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Abstract

The scope of this study is to investigate the crystallisation phenomenon of a synthetic
Si0,-Al,05-Ca0-Fe,05-MgO slag system. Firstly, the crystallised phases were
predicted by thermodynamic equilibrium calculations. Subsequently, quenching
experiments and confocal laser scanning microscope (CLSM) investigations were
performed to validate the crystallisation characteristics of the synthetic slag system.
Crystallisation kinetics was examined by isothermal quenching and continuous
cooling CLSM experiments. The generated samples were analysed by microscopy,
XRD, and SEM to determine the crystallised phases by their structure and chemical
composition. A detailed insight of the evolution of crystal morphology growth was
given. The shape of the two dominant phases: melilite and olivine were described and
three-dimensional morphologies were defined for both phases. Additionally, the
morphologies were quantified by length and aspect ratio measurements of individual
crystals. The morphological information of the olivine and melilite phase, provided in
this study, can be used as datasets for a viscosity model for partially crystallised slags.
A conceptual viscosity model to be implemented in the next paper of this series, using
specialised crystal morphology datasets, can serve a major contribution to forecast

slag behaviour and to support the stability of industrial gasifier operation.

Keywords: Entrained flow gasification; coal slag; crystallisation; crystal morphology;
viscosity modelling; quenching experiment
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1 Introduction

Gasification of fuels is a key technology in the modern energy supply market.
Gasification technology benefits from the global aim to reduce CO, emissions. Due to
the higher process efficiency compared to coal power plants and the use of biomass as
a fuel, gasifiers have a high flexibility and lower CO, emissions. Gasifiers enable short
start up and shut down phases, hence gasification can stabilise power grids during
renewable energy supply fluctuations [1, 2]. To further increase the efficiency of this
bridge building technology, research was done in several fields including i.e. facility
design [3, 4], convertible fuels [5, 6] and slag behaviour [7-13]. Especially the slag
properties are crucial parameters for the gasification process stability.

During the high gasification temperatures of up to 1600 °C [14] , inorganic
compounds of fuel are not converted and are in a liquid state. This so-called slag is
present on the refractory walls of the gasifier, constantly flowing downwards that
requires suitable flow behaviour. However, with increasing slag viscosity, slag is
accumulated on the refractory walls and further agglomeration can lead to a slag
tapping blockage. Removing this blockage requires a shutdown of the gasifier and
requires additional maintenance time. To ensure an efficient gasifier operation, a deep
understanding of the slag properties is required.

Slag viscosity is a commonly investigated property when it comes to describe the slag
fluid behaviour. Viscosity is very sensitive to the applied temperature [8]. As the
temperature declines, the viscosity of liquids increases. Additionally, slag viscosity
can be significantly increased by the phenomena of crystallisation [7, 11, 15]. An
increase in viscosity due to solid crystal particles is strongly influenced by the crystal
content and the crystal morphology [7, 16]. A brief overview of recent studies,
investigating coal slag crystallisation, is given in Tab. 1. The studies were firstly
compared, based on the chosen samples. Secondly, the crystallised phases, as
predicted by equilibrium calculations, were listed, followed by the experimentally
determined crystal phases. By condensing all solid solutions together as one main

phase, thermodynamic calculations indicated the presence of 13 phases. However,
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during the performed experiments, only six different crystal phases were observed in
the slag samples (Tab. 1). Furthermore, anorthite and melilite seem to be preferred
crystallising phases in the analysed slag systems. It can be concluded that firstly,
experimental studies that are more application-related, indicate a fewer number of
crystallised phases. Secondly, slag investigations can be performed by focusing on the
crystallised phases since there is only a limited number relevant for real gasifier
applications. Furthermore, slag systems can be categorised based on their individual
crystallisation products and overall conclusions on crystallisation can be made
independently of the individual chemical composition of the slag system.

Table 1: Overview of the investigated crystal bearing slag systems by different authors.

Crystal phases that are also covered in this study are underlined.

Calculated crystal Investigated crystal
(Al CerRtieile phases (FactSage) phases
YL (Yinli) mullite, anorthite,
Kong et al., 2014 [17] | GP (Gaoping) cordierite, quartz, anorthite
50/50 blending clinopyroxene
SChW‘ta“E‘l 25 il 200 slag 3 melilite (>1300°C) | melilite (>1300°C)
chinese hematite, anorthite
Shen et al., 2016 [18] bituminous andradite, gehlenite gehlenite (melilite)
coal (melilite), melilite

akermanite (melilite),

synthetic slag spinel, melilite,

Xuan et al., 2017 [19] 45 merwinite, Ca,SiO, Mg-Fe—gp_.mel,
merwinite
wollas?élr(l)izhltee’hlenite anorthite,
Yuan et al., 2012 [20] Shenfu o » selieniie wollastonite, iron
(melilite), melilite, Fe- o ’
- - silicon oxide
spinel, wustite
BF slag with akermanite, gehlenite
Ren et al., 2018 [21] fly ash mehhte, anorthlt.e, .!mellllte!,
clinopyroxene, spinel clinopyroxene,
F-2 anorthite

In this study, crystallisation processes, kinetics and the morphology of crystallised
phases of a synthetic oxidic gasifier slag were comprehensively investigated. The
analysed slag system consists of five oxidic components, i.e. SiO,, Al,Os, Ca0O, Fe,04
and MgO. Its composition derived from a Rhenish lignite coal ash named HKR that

was initially analysed in previous works [22-24].
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Initially, equilibrium calculations were performed using FactSage software package
and the GTox database for the determination of the liquidus and solidus temperature
and the crystallised phases. As a first experimental approach, crystallisation products
were investigated throughout a quenching experiment. In a supercooling regime,
samples were annealed isothermally and quenched. Subsequently, samples were
prepared and firstly analysed via optical microscopy to identify the crystallised
samples. Afterwards, crystallised slag samples were analysed via XRD and SEM.
Experimental results on the crystallisation characteristics were compared with
FactSage predictions.

Furthermore, crystallisation kinetics was investigated by a CLSM set up. Thereby,
incubation time, crystal growth, and crystal morphologies were documented. Based on
the beginning and completion of crystallisation, the crystallisation kinetics were
presented. Lastly, this study focused on the main crystallised phases, melilite and
olivine, to provide universal crystal data that are intended to be applicable for all
melilite and olivine bearing slag systems. The crystal growth morphologies of both
phases were quantified and compared with natural crystal morphologies to prove their
validation.

