Figure 5. It holds a monodinic structure with space group P2,/
27" Itz basic skeleton i made of isolated groups of
[ Si200 1%, which are “face-sharing”, a5 shown in Figure 5. Each
[ 5,04 [~ is trandformed From two units of [Si0,]* (the basic
skeleton d'C.\.}ESjD‘}C]i} va sharing one oxygen apex The
isolated [Si0,]" exists only in the case of sufficient cations to
reach a charge balance™ In other words, when the molar ratio
of CaCl,/Si0, was only one in this study, the molar amount of
Ca™ was far from enough to eaablish a [50,]* -based
structure requiring a molar ratio of Ca/Si = 2 Consequently,
[Si0,]* stes may have to combine on its own to transform
into a [S4,0,]% -based structure, Ca(54,0.),Cl, with a
soaller Ca/Si of 1.67. This is accompanied by the combination
of a portion of silica (Si0,) with free Ca™ to form another
stable species, CaSi0;, and unreacted Si0; because of the
insufficiency of Ca™ (as evident by the XRD pattern in Figure
54). Back to the sole Cl-bearing spedes CayglSi;07),Cly,
[Si04]% is “face-sharing” in its atomic structure, in which
caldum ions of three types are coordinated with oxygens and/

or chlofnes. Ca(l) is coordinated with two dhlorine and six
oxygen, Ca(1l) with one chlorine and nine cxygen, and CalTI1)
with 13 oxygen™ The remarkable jonic polarization between
Ca®* and its adjacent ardons (O and C17) might induce the
deviation of their electron clouds to each other, thus leading to
varying degrees of overlap of their outer orbitals. Con-
sequently, the bond length and polirty of Ca—Cl decrease,
resulting in a transformation of the Ca—=Cl bond from purely
ionic to “intermediate bond” with the properties of covalent
bond™ This is beneficial for the release of C1 out of the solid
rmatrix

Regarding the addiion of MgCl, Ca(Si0,)CL, formed at
the reaction time of 0 h has a monodinic structure, with space
group P2, /c and [Si0,]*" tetrahedrons as the basic skeleton**
It was studied that a portion af Ca™ in this species is present a5
CalI) that stays between the lamellar layers of [Si0y,]*
tetrahedrons, being the most weakly bonded and thus the
most favorbly substituted by any other divalent cations such
as Mf. Instead, the remaining Ca™ as Ca(ll) and CalII)
sitting in the plane of [Si0,]*" tetrahedrons are too tough to
be substited ™ A pomtion of Ca(l) in Ca(SI0)CL was
gradually substituted by Mg™ and transferred into CaMg-
(50, ),Cl, as shown in Figure fia. The resultant Mg—Cl bands
easily broke down and relemed the CL Such a solid—solid
substitution reaction is obviously slow, and hence, its effect was
observed only when the reaction tme was extended to 2 h at
1000 “C. In addition, a portion of the original slica was
consumed by Mg™ to form magnesium siicates leading to
suffident cations to balance the negative charges of the
[5i0,]*" skeleton. In other words, the addition of Mgz’
inhibited the self-combination of [S0,1*. In temms of the
Ca™* coordimation environment, Ca( 1) as the only ste bonded
with chlorine is coordinated with dx oxygen and two chlorines,
as illustrated in Figure 6h. It is afilisted with less anions (0
and C17) than in Cay(8iy04);Cl;. This may result in weaker
jonic polarization between the Ca™ and adjacent aniors and
the longer bonds of Ca—Cl in CaMg(Si0,)Cl."
Consequently, the Cl release is easier fom CagMgi5i0,),Cl,
than from Cap(5i0;),Cl,. Upon the release of Cl the
skeleton of CaMg(Si0,)4Cl collipses gradually, leading to
the formation of various nesosilicates induding Ca,Si0y,
CayMg(5i04), and CaMgSi0,.

