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Abstract

In this study, three synthetic SiO;-Al,03-Ca0-Fe;03(-MgO) coal slag systems (ST-D-
2, HKT, SOM-1) with varying basicity were investigated on their viscosity and the
dominant crystallisation product: anorthite (CaAl.Si.Os). To predict crystallisation
products, thermodynamic equilibrium calculations were executed using FactSage and
the GTox database. Anorthite is predicted as a major crystallising phase in the slags.
High temperature viscosimetry revealed non-Newtonian behaviour of the slags below
1275 °C. Additional viscosity measurements revealed viscosity deviations, based on
crystallisation. Post-experimental analysis of the slags revealed the presence of
elongated crystals with anorthite composition. Additional quenching experiments were
performed and crystallisation results of the HKT slag were exemplarily shown in this
study. Quenched samples were analysed by XRD and SEM-EDX to determine the
crystallised phases and the crystal structure. Anorthite was identified as the dominant
phase in the HKT slag but also in the ST-D-2 and SOM-1 slag system. As
crystallisation strongly influences slag viscosity, a phase analysis of anorthite was
conducted. The crystal morphology of anorthite displayed a common elongated
characteristic and was generalised as a tetragonal prism with variations in its
dimensions. Crystal size measurements ascertained constant small crystal sizes at
temperatures below 1100 °C, and exhibited an increase of anorthite length with
increasing temperatures above 1100 °C. Additionally, the aspect ratio was examined
to ensure a complete three-dimensional characterisation of the anorthite phase. Crystal
morphology data can be used in a future viscosity model as enhancing parameters to

enable the calculation of viscosities for partly crystallised slags.
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1 Introduction

In past decades, IGCC has been applied to conventional coal conversion facilities such
as entrained-flow gasifiers to improve the efficiency and to reduce the CO, emissions
[1]. Gasifiers partly produce slag as side product from inorganic compounds during
operation. In contrast, the organic releases are accountable for the production of
syngas (e.g. CO, H,), which can be used as a resource for chemical and pharma
industries [2, 3].

Throughout the entrained flow gasifier operation at temperatures between 1200 °C and
1700 °C, a thin layer of slag is produced protecting the refractory walls from corrosion
and alteration [3-6]. A maximum viscosity of 25 Pa-s guarantees a smooth and
sufficient slag flow [7]. However, the viscosity of slag, and therefore its flow
behaviour, is primarily influenced by the temperature and secondly by the appearance
of crystallisation in the liquid slag [8-10]. The crystallisation in liquid slag can lead to
a significant increase of the viscosity, as described in the model of relative viscosity
by Seebold, Wu and Miiller [3] and may further lead to a blockage of slag tapping.

In the field of magmatic liquids in the 1970s, Shaw [11] and Urbain et al. [12]
developed models that incorporated the influence of slag chemistry on viscosity. In the
past decades, those models have been improved and new models have been postulated,
such as the Kondratiev-Jak-model [13] or the Avramov model [14]. Recent works by
Wu et al. [2, 15] describe a structural based model that proved its applicability for
multicomponent systems. As the viscosity of partially crystallised slags is not only
related to the viscosity of pure liquid slags, parameters such as volume fraction of
crystals, crystal size, distribution of crystal size, crystal morphology, and shear rate
generate a high degree of complexity.

The crystallisation behaviour of slags was investigated in several recent studies [3, 16-

21]. Some studies provide meaningful contributions as the crystallisation is associated
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with a significant slag viscosity increase, due to its rheological influence [3, 22]. Other
studies highly focus on crystallisation kinetics, but do not investigate crystal phase
mineralogy or morphology [17, 20, 23]. A commonly used method to describe slag
crystallisation is the single hot thermocouple technique (SHTT) [20, 24, 25]. SHTT
serves a high resolution on crystallisation kinetics. However, crystallographic and
chemical properties of the crystallised phases are not determined. In a recent study, the
crystallised phases of a synthetic lignite slag were investigated [26]. A brief literature
review of coal slags summarised that only few crystallised phases need to be
investigated, which cover all relevant crystallised phases [26]. Olivine and melilite
were quantified on their crystal morphology and potential viscosity model
requirements were described [26]. This study aims to follow this approach and
provides additional crystal morphology data for another relevant crystal phase —
anorthite.

This study analyses the crystallisation processes of three synthetically produced SiO,-
Al,O3-Ca0-Fe,03(-MgO) slag systems under reduced gasifier conditions. The
analysed slag systems partly refer to a real coal ashes named HKT and ST-D-2 [27,
28] Real HKT and ST-D-2 slag were investigated in a previous work [3], though
without the focus set on the crystallised anorthite phase. This study aims to analyse the
crystallised phases of synthetic HKT, ST-D-2 and SOM-1 slag with special focus on
the dominant anorthite phase. In the end, crystal morphology data of anorthite will be
provided that can be used in addition to already published melilite and olivine
morphology data as enhancing parameters for a viscosity model for partly crystallised
slags [26].