With consideration of the volume fraction and crystal morphology a modified
Einstein-Roscoe model is proposed as a first step, in which an effective volume
fraction needs to be derived based on specific crystal morphology of each kind of
crystals involved. The model will be implemented in the next paper of this series when

the viscosity data are available.

2 Experimental

2.1 Synthetic slag samples

The investigated synthetic slag system HKR is based on a Rhenish lignite coal,
analysed in previous work [22, 24, 25] (Table 2). HKR is determined to be a Fe-rich
coal, originated from the open pit mine Hambach (Germany). To ensure homogeneous

bulk and to prevent sample volatility, a generalisation of its composition was made.
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Accordingly, HKR slag composition is represented by a SiO,-Al,05-CaO-Fe,03;-MgO
system. The slag was mixed using high purity oxidic reagents (Alfa Aesar,
Massachusetts, U.S. and Merck, Darmstadt, Germany). The produced slag was in
powdery consistency and blended for 24 h to ensure fully homogeneity. The
aforementioned generalisation represents 95 wt-% of the real HKR coal ash
compounds. The excluded 5 wt-% were redistributed on the network formers SiO, and
Al O; (Tab. 2). Due to higher slag acidity and therefore lower crystallisation kinetics,
this decision was made to improve the crystallisation investigations during the
experiments.

Table 2: Comparison of normalised HKR ash composition after combustion at 450 °C

[22] with synthetic HKR slag used in this study. Both samples were analysed by ICP-OES

and subsequently normalised to the oxidic compounds.

Si0, Al,O4 CaO MgO Fe,04 other

real HKR [22] wt% 31.7 9.7 28.1 11.3 14.2 5.0
synthetic HKR wt% 34.8 12.0 27.4 11.4 14.4 -

2.2 Thermodynamic equilibrium calculations

The crystallisation behaviour was firstly investigated by the application of
thermochemical equilibrium calculations. For this purpose, Equilib module from
FactSage (version 7.2) software package (GTT Technologies, Herzogenrath,
Germany) was used [26]. Equilib module executes thermodynamic equilibrium
calculations to determine stable phases via Gibbs free energy minimisation. In this
study, Equilib module was combined with datasets from the GTox database that
includes basic thermodynamic data of oxidic compounds [27]. Equilibrium
calculations were executed in the temperature regime 1100-1350 °C. To adjust
reducing gasifier conditions, an oxygen partial pressure of log(p(0O,)) = -12 bar was
set. Equilib calculations were used as an initial reference prediction for the following
experiments. In the end, these thermodynamic results were used again to compare the

predicted crystal phase formation with the experimentally determined phases.
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2.3 Quenching experiment

The experimental procedures were commenced by a sample pre-treatment. To ensure
sample homogeneity, synthetic HKR slag powder was filled in Mo-crucibles and
annealed in a high temperature furnace (HTF 18/8, Carbolite Gero GmbH & Co. KG,
Neuhausen, Germany). During heat treatment, an Ar/4%H, gas atmosphere was
adjusted, to create reducing conditions. Furthermore, Ar/4%H, gas was also used to
prevent the used Mo-crucibles from oxidising and therefore to ensure crucible
stability. Subsequently, pre-treated samples were used for investigations on
crystallisation kinetics and crystallisation behaviour in a quenching experiment [24].

The experiment was performed in a high temperature furnace (ERO 7/50 S, Priifer
GmbH, Neuss, Germany), equipped with a vertical Al,O; tube. Underneath the Al,O4
tube, a water basin was placed to ensure a rapid sample quenching. The samples hung
in the vertical tube, by the usage of a customised sample holder. A circular Al,O;
foam cover closed the experimental set up from the top. In contrast to other studies
[28, 29], the unique sample holder allowed individual quenching of several samples
during the experiment. Therefore, the applied quenching technique enabled isothermal
investigations of a collection of samples under identical conditions. The quenching
procedure was performed under Ar/4%H,-atmosphere with an applied flow rate of
150 ml/min, to create reducing conditions. In the supercooling regime, several
isothermal profiles were conducted to analyse the slag crystallisation. The profiles
were set between 1350 °C and 1100 °C in steps of 50 °C with an initial cooling slope
of -7 K/min. Holding times were set as 0, 1, 4, 7 and 24 hours. As crystallisation was
determined to occur after very short incubation times, holding times were reduced to
0, 10, 30, 60 and 120 minutes for 1200 °C and 1100 °C to increase the time resolution
of samples at the stage of initial crystallisation. Subsequently after the experiment,
samples were prepared for further analysis. Sample crucibles were embedded into
epoxy resin, grinded and polished for SEM analysis. A selection of three

representative samples was chosen for XRD analysis to confirm SEM results.
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2.4 Confocal laser scanning microscope - CLSM

To increase the time resolution for short-termed incubation time, synthetic HKR slag
was additionally investigated with confocal laser scanning microscopy (CLSM).
CLSM enables in-situ view on the sample during heat treatment. The high temperature
furnace (Model SVF17SP, Lasertec, Yokohama, Japan) contains an oval chamber and
is coated with an gold layer [30, 31]. In the chamber, a halogen lamp acts as the heat
source emitting heat radiation that is focused at the upper part due to the oval shape of
the furnace chamber. Because of the halogen lamp, high heating and cooling rates of
up to 300 K/min can be applied, compared to conventional furnaces with SiC heating
elements. At the focus point, the sample holder and thermocouple are placed and the
maximum temperature of 1500 °C can be achieved [25]. The furnace is sealed with a
sapphire window containing flange to enable the sample observation. On top of the
furnace, the confocal laser scanning microscope (Model 1LM21H, Lasertec,
Yokohama, Japan), equipped with a He-Ne laser (wavelength 632.8 nm), was installed
[30]. Reducing conditions were applied using Ar gas and a Mg containing furnace, to
capture oxygen impurities from the Ar gas. Oxygen partial pressures of less than
log(p(0,)) = -12 bar could be achieved to prevent Mo crucibles from oxidising and to
create reducing gasifier like conditions. The oxygen partial pressure was monitored by
an oxygen sensor (rapidox 2100, Cambridge Sensotec, St. Ives, Great Britain). The
furnace and the microscope were computationally controlled using HiTOS software

[31]. Images were taken with magnifications of up to x200 and a frame rate of 1/s.