Effect of MgCl, Amount on the HO Release from CaCl.
The last effort was made to further confirm and optimize the
promotion effect of MgCl, addiion at 1000 °C. The
decomposition experiments were conducted by mising various
amounts of MgCl, into the midure of CaCl, and S0y at
equimalar ratio at 1000 “C for 2 h. As demonstrated in Figure
7 for both HOl release extent fom CaCl, and the major Cl-
bearing spedes in the residues, the HCl release extent was
almost stabilized at 90% at the MgCl, addition ratio less than

025, and then it experienced a notable increase to

gl 81,011 .—}‘“*1 '% %

[Si,0] Call)
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Figure 5. Crystal structure of Cag($i204);01; obtained by CrystalMaker software (clusters size defined a5 3 A).
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Figure 7. Effect of the MgCl, addition amount on the HC release
from CaCl; at 1000 °C for 2 h obtained by experiments. (The CI-
bearing species determined by XRD is also inchided here. The original
XED patterns are displayed in Figure 55.)

approdmately 94% at the equimolar ratio between these two
chlorides. Again, this is due to the transerring of Cl-bearing
species from Cag(5:0:)5CkL to CagMg(Si0y),Cl; that was
formed at the Mg/Ca molar ratio of 0.5 and above Cleady, the
CagMg( 510,40, was fully satumted and stabilized at this
ratio. The excessive MgCl, added simply converted into free
MgO (XRD in Figure 55). The reason for optimum dosage of
0.5 maol of MgCly/maol of CaCl, should be attrbuted to the
atomic coordination structure of CaMg(Si0,),Cl,. Again, to
balance the negative clarge of [Si0,]% and 2CI7, two Ca™
cations has to be accompanied by one Mg, In this sense, a
malar ratio 0.5 for Mg* to Ca® is suffident for a complete
release of HCI out of CaCl,.

This study is primarily significant lor the emvironmental
management of the chloride wastes which has not yet found a
vishle manner for disposal. Additionally, this study and the
results achieved are critical to a variety of hydrometallurgy

processing industries in which the HCl add recovery from the
alkaline-earth-metal chloride & a critical step to improve both
the environmental friendliness and cost-effectiveness. Upon a
successful regeneration from the solid chlorides, the resultant
HCl gas can be further rensed in the process, while the
resultant oxide residues are applicable for a variety of
downstream applications such as cement additives.™ Although
the engineering design was not touched on in this study, a
spraying roaster or fuidized bed is apparently suitable for the
pyrohydrolysis of dkaline-earth chloride wastes dnce it allows
much smaller size, a longer residence tme and sufficient
mixing of chlorides and Si0, Future works will be conducted
specifically to explore the overall reaction rate and the
optimum condiions underpinning the design and operation
of the gedfic equipment, in particular, the pyrohydrolysis
reaction rate of saturated droplet that & supposedly injected
into a spraying roaster or fluidized bed.

B CONCLUSIONS

Upon the asdstance of silica and steam, HCl has been
successfully recovered from the co-pyrohydrolysis of allaline-
earth-metal chlorides (CaCl, and MgCL ). The influences of a
variety of variables have been examined, including reaction
temperature and time and molar mtio between two alkaline-
earth chlordes. In particular, the synergistic effect of MgCl, on
the pyrohydrolysis of CaCly has been discussed extensively. As
far as the authors are aware, a doublesided effect of the MgCl,
addition has been revealed for the first time in this study: (1)
impediment of HC| release in the temperature-rise period
(7001000 “C) via competition with CaCl, for indusion into
the solid silica matirg (2) promotion of HO release in the
retention period at 1000 °C through the formation of an
intermediate Cl-bearing compound, CaMg(Si0,),Cl, in
which the wedker jonic polafization between the Ca** and
adjacent anions fadlitated the release of C1 as HCL
Additionally, the addition of 0.5 mol of MgCl,/mol of CaCl,
was found as the optimal dosage, which increased the HCI
release notably because of the formation of CagMg(Si0,),Cl.
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