An initial characterisation of the slags was performed by equilibrium calculations. The
slags’ viscosities were determined by viscosity measurements. To investigate slag
crystallisation characteristics, quenching experiments were performed. The samples
were investigated isothermally to keep time as the only variable. The post-
experimental sample analysis was performed by microscopy, XRD, and SEM-EDX.

Time-temperature-transformation (TTT) diagrams were generated to ascertain
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incubation times for crystallisation. Lastly, anorthite was identified as the dominant
phase in all slag systems and a generalised morphology was defined. Based on the
defined morphology, anorthite crystals were quantified on their crystal length and
crystal aspect ratio (length/width), resulting in a morphology dataset for future

viscosity model for partial crystallised slags.

2 Experimental

2.1 Synthetic slag samples

The investigated synthetic HKT and ST-D-2 slag systems are based on real lignite and
hard coal slags, investigated in a previous study [3] and therefore chosen. To further
determine the influence of the slag composition and basicity on the crystallisation
results, a third slag system was created that has an ongoing higher basicity, due to
lower fractions of SiO, (Table 1). Accordingly, the three slag systems cover a
bandwidth of typical slag compositions and therefore results are seen as broadly
applicable. To achieve constant slag chemistry and to improve comparability of
experimental results, not the original slags were used but respective slags were
produced synthetically [29, 30]. The slag compositions consist of four, respectively
five oxides SiO,, Al,O3 CaO, Fe.0O; and MgO [28]. Highly reactive and volatile
alkali-oxides were excluded due to the aforementioned reasons.

The synthetic slag samples were produced on the basis of different oxides with high
purity (Alfa Aesar, Massachusetts, U.S. and Merck, Darmstadt, Germany). Initially,
the five analytical reagents were balanced, mixed together, and dried subsequently at
100 °C for 10 h. Afterwards, the dried powder was blended for 24 h to ensure
complete homogenisation. Finally, the chemical composition of the synthetic slags
was verified using ICP-OES.

Table 1: Composition of the investigated synthetic slag systems, analysed with ICP-OES.

SiO; Al O3 CaO Fe,O3 MgO Basicity

ST-D-2 wit% 60.9 21.6 10.6 6.9 - 0.12
HKT wit% 54.7 22.3 14.6 2.6 5.8 0.26
SOM-1 wit% 47.6 19.2 14.4 9.2 9.6 0.32
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2.2 Thermodynamic equilibrium calculations

Thermochemical calculations via FactSage computational package (GTT
Technologies, Herzogenrath, Germany) are a method commonly used to examine
crystallised phases in oxidic slag systems [3, 16, 31, 32]. The Equilib module of
FactSage can predict equilibrium conditions of all involved potential phases by using
Gibbs free energy minimisation in conjunction with oxide databases. In this study,
calculations were executed using software version 6.4. The GTox database was used
for the calculations [33]. Equilibrium calculations were executed in the range between
900 °C and 1400 °C with a 10 °C interval. To represent gasifier conditions,
calculations were performed with a oxygen partial pressure of 102 bar. FactSage
results were used as a reference to compare thermodynamically crystallised phases

with the phases determined throughout the quenching experiment.

2.3 High temperature viscosimetry

The viscosity of slags was analysed using a high temperature rotational viscometer.
Same device was used in the previous study [3] and provided reliable results. A
rheometer type RC1 (RheoTec Meltechnik GmbH, Ottendorf-Okrilla, Germany) was
used in combination with a high temperature furnace that was located below the
rheometer. It can be operated applying a defined shear rate as well as applying a fixed
torque [34]. The maximum torque is stated as 50 mN-m (milli newtonmeter) and the
maximum rotation per minute as 800 rpm [34]. However, for the performed
experiments the maximum parameters were set to 40 mN-m and 400 rpm respectively,
to create analogue parameters with the recent study of Seebold [3].

Slag samples were investigated isothermally in a stepwise manner. Subsequently after
the maximum temperature of 1500 °C was reached, the furnace cooled down and
started the measurements at 1425 °C. The rheometer measured the required torque,
regarding to the applied rotation in steps of 25 °C. Additionally, isothermal
measurements with 7 hours of holding time were performed at lower temperatures to

document the incubation time of crystallisation as well as their impact on the slag
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viscosity. Additionally, the stirred samples were analysed after the experiment via
microscopy and SEM-EDX to identify the crystallised phases.

To ensure the trustworthiness of the experimental set up and to exclude
methodological faults, a comparison of the viscosity data with viscosity calculations
was made. Thus, the viscosity values for the analysed slag systems were determined,
applying the latest version of the viscosity model of Wu [2, 15, 35]. The model
enables the viscosity calculation of multicomponent systems, including Fe,Os. Self-
evidently, only Newtonian behaviour can be modelled and a possible impact of

crystals cannot be predicted.