2.5 Sample analysis

Subsequently after the quenching experiment, Mo crucibles with the slag samples
were prepared for SEM-EDX and XRD analysis. To distinguish fully amorphous from
partial crystallised samples, initial analysis was conducted via optical microscopy.
Therefore, a KEYENCE VHX-S550E digital microscope (KEYENCE
DEUTSCHLAND GmbH, Neu-Isenburg, Germany) was used. XRD analysis using a
Panalytical EXMPYREAN (Malvern Panalytical, Almelo, Netherlands) device was

applied on grinded sample powder from the quenched samples. The XRD
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measurements were performed, using a Cu Ka anode (40 kV and 40 mA). The SEM
and SEMD-EDX analysis were performed by Zeiss Merlin II and Supra 50 VP (Carl
Zeiss Microscopy GmbH, Jena, Germany) devices. Also, a selection of CLSM
samples was investigated via SEM-EDX analysis. Crystallised phases were
characterised by SEM images, EDX point measurements and element mappings, as
seen in the chapters 3.3 and 3.4. The results from XRD and SEM-EDX analysis were
compared to identify the containing crystal phases. Crystal chemistry and morphology
of quenching and CLSM samples were compared to validate the comparability of both

experimental approaches.

3 Results and discussion

3.1 Modelling partially crystalline slags

The viscosity of partially crystalline slags is contributed from two parts: the viscosity
of remaining liquid slag (7,) and the relative viscosity (7,), due to the crystallised
phases. A flowsheet is proposed to determine the viscosity of partially crystalline
slags, as shown in Fig. 16. The first part is sufficiently calculated, using a structure-
based viscosity model [9, 10, 32, 33]. It was recently developed for molten fuel slags
and is described by the function of temperature and the slag composition. In contrast,
the second part is much more complex, which is not only related to the volume
fraction of crystallised phases, but also to the crystal morphology, the crystal size and
the crystal size distribution. Furthermore, the shear rate is also taken into account, if
the volume fraction of crystallised phases reaches a critical value that causes the
transition from Newtonian to Non-Newtonian fluid behaviour. Therefore, the simple
correlation, of the relative viscosity only with the volume fraction of crystallised
phases, fails. However, it remains an ongoing challenge to consider all aforementioned
parameters influencing the relative viscosity. There are numerous existing viscosity
models for suspension systems, such as the Einstein-Roscoe model [34] and the
Krieger-Dougherty model [35]. In this study, a modified Einstein-Roscoe model is

proposed as a first step with consideration of the volume fraction and crystal
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morphology. The volume fraction in the original Einstein-Roscoe model is replaced by
an effective volume fraction (see Eq. 1). The contribution of each kind of crystals to
the relative viscosity varies, due to different crystal morphologies. Because of that, the
quantitative description of the crystal morphology, especially for major crystallised
phases, is performed in the previous chapters. The volume fraction of each crystallised
phase is calculated from the corresponding mass fraction, predicted by FactSage using
GTox database considering their individual crystal morphology. This calculation
requires density models for both crystals and remaining liquid slag. Sometimes, the
volume fraction is directly estimated by the mass fraction, if the required density
models lack. It is noted that the influence of crystallisation kinetics on the volume
fraction of crystallised phases is ignored in this flowsheet, which needs to be further

considered in the future.

Thermodynamic database

¥

Mass fraction of crystals

Density "' Density
data of ‘ Volume fraction of crystals ﬁ model of
crystals ,., melts

Determination of relative viscosity
from each kind of crystals

The modified Einstein-
Roscoe model

.

MNs =M1 ' Nr

Fig. 1: The flowsheet to modelling the viscosity of partial crystalline slags

n=(1-2a V) (1)
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where V; is the volume fraction of crystallised phase i; @; is the weighting factor to

determining the contribution of the crystallised phase i to the relative viscosity. The

factor «; is strongly dependent on the aspect ratio and increases generally with

increasing aspect ratio.

3.2 Phase predictions via thermochemical calculations

Firstly, to investigate the crystallization processes, thermochemical calculations have
been executed to predict the crystallised phases. The FactSage Equilib predictions for
the crystallisation of synthetic HKR system are displayed in Fig. 1. Below the liquidus
temperature, melilite is the first phase to precipitate. Furthermore, Equilib predicts that
melilite miscibility is dominated by &kermanite at temperatures above 1250 °C and
dominated by gehlenite at temperatures below 1200 °C. Its overall content fluctuates
between 18 and 30 weight percent. The second phase to precipitate is supposed to be
olivine, starting at 1290 °C. The olivine content is increasing as the temperature
declines, reaching a maximum content of approx. 60 wt-% when the slag crystallised
completely at 1130 °C. Olivine mainly consists of kirschsteinit (CaFeSiO,) and
monticellite (CaMgSiO,4). The spinel phase is dominated by hercynite and spinel.
Spinel phase was present between 1260 and 1150 °C and has the least content of all
phases in the slag system. At temperatures below 1150 °C anorthite is also supposed
to form, reaching a maximum content of 18 weight percent in the HKR slag system.
The solidus is reached at 1130 °C. The presence of melilite and spinel in the
investigated slag system aligns well with the crystallisation products of

aforementioned studies (Table 1, [15, 19, 20, 36]).
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Fig. 2: FactSage Equilib prediction for synthetic HKR slag system at an oxygen partial
pressure of p(O,)= 1012 bar.

3.3 Crystallisation kinetics

Crystallisation kinetics of synthetic HKR slag were determined, based on the results of
the quenching and the CLSM experiments. During the experiment, slag samples were
supercooled to distinct temperature levels and hold isothermally to document the
evolution of crystallisation. As can be seen in Fig. 3, the slag showed no
crystallisation at the highest temperatures of about 1300-1350 °C, though a
crystallisation should occur at 1330 °C as seen in the equilibrium calculations (Fig. 1).
As the temperature is reduced to at least 1250 °C an expansive crystallisation zone
was documented. Crystallisation kinetics were high enough to initiate crystallisation
below 1300 °C throughout the cooling slope of -7 K/min. Accordingly, all samples
below 1300 °C are expected to be influenced by crystallisation occurring already at
higher temperatures. Due to the fact that the crystallisation zone could not be bypassed
by a sufficient cooling slope, the zone of glassy solidification below the crystallisation

zone could not be accurately determined by this experimental approach.
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Fig. 3: Time temperature transformation (TTT) diagram of the synthetic HKR slag,

based on the quenched samples. The borderlines of the crystallization zone could not be

fully determined by the quenched samples as suggested by the dotted line.