2.4 Quenching Experiment

To examine the crystallisation characteristics of the synthetic SiO,-Al,O3-CaO-MgO-
Fe,0O; slag system, quenching experiments were conducted. Firstly, an amount of
approximately 1-1.2 g of slag powder was filled in each molybdenum crucible. The
cylindrical Mo-crucibles are 33 mm in height and 10 mm in diameter. In contrast to
other crucible materials such as Al,Os, molybdenum was chosen due to a lack of
interactions with oxidic melts [36]. To ensure sample homogeneity, the filled crucibles
were heat-treated in a high temperature furnace (HTF 18/8, Carbolite Gero GmbH &
Co. KG, Neuhausen, Germany). The samples experienced a maximum temperature of
1550 °C with a holding time of 5 h to ensure complete melting of the oxide powder.
To prevent oxidation of the Mo-crucibles, a reducing Ar/4%H--atmopshere was
applied during the treatment [36].

After the pre-treatment, crucibles were placed in the Al,Osz vertical tube of the
guenching furnace (Fig. 1). A special sample holder was designed that carries up to
five crucibles in the vertical furnace at the same time. This sample holder also serves
the possibility to quench the crucibles successively. The bottom part of the vertical
Al>,O3 tube was submerged in a water basin. In other studies [21, 37], furnaces are
sealed via flanges to ensure constant atmosphere above the quenching unit. As these
flanges are opened for the quenching procedure, air is flooding the furnace and the

atmosphere is not constant any longer. In contrast, the aforementioned set up used in
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this study guarantees a constant atmosphere. Thus, contact with higher oxygen partial
pressures was precluded during the whole procedure. Reducing conditions were
achieved by flushing the corundum tube with 150 ml/min of Ar/4%H>-gas through the
submerged tube orifice (Fig. 1). The absence of MoOy phases on the crucible surfaces
confirms partial pressures of less than P(O,) = 102 bar [38]. The tube upper orifice
was covered with a custom designed Al.Os-foam plate. This set up was already used

in a previous study for slag investigations [26].
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Figure 1: Schematic drawing of the quenching experimental set up.

The crystallisation processes under supercooling conditions were investigated by
selecting ten isothermal temperature profiles (Fig. 2). Firstly, the preheated samples
were heated to 1450 °C and held for 1 h to generate a homogeneous melt. Afterwards,
samples were cooled down with a rate of -7 K/min to the individual isothermal

sections. The whole investigations cover a temperature range between 850 and



190

191

192

193

194

195

196

197

198

199

200

201

202
203
204

205

206

207

1300 °C. To provide high sample resolution, profiles were set in 50 °C steps (Fig. 2).
After reaching a certain isothermal step, samples were quenched time-dependently
after 0, 1, 4, 7 and occasionally 24 hours of holding time, respectively. This approach
facilitated the examination of crystal evolution over time, including the Kkinetic
influence on crystal growth. The 24 h holding-time-span was chosen to represent
conditions close to the equilibrium state. Hereafter, samples were prepared for
analysis, starting with slicing the crucibles into two hemispheres and embedding them
into epoxy resin. Afterwards, crucibles were ground and polished to enable a 2-
dimensional analysis of the slag sample by XRD and SEM-EDX. Additionally, some
of the quenched samples were separated from their crucibles and ground to perform

XRD analysis of sample powder.
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Figure 2: Temperature profiles applied in the quenching experiments.

2.5 Post-experimental analysis

First investigations on the slag structure were performed using a KEYENCE VHX-
S550E digital microscope (KEYENCE DEUTSCHLAND GmbH, Neu-lIsenburg,
Germany). High resolution images with magnifications up to a factor of 200 have been

shot under ring light (deep vision) and coaxial light (surface topology). Completely
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amorphous samples were identified and distinguished from crystallised samples.
Crystallised samples were subsequently analysed by XRD and SEM.

To determine the crystallised phases, XRD measurements of several representative
samples have been conducted. Firstly, the cross sections of embedded samples were
analysed to compare crystal orientation with detected hkl (i.e. miller indices).
Secondly, slag samples were ground into powders before the XRD analysis to enhance
signal quality. A Panalytical EMPYREAN (Malvern Panalytical, Almelo,
Netherlands) device was utilized for the pu-XRD sample analysis. A Cu Ka anode (40
kV and 40 mA) was installed during the measurements. Datasets from the ICSD
(Inorganic Crystal Structure Database, FIZ Karlsruhe, Germany) database have been
chosen for the comparison with experimental results.

Further sample investigations have been performed by SEM and SEM-EDX analysis.
Measurements were carried out by Zeiss Merlin Il and Supra 50 VP (Carl Zeiss
Microscopy GmbH, Jena, Germany) devices. The samples were prepared, applying an
Ir-sputter coating, beforehand. In this manner, the vast majority of all crystallised
samples were examined. In addition to taking high resolution images of crystallised
phases, single EDX measurements as well as EDX element mappings were performed
to gather chemical information. Based on the SEM images, the crystal analysis was
applied on the anorthite phase. The length and width of individual anorthite crystals

were measured and its aspect ratio (length/width) was calculated (chapter 3.5).

3 Results and discussion

3.1 Equilibrium calculations

FactSage Equilib calculations reveal that anorthite (CaAl.Si»Og) is the first phase to
crystallise in all slag systems. Also, anorthite seemingly forms the highest fraction of
all crystallised phases in the three slag systems. With an increase of the slags basicity,
the liquidus temperature declines from 1320 °C (ST-D-2) to 1250 °C (SOM-1) slag. In
the ST-D-2 slag, cristobalite (SiOy) is the second phase to crystallise, followed by

minor fractions of cordierite (Mg2Al4SisO1s) and lastly olivine ((Ca,Fe).SiO4) (Fig. 3).
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In the HKT slag, anorthite content increases to approximately 47 wt% at 1050 °C. At
temperatures of 1260 °C and 1250 °C cordierite and cristobalite begin to form,
respectively. Their fractions increase almost constantly and reach a maximum of about
13 to 14 wt%. Clinopyroxene (AB(Si,Al).0¢) (A = Ca, Mg, Fe?*, B = Ca, Mg, Fe?*,
Fe3*) is the fourth predicted phase to crystallise (Fig. 3). In the SOM-1 slag system,
anorthite is accompanied by cordierite at 1150 °C. Clinopyroxene and olivine are
additional phases that are expected to grow at lower temperatures of approx. 1100 °C.

It can be summarised that anorthite is the dominant phase in all slag systems, enabling

a suitable investigation of the anorthite phase.
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Figure 3: FactSage Equilib prediction of phase formation of the synthetic ST-D-2, HKT

and SOM-1 slag system under p(Oz) = 102,

3.2 Viscosity measurements

The comparison of the experimental data with the modelling results reveals an overall
satisfactory agreement (Fig. 4). ST-D-2 slag data align very well with the modelling
results. At temperatures below 1350 °C, a tendency of relatively higher viscosities can

be identified. For 1250 °C and 1275 °C it can be vaguely argued that the present
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discrepancy between experimental and calculation results could be based on non-
Newtonian behaviour of the ST-D-2 slag during measurements.

The gathered HKT viscosity data are also reasonable, as the comparison with the
theoretical modelling results prove (Fig. 4). Yet, the accordance accounts only for
temperatures above 1275 °C. The drastic viscosity increase at 1275 °C and 1250 °C is
clearly not covered by the modelling results. If crystallisation accounted for this
phenomenon, the subsequently following isothermal viscosity measurement will
uncover the potential presence of crystals in the HKT slag.

The SOM-1 slag displays a generally higher viscosity in relation to the calculated
viscosity values (Fig. 4). The measured values exceed relative constantly the model
results by approx. 15 Pa-s. By also focussing on the distinct viscosity increase at 1225
°C, the comparison indicates that non-Newtonian behaviour of SOM-1 slag was also
present during the measurements (Fig. 4). It can be summarised that HKT and SOM-1
slag displayed non-Newtonian behaviour below 1300 °C and 1250 °C, which is in
very good agreement with the liquidus temperatures predicted by the FactSage

calculations (Fig. 3).
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Figure 4: Comparison of stepwise measured viscosity of synthetic HKT slag, with

viscosity modelling results executed with a viscosity model [2, 15, 35].
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To gather a deeper insight into the crystallisation and the growth kinetics, HKT slag
was chosen for a detailed viscosity investigation. An isothermal measurement at
1250 °C for 7 h of holding time was performed (Fig. 5). For silicate systems, the
typical trend of a declining viscosity with higher rpm can be observed, as the rotating
spindle disrupts the silicate network and reduces the viscosity. However, after approx.
170 min, a wide peak on the viscosity graph was observed, indicating a relatively
higher resistance towards shear of the slag. After 310 min, the viscosity trend
smoothened again. A sample cross section was prepared and microscopic analysis
revealed the presence of crystals in the synthetic HKT slag (Fig. 5). A fully
amorphous slag would appear glassy, but as the image displays, the slag appeared as
turbid due to present crystals. Additional SEM and SEM-EDX analysis was performed
on the crystallised slag. Fig. 5 displays elongated crystals in the viscosimetry crucible
with a parallel orientation. The direction of orientation is parallel to the applied shear
stress by the rotational spindle. Therefore, it can be assumed that the smoothened
crystallisation peak occurred due to shear thinning behaviour by the orientation of
elongated crystals. SEM-EDX mapping displays that the crystals are enriched in Al
and Ca, but depleted in Mg, compared to the remaining slag. EDX point measurement
indicated an anorthite composition of the crystals. The investigation of real HKT slag
also revealed an immediate viscosity increase and the presence of crystals with

anorthite composition [3].
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Figure 5: Viscosity data with crystallisation peak of an isothermal viscosity measurement
at 1250 °C. The sample was analysed via digital microscopy and SEM-EDX. The

elongated crystals showed anorthite composition.