CLSM experiments were conducted to document the crystallisation kinetics in more
detail and to determine, if a glassy solidification of HKR slag can be achieved.
Therefore, measurements with high cooling rates were applied: -7, -15, -30, -60, -100,
-150, and -200 K/min. Crystallisation phenomena were observed for each cooling
condition as displayed in Fig. 3. The initial crystallisation temperatures were
determined at 1270 °C for low cooling rates (-7, -15, and -30 K/min). For the high
cooling rates (-100, -150, and -200 K/min), initial crystallisation temperatures are
settled at approx. 1150 °C. In contrast, the temperatures at which no further
crystallisation progress was observed i.e. completed, are constantly declining from
1150 °C (-7 K/min) to 975 °C (-200 K/min). In between, the average initial
crystallisation temperatures and the average temperatures of crystallisation completion
was a crystallisation zone defined (Fig. 3). CLSM results further indicated that HKR
slag could not be sufficiently supercooled to bypass the crystallisation zone with
applicable cooling rates. However, water quenched samples from higher temperatures
(e.g. 1300 °C), showed a completely glassy solidification (Fig. 2). Thus, it was
concluded that the investigated slag system tended to crystalise even at high cooling
rates but solidifies amorphous in the case of an instant quench above 1300 °C. For the

case of a gasifier application, the crystallisation tendency of HKR slag in the
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downwards flowing slag layer on the refractory walls needs to be considered to

prevent an uncontrolled blockage of the slag flow.
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Fig. 4: Synthetic HKR crystallisation zone, defined by the average initial crystallisation
temperatures and the average temperatures of crystallisation completion, as determined
via CLSM cooling rate experiments. The dotted lines represent the maximum and

minimum temperatures for the respective slag crystallisation behaviour. Each slope

measurement was repeated three times.

3.4 Crystallised phases of synthetic HKR slag

Crystallisation of HKR slag system was also investigated by samples of the quenching
and the CLSM experiments. A total amount of 30 samples were quenched after certain
holding times in the supercooling regime. Fig. 4 displays a microscopic view of two
representative samples, which experienced the same holding time of one hour at
temperatures of 1250 °C and 1150 °C. HKR slag showed a brownish to blackish
colour in the Mo crucibles (left column, Fig. 4) and is interspersed with several cracks
originated from the quenching procedure. Furthermore, both images indicate
rectangular, prismatic macro-crystals with a millimetre scale size that formed in the
slag. This three-dimensional view was enabled due to the utilisation of transparent

epoxy resin and ring-light observations with the digital microscope. However, the
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images made by coaxial-light mode reveal divergent symmetries.
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Fig. 5: Microscopic view of two representative samples quenched at 1250 °C and 1150 °C
after a holding time of 1 h each. Images in the left column are made by ring-light mode
and images in the right column are taken by coaxial-light mode of the used digital

microscope.

At 1250 °C, a selection of macro crystals is present, which are partially in a dendritic
or skeletal shape. Additionally, at least one more crystalline phase can be identified,
especially in Fig. 4 b (1150 °C). Coaxial-light mode revealed the presence of a smaller
granular fraction with spatial distribution that sometimes showed an aligned
arrangement. In contrast, at 1250 °C (Fig. 4 a) only very few granular particles could
be identified close to the crucible walls. To enhance the understanding of the crystal
growth evolution, two samples, investigated by CLSM are displayed in Fig. 5. In-situ
imaging indicated the growth of quadrangular crystals, floating on the liquid slag
(Fig 5 a). The microscopic image indicates that several quadrangular crystals with

sizes up to a millimetre scale were present in the slag after 30 minutes of holding time.
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However, as the in-situ CLSM image shows, holding times of 750 s enabled such
crystals to grow, already. Fig. 5 b documents that also at approx. 1150 °C (applied
cooling rate: -200 K/min) quadrangular crystals formed in the slag. By taking the post-
experimental digital microscope image into account, the quadrangular, prismatic
crystals can be described further as four-sided pyramids. The overall crystal
dimensions and morphologies are of a comparable matter with the morphologies

revealed under ring-light mode of quenched samples (Fig. 3, 4).

1M50°C St e 2 gt il o a
750 s

{1150°C

1150 °C > e : b
-200 K/min

Fig. 6: CLSM in-situ view (left column) and microscopic view (right column) of two
representative CLSM samples. Microscopic images were taken with ring-light mode after
the experiment. a was supercooled to 1150 °C and hold for 30 minutes, ultimately. b was

constantly supercooled with a slope of -200 K/min.

3.4.1 Phase Determination by Crystal Structure

The crystalline content of quenched samples was analysed by XRD regarding to their
crystal structure. A selection of three samples was chosen and is displayed in Fig. 6,

representing 1250, 1150 and 1100 °C. The holding times of the samples are in a range
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of 0 minutes (instant quench) up to 60 minutes. As the comparison of the analysed
spectra indicates, all samples are in a very well agreement with each other. Major
peaks are present in all samples, also displaying similar peak intensities. However, the
sample quenched at 1250 °C contains a slightly higher background signal between 25
and 35 20, which represents the amorphous slag that was still present in the sample.
Compared with the instant quenched sample at 1100 °C, the noticeable presence of
amorphous slag at 1250 °C (60 min holding time) is an indicator for an overall lower
crystallisation content and therefore slower crystallisation kinetics (Fig. 6). Melilite
was undoubtedly identified as the main phase in all spectra. Peak positions and also
peak intensities are in coincidence with ICSD dataset 187934 for melilite phase (Ca,
(Mgo.a05 Feonn Alyses) (Fegaags Algais) Siiszs O;). As a second phase, forsterite was
identified in the XRD spectra. Though, the overall accordance with ICSD dataset is
less plainly, compared with melilite. Quantitative analysis of the XRD spectra
indicated degrees of crystallinity for melilite and forsterite of 98:2 (1250 °C), 95:5
(1150 °C) and 83:17 (1100 °C), respectively. Ultimately, it can be concluded that
forsterite is preferably crystallising at lower temperatures compared with the melilite

phase. The overall crystallinity was determined in the range of 70- 80 wt-%.