It can be concluded that the viscosity behaviour and the crystallisation results of the
synthetic slag are highly comparable with the real HKT slag. As described previously
[26], a viscosity model for partially crystallised slags requires crystal morphology
data. Since the impact of crystallisation on the viscosity was proven for the synthetic
HKT slag, crystallisation of slags will be described by mainly referring to the HKT

slag system in the following sections.

3.3 Phase determination by crystal structure analysis

The crystallisation behaviour of synthetic HKT slag was investigated under various
temperature and time conditions by applying quenching experiments. Therefore, a
total amount of 50 samples passed the quenching experiment. As the equilibrium
calculation predicted, several phases are expected to grow in the slag. To determine
these crystalline phases by their crystallographic properties, XRD measurements of a

selection of representative samples is shown in the following. The chosen samples
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represent temperatures of 1200 °C and 1100 °C with an associated holding time of 4 h
(Fig. 6). The spectra were compared with several datasets, and two phases were
identified to be present in the crystallised slags: anorthite and cristobalite. Sample
spectra below 31° 20 show a satisfactory accordance with the dataset peaks. Since the
analysed samples were embedded into epoxy resin for subsequent SEM investigations,
only a two-dimensional planar surface of the crystallised slag was analysed, to
determine the spatial distribution of the grown crystals in the cross section area. The
crystallographic orientation (hkl) was determined by XRD and then compared with the
crystal orientations observed in the microscopic analysis.

At a higher temperature of 1200 °C, peak analysis revealed that anorthite crystallised
preferably in orientations (130), (131) and (240) (Fig. 6). According to (130) and
(240), anorthite crystal surfaces show orientations perpendicular to the c-axis of the
crystal lattice. Anorthite peaks of the 1100 °C spectrum indicate further hkl such as
(222), (202) and (244). Along with the aforementioned indices, the crystal lattice
distribution is more diverse.

The crystallographic orientation was correlated with the crystal morphologies and

their spatial orientation by microscopic images. The associated samples are displayed
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Figure 6: XRD spectra of two representative samples quenched at 1200 °C

and 1100 °C after a holding time of 4 h each.
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in Fig. 7. The microscopic image of the sample cross section (1200 °C, 4 h holding
time), for example, indicates that crystallisation is dominated by elongated crystals in
an overall threadlike structure and oriented parallel to the cross section (Figure 7a).
XRD peaks show similarities of anorthite lattice orientations (perpendicular to c-axis,
Fig. 6) and microscopic images display a preferred crystal orientation in the same
sample. Thus, an overall conclusion of both results is legitimised. Therefore, it can be
concluded that anorthite crystals show an elongated growth in direction of the crystals

c-axis.

2 1200 °C, 4 h holding time 1100 °C, 4 h holding time

s g m / ; e EHT = 15.00kV =7.0m . 2pm p—{
Figure 7: Microscopic view of the cross sections of quenched HKT slag samples at

1200 °C and 1100 °C. The corresponding holding time was four hours each.

As XRD spectra were further compared with ICSD datasets, a vague accordance with
cristobalite was found. Regarding both spectra (Fig. 6), only few peaks can be
correlated unambiguously. Therefore, the overall presence of cristobalite cannot be
concluded undoubtedly. Other phases such as clinopyroxene and cordierite (Fig. 6) are
not considered in the XRD spectra. Quenched samples show intensified crystallisation
as the holding time increased. Therefore, four representative samples with the
maximum holding time of 24 hours were chosen to represent equilibrium conditions in
the HKT slag. Slag powder was preferably used to enhance the spectra quality,
compared with the embedded samples mentioned before. As displayed in Fig. 8, all
four spectra show a comparable course, indicating similar crystalline phases. At 1150
°C, anorthite is the dominant phase, as already stated at shorter holding times.
However, other phases such as SiO, (including cristobalite, high quartz and low
quartz), clinoenstatite and augite (both belong to the Clinopyroxene group) can be
correlated with the spectrum (Fig. 8). Regarding the lower temperatures, the peak

correlation of SiO2, augite and clinoenstatite becomes more trustworthy, likewise their
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peak intensity increases. These three phases preferably crystallise at lower
temperatures, while anorthite is always present. The comparison of Figs. 6 and 8
clearly indicates that the evolution of crystallised phases is strongly influenced by the
sample holding time and therefore kinetics. Accordingly, an extended period of time is

necessary for the synthetic HKT slag system to reach a (quasi-)equilibrium state.
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Figure 8: XRD spectra of four representative samples quenched at 1150, 1100,

1000 and 950 °C after a holding time of 24 hours each. The correlated datasets
are: anorthite (red), SiO2* (including cristobalite, quartz and quartz low, grey),

augite (light green), clinoenstatite (dark green). Datasets derive from ICSD

3.4 Evolution of crystallisation

Similar to the crystal structure analysis, the numerous samples from the quenching
experiment were used to analyse the evolution of crystallisation with respect to
different time and temperature steps. To gather high resolution images of the
crystallised phases and their composition, SEM and SEM-EDX analysis was
performed.

The collection of all crystallised samples was analysed using SEM and SEM-EDX. By
comparing the results, some general tendencies could be observed in the samples. In

consensus with the crystallisation theory [39], at higher temperatures larger crystals
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that are less in number formed, while lower temperatures allowed for numerous
crystals to form, displaying a limited crystal size (Fig. 9).

The sample quenched at 1250 °C contains few crystals with lengths varying from
several hundred micrometres up to a few millimetres. The corresponding SEM images
in Fig. 9a display a detailed view on their elongated, hopper shapes. These crystals
also show partial disintegration into single quadrangular fragments. Furthermore,
EDX mapping reveals an enrichment of Al and Ca in that phase, while Si is depleted
compared with the surrounding slag. Mg and Fe are absent in the phase (Fig. 9a).

At a slightly reduced temperature (1200 °C), quenched slags show a higher number of
crystals in a threadlike pattern. They are elongated as well, and their inner structure is
jagged. By taking occasional crystal shape deviations into account, the crystal
morphologies are comparable between 1250 °C and 1200 °C. Thus, the crystallised
phases at both temperatures are likely identical. Large grown, fragmented crystals
were also found at 1300 °C (24 h of holding time) and threadlike crystal arrangements
were observed as well at 1150 °C (1, 4, 7 and 24 h). Thus, this elongated phase is

dominant between 1150 °C and 1300 °C, showing also comparable morphologies.
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Figure 9: rystallisation documented by SEM and SEM-EDX mappin

S
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samples, quenched at 1250 °C, 1200 °C, 1100 °C and 1000 °C, with a holding time of 7

hours each.

However, from 1100 °C downwards, crystallisation shows alternate characteristics.
The microscopic image indicates that the complete slag is no longer vitreous (Fig. 9c).
Therefore, SEM images display the appearance of two different crystalline phases.
The first phase has an elongated shape with lengths of a maximum of approx. 20 pm.
The second phase formed with xenomorphic shapes in the gaps between the elongated
phase. The xenomorphic crystals seem not to disrupt the growth of the elongated
crystals, indicating that elongated phase growth was finished before the xenomorphic
phases nucleated. By taking chemical information from the EDX-mapping into
account, the elongated phase shows the same element distribution as the higher
temperate elongated phases. Therefore, it is likely that both phases are identical, in
spite of a reduction in crystal sizes.

The xenomorphic phase displays an intense Si signal but lacks of other elements. The
lowest temperature of 1000 °C led to the forming of a cloud-shaped crystallisation
zone that has a different inner structure (Fig. 9d) compared to that at 1100 °C. This

zone consists of H-shaped, rectangular crystals with lengths of 10-35 pm,
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perpendicular orientated dendrites (5-35 pm length), and some xenomorphic crystals
(<15 um diameter) that formed in the gaps between the other two phases. Regarding
the EDX-mappings, the H-shaped phase indicates the same chemical distribution as
the elongated phase described before. The xenomorphic phase shows strong
similarities in terms with the xenomorphic phase described at 1100 °C.

Additionally, the dendritic phase was firstly documented at 1000 °C. EDX-mapping
indicates a significant enrichment of Mg, as well as a depletion of Al and Ca. The
dendrite phase growth characteristics clearly indicate that they also evolved in the
gaps between the H-shaped crystals. In terms of the growth order, the dendrite-phase

grew after the H-shaped phase and seemingly before the xenomorphic phase.
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Figure 10: Representative SEM images of HKT slag samples at 1000, 1100 and 1250 °C
with holding times of 7 and 24 h. Anorthite, SiO2 and clinopyroxene phases are

determined by SEM-EDX measurements.

The before mentioned phases were identified using single SEM-EDX point
measurements, as displayed in Fig. 10. The first elongated Al- and Ca- enriched phase
displays anorthite composition. EDX measurements of crystal compositions are
consistent in all displayed samples. It follows that anorthite, in combination with the

XRD measurements, is clearly identified as the Al- and Ca- rich, elongated phase. Fig.



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437
438

439

440

441

442

443

444

445

446

447

448

449

10 reveals that the xenomorphic crystal phase consists of Si and O. Therefore, the
xenomorphic phase was determined to be SiO,, though SEM-EDX measurements also
indicate Al and Ca to be present in that phase. This divergence can be explained by the
tiny size of the analysed crystals and a distortion of the electron beam by the
surrounding slag (Fig. 10).

The third phase described is the Mg-rich dendrite phase, documented at 1000 °C. A
comparison of the slag with augite and clinoenstatite indicates that the overall fit is
satisfactory. As can be seen in Fig. 10, the dendritic phase in both samples (7 h and 24
h) shows minor deviations in its Mg content. By also taking diopside (CaMgSi.Os)
and pigeonite ((Mg,Fe,Ca);Si»0s) into account, clinopyroxenes face a miscibility of
Ca, Mg, Fe and Al. Another visible finding in Fig. 10 is the fact that in terms of the
crystal size, the clinopyroxene phase grew slightly in size as the holding time
increased. Furthermore, its crystal shape partially transformed from a dendritic shape
to a polygonal shape during that growth process, indicating that a crystallographic
preferred structure was about to form out of the dendrite shape. Compared with a

recent work [26], the crystallisation products display less symmetric shapes.