1250 °C Melilite Forsterite  Molybdenum
60 min
‘W
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0 min !
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20 (deg)
Fig. 7: XRD spectra of three representative samples quenched at 1250, 1150 and 1100
after holding times of 0, 30 and 60 minutes. The correlated datasets are: melilite (blue),

forsterite (green) and molybdenum (black). Datasets derive from ICSD database.
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3.4.2 Phase determination by chemical composition

The samples treated in the quenching as well as in the CLSM experiments were
further analysed by SEM and SEM-EDX analysis. SEM analysis provide a highly
detailed view on the structure of the crystallised phases and EDX measurements reveal
their chemical composition. A representative sample, quenched at 1250 °C after 4 h of
holding time, was chosen to display the crystallised phases: melilite, olivine and spinel
(Fig. 7). Those three phases crystallised in distinctly different shapes and sizes. While
melilite grew in the form of dendritic to skeletal macro-crystals, olivine crystallised in
hyp-, idiomorphic, angular crystals with intermediate lengths of maximum 300 pm.
Lastly, a spinel phase with limited crystal sizes and idiomorphic appearance was
found as well (Fig. 7 c). Regarding to EDX point measurements of the crystallised
phases, melilite composition is in a very good agreement with a melilite solid solution
of 75% &kermanite and 25% gehlenite (Fig. 7c,d). Referring to all analysed slag
samples, the melilite phase is always dominated by &kermanite with contents between
50% and 85% compared to the corresponding endmember gehlenite. As already

described by XRD results (Fig. 6), the amount of olivine -crystals is
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Fig. 8: Representative crystallised phases in a HKR sample, quenched at 1250 °C after 4
hours of holding time. a the microscopic view of the quenched sample. b, c SEM BSE
images of the same area as seen in a, including locations of EDX point measurements. d
data of the EDX point measurements seen in ¢, in the unit of atom%o.

significantly lower compared to the melilite phase, which is also indicated by the SEM
results (Fig. 7b). EDX point measurements reveal that the olivine phase consists
almost completely of forsterite, the Mg-rich endmember of olivine. SEM analysis of
further samples proved that also fayalite (Fe-rich) and monticellite (Ca-rich)
contribute to the olivine phase, nonetheless forsterite remains as the dominant
endmember. In contrast to the XRD data, very low portions of MgAl,O4-spinel (Fig.
7d) were present in several slag samples. The spinel phase also incorporated amounts
of iron, resulting in a solid solution of spinel and hercynite. The apparent mismatch
between XRD and SEM results concerning the presence of spinel can be explained,
regarding to minor amounts of spinel crystals that did not generate enough reflection
signals.

The determined crystallised phases were also found in the CLSM samples. An SEM-
EDX elemental mapping is shown in Fig. 8 that contained the aforementioned phases
as well. CLSM data also indicated that melilite is the major phase in synthetic HKR

slag. As melilite has a comparably high content of Ca and shows non-incorporation of
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Fe, it can be clearly identified in the mapping (Fig. 8). The already displayed crystal
shape of olivine (Fig. 7) can be added by an elongated macro crystal shape (Fig. 8).
Regarding to Fig. 8, it needs to be noted that the olivine macro crystal growth was
enabled because of the free space in the intercrystalline gap between the melilite
crystals. Due to the high content of Mg and the lack of Ca and Al, the olivine phase

can be clearly distinguished from the remaining sample (Fig. 8). Ultimately, the

BSE, EHT = 15 kV

| e —— |
250pm

Fig. 9: SEM-EDX elemental mapping of a HKR sample investigated by the CLSM
experimental set up. The sample was constantly supercooled with a slope of -6 K/min.

SEM-EDX mappings further revealed that the spinel phase faces a strong association
with the olivine phase. Spinel even crystallised in the hollow olivine macro crystal
(Fig. 8, Al mapping). The association of crystal phases is not of a random nature, thus
it is based on the fluctuations of the slag chemical composition, that is induced by the
initial crystallisation. The melilite phase is expected to grow first, based on its
dominant portion in the slag and the fact that melilite crystal growth shows principally
no sign of growth restriction by other crystal phases. The SEM-EDX data (Figs. 7 and
8) give evidence that melilite formation leads to an enrichment of Fe and a depletion
of Ca in the remaining liquid slag, which in turn favors the growth of Mg-, Fe- olivine.
Subsequently, olivine formation leads to a signficant enrichment of Al in the slag, as it
can not be incorporated by the olivine structure. Eventually, the Al-rich spinel phase

grows in a very close arrangement with the olivine crystals.
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3.4.3 Comparison of experimental data with equilibrium calculations

To conclude the main results of HKR slag crystallisation behaviour, a comparison of
the experimental results with the thermochemical equilibrium calculations is
meaningful. In general, it can be summarised that the predicted liquidus temperature
of 1330 °C (Fig. 1) could not be confirmed by the quenching or the CLSM
experiments (Figs. 2 and 3). Nonetheless, it is arguable that a small degree of
supercooling could lead to a metastabile slag state, especially due to the fact that the
slag was observed in an overall hour-timeframe that may not allow an equilibrium to
form. The predicted crystallised phases however, are in good agreement with the
determined phases in the samples (Figs. 1, 6, 7, 8). Melilite and olivine were found in
large and noticeable amounts, respectively and traces of spinel were also present.
Melilite is the initial crystallising phase, proven by the calculations and the
experiment. Thus, the overall distribution is shifted to the favors of melilite (Figs. 7
and 8), while FactSage calculations assumed a dominance of olivine instead. The
predicted anorthite phase could not be identified in the samples. Although, all
analysed samples contained left-overs of liquid slag, which could have served as a
source for further potential crystallisation. Thus, the possibility of anorthite formation
after the investigated time horizons can neither be confirmed nor disproved beyond

doubt.
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3.5 Quantification of dominant crystallised phases - Olivine

Melilite and olivine represent the main crystallising phases in the synthetic HKR slag
system. A detailed crystal shape quantification is necessary to generate morphology
data that can be used in a viscosity model for partially crystallised slags. As already
implied in Fig. 7 and 8, olivine crystallised as micro and as macro crystals. Though
both morphologies seem to be incompatible with each other, an overall crystallisation

mechanism could be identified in the investigated samples.

0 Mg, 5Cay .Fe, 3Si0,
—
—_— #2
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Atomic Percent

EHT=1500kV  Signal A=AsB4Chl  WD= 7.1mm

Fig. 10: Representative samples of olivine crystallization of the synthetic HKR slag
system. a SEM BSE image of a samples immediately quenched at 1150 °C. Three olivine
macro crystals were investigated via EDX measurements and compared with an olivine
(Mg-Ca-Fe) solid solution, b SEM BSE image of a sample quenched at 1150 °C after 30
min of holding time, ¢ SEM image of the sample surface, investigated via CLSM and an

applied cooling rate of -100 K/min.

As Fig. 9a indicates, the olivine macro crystals were also characterised by SEM
analysis. The olivine macro crystals incorporated Ca and Fe, representing a solid
solution from forsterite (Mg,Si0,), fayalite (Fe,SiO,4) and monticellite (Ca,MgSiOy,).
That solid solution composition represents the average olivine composition of all
micro and macro crystals quite well. A detailed spatial view on the olivine crystals is

displayed in Fig. 9c. Olivine crystals appeared in parallel aligned elongated macro
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crystals that consisted of single rhomboid crystals. As shown in Fig. 7b, olivine crystal
shapes show a high accordance with an ideal type rhomboid shape. Some crystals
appeared to be hollow. Hence it can be concluded that the individual growth was not
fully completed as the sample was quenched. Due to the hollow appearance of olivine
crystals, it can be assumed that olivine crystallisation did not reach an equilibrium

state with slag system.

N e 8

FZJEK /2018 EHT=15.00kV SignalA=CZBSD WD = 7.8mm

Fig. 11: Comparison of investigated olivine crystals (a,b) with typical olivine
morphologies (c-g). CLSM samples crystallised at an applied cooling slope of -6 K/min (a)
and at isothermal treatment of 1100 °C (b). Cross section of an alterated hypidiomorphic
olivine crystal in an alkaliolivinebasalt, modified after Pichler & Schmitt-Riegraf (1982).
d forsterite crystal derived from crystal growth experiment and calculated growth form
of an olivine type mineral (Hart, 1971). f early description of olivine crystal morphologies
by Goldschmidt (1918). g generalized elongated, equiaxed bipyramidal morphology,

generalized for the olivine crystal quantification.

CLSM samples displayed in Fig. 10 a,b give additional evidence of olivine rhomboid
crystal shape based on samples cross section analysis. The presence of rhomboid
olivine crystals in various samples, investigated in both of the experiments, suggests
that the experimental results are absolutely comparable and that olivine shape

formation underlies an overall characteristic. Rhomboid olivine crystals are also found
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in magmatic rocks, as shown in Fig. 10 ¢ [37]. Compared with the analysed synthetic
slag system, it can be stated that olivine crystallisation shape is characteristic and
independent of the analysed supercooled liquid system. Based on that conclusion,
fundamental findings in the field of mineralogy and crystallography can be used to
define a valid spatial morphology of olivine crystals. The typical olivine morphology
(Fig. 10 d, e, f) was already described several decades, respectively a century ago [26,
38] and coincides with the results described in this study very well. Accordingly, a
single olivine crystal is described as a rhomboid-bipyramid (Fig. 10 f), which is
elongated in the direction of the c-axis. To define a three-dimensional morphology,
based on the two-dimensional information from the cross sections of samples,
generalisations on the crystal morphology were made. Firstly, olivine crystal surface
arrangement was defined as an equiaxed rhombic-bipyramid with a variable
elongation in the c-axis direction (Fig. 10 g). Secondly, the main morphology was
described by the length and the aspect ratio of the bipyramid, determined by length

and width measurements of single olivine crystals. Since the bipyramid is defined as
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equiaxed, the crystal width is identical with the crystal depth (Fig. 10 g).
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Fig. 12: Olivine crystal morphology quantification based on samples from the quenching
and the CLSM experiments. Maximum, minimum, and average crystal length as well as

crystal aspect ratio in dependency of the temperature. The x-axis is in logarithmic scale.

Olivine morphology data were quantified (Fig. 11) by the analysis of 119 single
crystals in a variety of samples. Samples from both, the quenching and the CLSM
experiments were used therefor. As the investigated target temperature is raised, the
average olivine crystal length is increasing from 21.8 um (1100 °C) to 70.2 pm
(1200 °C), as well. Concurrently, the range between the maximum and minimum
crystal length also increased at higher temperatures. However, olivine crystals with a
triple digit micrometre length were seldom, indicated by an overall moderate increase
in the average crystal length. The fundamental characteristic of growing larger crystals
at higher temperatures is in agreement with the general crystallisation theory [39, 40].
A smaller degree of supercooling (i.e. higher temperatures) led to the growth of few,
but larger crystals, as the growth was the dominating driving force. These mechanisms
did not impact the overall olivine crystal shape, due to its constant aspect ratio (Fig.
11). Regarding to the fact that data from the two experiments with completely

different set ups, including various holding times and sample amounts, were



487

488

489

490

491

492

493

494

495

496

497

498

incorporated in the quantification, it is notable that the crystal aspect ratio subjected
only minor fluctuations between 2.13 and 2.25 (1150 °C, 1100 °C). As a consequence,
it can be concluded that the experimental approaches served trustworthy and
comparable results. Furthermore, it was proved that the generalised rhomboid
bipyramid is an absolutely applicable morphology to describe the olivine phase that
can be implemented in a viscosity model for partially liquid slags. However, it must be
noted that the elongated macro crystal shape of olivine is not represented by the single
crystal morphology described above. Its macro dimensions are strongly impacted by

the available space in the intercrystalline gaps of the slags crystallised texture.
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3.6 Quantification of dominant crystallised phases - Melilite

Melilite is the dominant phase in the synthetic HKR slag system. Therefore, the
quantification of its crystal morphology is essential to understand the impact of
crystallisation on the viscosity of the HKR system. The melilite phase was identified
to form comparable large dendritic, skeletal crystals (Fig. 7). Those -crystal
morphologies were also displayed in cross sections (Fig. 4), indicating recurring
melilite morphology. However, CLSM images of the samples surface (Fig. 5)
indicated large crystals with a pyramidal and an hour-glass shape but no dendritic or
skeletal crystals. Nonetheless of this apparent discrepancy in the crystal structure,
SEM-EDX measurements indicated a uniform melilite solid solution, with dominance
of dkermanite in all of the aforementioned morphologies.