3.5 Crystal morphology and quantification - anorthite

As anorthite is the first crystallizing phase causing the observed viscosity increase, it
is most relevant for gasifier operation. The elongated crystal morphology of anorthite
described in this study is in very good agreement with anorthite morphology described
in the literature. Anorthite crystals with a comparable morphology as the one shown in
Fig. 11a,b,c were also observed in the ST-D-2 and SOM-1 slag, which is why all three
slag systems were used to quantify an overall anorthite morphology.

In a study by Sato [40], plagioclase crystals grew during a viscosity measurement of a
subliquidus magma. Since anorthite is part of the solid solution of plagioclase, the
morphology of plagioclase and anorthite can be treated as similar. The observed
crystals are elongated as well, as can be seen in Fig. 11d. In the recent study of
Seebold, real ST-D-2 slag was investigated on the viscosity and large anorthite

crystals were found in the slag (Fig. 11e) [3]. The comparison of both anorthite
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morphologies from synthetic HKT and real ST-D-2 slag (Fig. 11c,e) clearly display
that the elongated morphology is identical, even though the slags have different
compositions (and real ST-D-2 contains also alkalis). Further studies also revealed the
elongated shape of anorthite crystals (Fig. 11f,g) [41, 42]. Additionally, other studies
observed the crystallisation of elongated anorthite or plagioclase crystals [40, 43-46].
One century ago, Goldschmidt collected early findings on crystal morphologies [47]
and also defined an elongated anorthite shape (Fig. 11h).

These overarching coincidences prove firstly that the abundance of anorthite in slag
and natural systems gives high relevance to its quantification. Secondly, anorthite
morphology is not influenced by the composition of the investigated systems
(different slags and magmas) or the experimental procedure and can therefore be seen

as characteristic for the anorthite phase.

¢ g 3 ¥ 9 3
EHT=15.00kV.  WD=10.1mm 20pm —f

Figure 11: Selection of documented anorthite morphologies. a) microscopic
image of anorthite crystals on the wall of the previously investigated
viscosimetry crucible, b) crystallised anorthite from the quenching
experiment (1250 °C, 24 h), c) SEM image of orientated anorthite crystals
due to spindle rotation (same sample like a)), d) crystallised anorthite during
viscosity measurement of subliquidus [41], e) crystallised anorthite in real
HKT slag [39], f) crystallised plagioclase in H,O and H;0-CO;-saturated
magmas [41], g) crystallised anorthite in quenched coal ash slag [42], h)
anorthite morphologies as described by Goldschmidt (1922) [47], i)
generalised tetragonal prism morphology for the anorthite crystal
quantification.
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As a result of the uniformity of anorthite (or plagioclase) crystals, a generalised
anorthite morphology was created as a basis for the quantification (Fig. 11i). The
idealised crystal was defined as a tetragonal prism with a varying prism length. Since
the XRD investigations revealed that the elongated axis must be represented by the c-
axis, crystallographic spatial axis could be identified (Fig. 11i). As the a- and b-axis
are treated equally, the whole crystal morphology can be ascertained by the
generalised width.

The anorthite morphology data for the generalised tetragonal prism shape are
displayed in the following figures. By comparing anorthite tetragonal prism length
data, a clear tendency can be seen to form large crystals at higher temperatures and
smaller ones at intermediate and low temperatures (Fig. 12). Crystallisation theory
specifies crystal growth to be dominant at high temperatures and nucleation at low
temperatures, which accounts for the anorthite phase [48, 49]. In general, anorthite
crystals grew comparably large in the HKT and SOM-1 slag. Especially the sharp
decline in anorthite mean length until 1100 °C is similar. ST-D-2 slag in contrast,
generally displays lower anorthite lengths (Fig. 12). Below 1100 °C, anorthite mean
length in HKT slags displays fluctuations on a low double-digit um-scale, while
SOM-1 and ST-D-2 length constantly decline further. The corresponding quantile data
can be seen as channel margins in which anorthite crystals highly likely form in the
slags.

To uniform anorthite length data, it was decided to define average anorthite length
data. Therefore, the individual slag mean lengths and quantiles were condensed by
averaging between the three slag systems. Fig. 12 displays that the average anorthite
length can be divided into two major regimes: 1250 °C to 1100 °C and 1100 °C to
900 °C. At 1250 °C, anorthite mean length was determined to 1471 pm with a
bandwidth of 344-1888 um. The margin of the high temperature regime at 1100 °C is
marked by an averaged anorthite mean length of 8 um and quantiles of 20.3 um and

3.5 um, respectively.
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Figure 12: 90"/10™ quantile and mean anorthite crystal length (left) and averaged
90t"/10™ quantile and averaged mean anorthite crystal length (right) with respect to the

quenching temperature of ST-D-2, HKT, and SOM-1 slag.