Hence, a selection of samples treated in the quenching and the CLSM experiments

were chosen to validate the systematic of the melilite morphology (Figs. 12 and 13).
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Fig. 13: Selection of melilite crystal shapes and morphologies. a SEM BSE image of a
CLSM sample supercooled to 1100 °C and hold for 7 minutes. b SEM BSE image of a
slag system, quenched under air at 1322 °C, modified after Schwitalla et al., 2017. ¢
sample quenched instantly from 1150 °C in the quenching experiment. d microscope
image of sample surface, e surface cross section, and f SEM BSE image of the vertical
cross section of a sample supercooled with -200 K/min in the CLSM experiment. g SEM

image of the sample surface, supercooled with -60 K/min in the CLSM experiment.
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Melilite crystals displayed in Fig. 12 a, indicated Y- to skeletal crystal shapes. A
similar shape was observed in a coal slag after viscosity measurements by Schwitalla
etal., 2017 [15] (Fig. 12 b) for a melilite solid solution, also dominated by akermanite.
Due to the similar shapes, it can be suspected that there is an overall mechanism
responsible for the melilite crystal shape formation. To complete the observed
variations of melilite shapes, a quadrangular spiral shell structure was also observed
(Fig. 12 ¢). To comprehend the connection of all described shapes, a representative
CLSM sample was intensively analysed (Fig. 12 d-f). Microscopic analysis of the
samples surface revealed elongated square pyramidal shaped melilite crystals, as

indicated by the red arrows (Fig. 12 d). After sample preparation, those crystals appear

in an hour-glass shape in the cross section of the sample (Fig. 12 ¢). Thus, a prepared

EHT=1000KV  Signal &= SE2 WD = 11.8mm

FZJIEK2/2019 EHT=1000W SglA=SE2 WD=123mm | “0HT FZJIEK2/2019 EHT=1000KV SignaA=SEZ WD=123mm  OMT ET=A000K/ SgpelA=ABACH WDieA20mm: T

Fig. 14: SEM and SEM BSE images of the sample surface a and cross section b of an
HKR sample, investigated in the CLSM experiment. ¢ idiomorphic dkermanite crystal
with a sketch of its inner peg-structure, modified after Pichler & Schmitt-Riegraf (1982).
d, e SEM image of slag topography, sample supercooled with -150 K/min in the CLSM set
up. f SEM image of supercooled slag (-200 K/min), investigated in the CLSM set up.

perpendicular cross section of the same sample showed the Y- shaped skeletal crystals
again (Fig. 12 f, black arrows), while they were arranged with hollow melilite square

crystals (red arrows). Based on these observations, it can be confirmed that pyramidal
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melilite crystals and skeletal ones coexist next to each other. Furthermore, the inner
structure of melilite pyramids is not completely filled, as the hour-glass shape of
melilite pyramids in the cross section indicate.

The aforementioned observations can be enhanced by the analysis of the chosen slag
samples, displayed in Fig. 13. An mm-scale, elongated melilite pyramid, which grew

in the CLSM experiment at 1100 °C, was investigated (Fig. 13 a, b). Its outer

B
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FZJIEK-2 EHT=10.00kV SignalA=8E2 WD=10.6 mm

a/b

Fig. 15: a selection of melilite morphologies as already described by Goldschmidt (1920).
b SEM image of sample morphology, sample treated in the CLSM experiment at 1200 °C
for 60 minutes. ¢ generalized rectangular bipyramid. The dimensions of the ground
surface are described by the aspect ratio and its elevation in c-axis by a 35° angle of the
face diagonal above the ground surface.

morphology is a distinctive pyramidal structure, with mainly smooth crystal surfaces
that show signs of horizontal growth lamella. The analysed cross section of the
pyramid revealed instead that it is partly hollow on the inside (Fig. 13 b, black arrow).
Furthermore, the inner structure has a skeletal appearance, built up of an oblique main
axis and smaller teeth-like outgrowths. Those structures align well with previous
skeletal melilite structures (Figs. 4 a, 7 a, b, and 12 a, b, f). The frequent occurrence of
the inner skeletal structures can be further legitimized by the é&kermanite crystal,

displayed in Fig. 13 c. The shown dkermanite crystal has a rectangular elongated
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shape and is hollow on the inside accompanied by teeth-like outgrowths (Fig. 13 c¢).
The combination of its hollow nature with the internal outgrowths is described as the
“peg-structure” [37] and represents a special property of the melilite phase. Finally, it
can be summarised that the presence of skeletal melilite crystals in the cross sections
coincides with the rectangular pyramid structure as they are describing the same
crystal from different point of views (Figs. 4, 5, 7, and 12). Additionally, there is
further evidence for the hollow characteristic of melilite pyramid crystals. As already
visible in Fig. 12 f (red arrows) the cross section included some rectangular melilite
crystals, with a portion of remaining slag in its centre. Similar structure of melilite
pyramids is given in Fig. 13 d, e, and f. Supercooled HKR slag with an applied
supercooling rate of -150 K/min led to the formation of large melilite pyramids, whose
upper external morphology was not completed due to limited crystal growth
(Fig. 13 d, e). The inner space of the pyramid showed additional crystallisation of
small rectangular melilite crystals and olivine macro crystals, which crystallised out of
the remaining inner liquid slag. Furthermore, another CLSM sample also displayed
such crystallisation in the inner space of melilite pyramids (Fig. 13 f, red arrows). It
can be summarised, that the inner structure of melilite crystals has a complex growth
systematic, while its outer morphology displayed highly symmetric pyramids.