Anorthite tetragonal prism is furthermore described by the width (a-, b-axis) of the
crystal. The deviation of the length and the width results in the crystal aspect ratio.
The aspect ratio data of the three analysed slag systems are displayed in Fig. 13. The
overall AR graphs follow a general trend: higher temperatures lead to more elongated
anorthite crystals. HKT slag produced anorthite crystals with the highest mean aspect
ratio of 29.6 (1200 °C). SOM-1 slag reaches a maximum of 19.2 (1200 °C) and
ST-D-2 of 16.2 (1250 °C). Similar to the mean anorthite length, ST-D-2 anorthite
crystals have the lowest aspect ratio, compared to the other slag systems. As can be
seen at low temperatures (1000 °C), the deviation between ST-D-2, HKT, and SOM-1
slag narrows and anorthite crystals face a similar elongation (Fig. 13). Accordingly,
the aspect ratio of anorthite crystals in all three slags have a better overlap, compared
with the crystal length data, shown before (Fig. 13).

According to the averaged anorthite length, anorthite aspect ratio was also averaged
based on the three slag systems. The averaged mean aspect ratio, as well as the 90"
and 10" quantiles can be seen in Fig. 13. The fundamental trend of larger AR at higher
temperatures is present for the averaged aspect ratio data, likewise. At the lowest
temperature of 900 °C, the averaged mean aspect ratio is approx. 2.5 (only HKT data).
Above 950 °C, aspect ratio data begin to rise almost perfectly constant until the

maximum investigated temperature of 1250 °C. The bandwidth of the maximum and
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minimum values is comparably narrow, indicating a higher homogeneity of anorthite
crystals aspect ratio, compared with the absolute lengths. Surprisingly, the fine-
grained, cloud-shaped crystallisation did not have an influence on anorthite aspect

ratio, in contrast to the crystal length (below and above 1100 °C, Fig. 13).
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Figure 13: 90"/10™" quantile and mean anorthite crystal aspect ratio (left) and averaged
90t"/10™ quantile and averaged mean anorthite crystal aspect ratio (right) with respect to

the quenching temperature of ST-D-2, HKT, and SOM-1 slag.

4 Conclusion

In this study, viscosity and crystallisation characteristic with special focus on the
anorthite (CaAl,;Si»Og) phase were investigated for three synthetic coal slags (ST-D-2,
HKT, SOM-1). For this purpose, high temperature viscosimetry and quenching
experiments were applied. In the end, anorthite was defined as the major crystallising
phase. A generalised anorthite morphology was defined and its morphology was
quantified. Anorthite morphology data can be used in a future viscosity model for
partly crystallised slags [26].

The viscosity measurements reveal that the measured viscosity of slags aligns well
with calculation results, using the model of Wu et al. [2, 15, 35, 50], as long as the
slags are completely molten and display Newtonian behaviour. An isothermal
viscosity measurement of HKT slag revealed an influence of crystallisation on the
viscosity course. Analysis of the sample revealed the presence of elongated crystals

with anorthite composition. Therefore, the crystallisation of anorthite has clear
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influence on the slag viscosity. This is why its crystallisation behaviour was further
investigated exemplarily for HKT by a series of quenching experiments.

In accordance with thermochemical calculations, quenched samples proofed a crystal
phase dominance of anorthite [44]. Clinopyroxene (AB(Si,Al)20¢) and SiO; (SiO,)
were also documented in the experiments, though the corresponding temperatures of
occurrence varied between the calculations and the experiments.

Quenched samples clearly indicated the presence of elongated crystals, similar to the
viscosimetry sample. XRD analysis identified the elongated crystal phase to be
anorthite. The primary growth axis could be identified as the crystallographic c-axis of
the anorthite crystals Additional SEM and SEM-EDX analysis of the quenching
samples uncovered variations of the anorthite shape. In tendency, lower temperatures
led to the formation of smaller anorthite crystals, thus its elongated nature remained
similar.

Since anorthite was identified as the dominant phase in all slag systems and since its
outlook showed a similar shape, a generalised anorthite morphology was defined. Due
to its elongated nature, anorthite crystals were defined as a tetragonal prism, with
variable dimensions. Based on the isothermal quenching experiments of all three slag
systems, anorthite crystals were quantified on their length and their aspect ratio.
Anorthite morphology quantification revealed higher crystal lengths above 1100 °C,
but comparable lengths at temperatures below. The trend to form larger crystals at
higher temperatures is in agreement with the general crystallisation theory [48, 49].
Furthermore, anorthite aspect ratio revealed a clear trend of forming crystals with
higher aspect ratio with an increase of the applied temperature.

In a previous work, the approach of using crystal morphology data for a viscosity
model for partly crystallised slags was introduced and morphology datasets for
melilite and olivine were presented [26]. Anorthite morphology data presented in this
study serve a valuable addition and can be applied in a future viscosity model for

partly crystallised slags [26].
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