Since the characteristics of melilite pyramidal growth was intensively discussed, an
individual morphology was determined for its quantification. Fig. 14 a displayed a
selection of pyramidal melilite crystal morphologies [38], considering the restrictions
of melilite tetragonal crystallographic system. As the tetragonal crystallographic
system has a high degree of symmetries, the pyramidal habits are formed as
bipyramids. Due to the performed CLSM experiments melilite pyramids could only be
investigated from the top view (Fig. 14 b). It could not be validated, if the pyramidal
morphology turned out to be a bipyramidal one, since the bottom of the crystals was
submerged in the slag. However, as the symmetric restrictions of the tetragonal
crystallographic system could not be ignored, a bipyramidal melilite morphology is

the only reasonable generalisation, as seen in Fig. 14 b.
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Fig. 16: Melilite crystal morphology quantification based on samples from the quenching
and the CLSM experiments. 90, 10t quantile, and average crystal length as well as

melilite aspect ratio in dependency of the temperature.

Since the melilite crystal morphology was described, its dimensions were quantified.
A selection of 10 samples was chosen for the quantification, including two samples
from the quenching and eight samples from the CLSM experiments. Melilite pyramids
were measured based on digital microscopy and SEM images. In total, 83 melilite
pyramids were quantified on their length and on their aspect ratio, respectively. The
melilite quantification results are shown in Fig. 15. The average pyramid length is
increasing, as the degree of supercooling is reduced, a finding that was already
concluded for olivine (Fig. 11) and that is in agreement with the fundamentals of the
crystallisation theory [39]. To describe the span width of melilite length growth, the
10t and 90" quantile was chosen, since some individual large pyramids, e.g. the one
seen in Fig. 13 a and b, strongly impacted the maximum and minimum length value.
In contrast to the crystal length, the aspect ratio of melilite pyramids did not display a
specific trend. The highest average aspect ratio (2.4) of melilite pyramids was detected
at 1150 °C, all remaining temperature regimes led melilite crystals to grow in aspect

ratios between 1.37 (1200 °C) and 1.68 (1100 °C). A noteworthy finding is the fact



588

589

590

591

592

593

594

595
596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

that the lowest determined aspect ratios were settled at around the value of 1, which
means that the melilite bipyramidal crystals had a square ground surface. In fact,
approx. 40 % of the quantified pyramids were in a square ground shape. Since no
systematic of elongated and square pyramids was found, the generalised elongated

bipyramidal structure was set to be ideal.

4 Conclusion

This study provided a new approach to ascertain crystallisation in partial liquid
gasifier slags. The generated data on the crystallised phases can be used as datasets
that can be implemented in a viscosity model for partially crystallised slags. The
crystallisation characteristics of the analysed, synthetic slag system were investigated
by thermochemical equilibrium calculations, quenching and CLSM experiments, and
subsequent analysis by XRD and SEM. Lastly, the advantages of the utilization of
crystal morphology data in a conceptual model were declared.

Thermochemical equilibrium calculations were performed using FactSage software
and GTox database. As a result, four phases were predicted to crystallise out the
supercooled slag system: melilite (Ca,(ALMg)(Si,Al),05), olivine ((Mg,Ca,Fe),Si0,),
spinel (AB,0,) and anorthite (CaAl,Si,0g). Melilite, olivine and spinel were found in
the slag as crystallised phases, but anorthite was not present. Melilite and olivine were
detected by XRD analysis, in strong favour of melilite. Based on the CLSM and
quenching experiments, crystallisation kinetics indicated comparably short incubation
times and rapid crystallisation. The initial crystallisation temperature reduces, as the
cooling rate is increased. The temperature of crystallisation completion reduces
continuously with the increasing cooling rates.

The slag contained y-shaped, skeletal to pyramidal melilite macro crystals, followed
by rhomboid shaped smaller olivine crystals that tended to form elongated macro
crystals. The variety of melilite crystallisation forms could be explained by a hollow,

skeletal inner structure of the externally pyramids. Melilite crystals were generalised
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as rectangular bipyramids and their length and aspect ratio were quantified. The aspect
ratio underlies fluctuations around values of 1.4 and 2.4 while the bipyramidal length
is increasing with a lower degree of supercooling. The olivine phase was generalised
as an elongated, equiaxed bipyramid. Such morphology aligns very well with
characteristic olivine crystals documented in the fields of mineralogy and
crystallography. Its quantification also indicated larger crystals at higher temperatures.
However, olivine aspect ratio is constant (2.13- 2.25) over the entire analysed
temperature range, indicating that olivine crystals grow uniformly in shape.

A conceptual approach of a viscosity model for partially crystallised slags was stated.
State of the art models include simplifications on the volume fraction of crystallised
phases that are expected to be spherical. However, crystal phases occupy distinct
morphologies, as proven in this study. As a result, specific maximum volume fractions
can be ascertained for each individual crystallised phase. The usage of effective
volume fractions, based on the individual crystal morphology, is the more valuable

approach that should be realised in the future.
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Table 1: Overview of the investigated crystal bearing slag systems by different authors. Crystal phases

that are also covered in this study are underlined.

Calculated crystal Investigated crystal
AT el sempl phases (FactSage) phases
YL (Yinli) mullite, anorthite,
Kong et al., 2014 [17] | GP (Gaoping) cordierite, quartz, anorthite
50/50 blending clinopyroxene
SCh"‘”ta"[""lgi el 2y slag 3 melilite (>1300°C) | melilite (>1300°C)
chinese hematite, anorthite
Shen et al., 2016 [18] bituminous andradite, gehlenite gehlenite (melilite)
coal (melilite), melilite
Xuan et al., 2017 [19] synthetic slag spinel, melilite, ékenl\;]a-nl:i:is( n?r?tlaillim)'
! #5 merwinite, Ca,SiO,4 Mg-Te-SpINel,
merwinite
anorthite, anorthite
wollastonite, gehlenite L
Yuan et al., 2012 [20] Shenfu (melilite), melilite. Fe- wollastonite, iron
spinel, wustite silicon oxide
: Akermanite, gehlenite
BF slag with - . e
Ren etal., 2018 [21] fly ash r_nellllte, anorthlt_e, _(mellllte),
clinopyroxene, spinel clinopyroxene,
F-2 anorthite

Table 2: Comparison of normalised HKR ash composition after combustion at 450 °C [22] with synthetic
HKR slag used in this study. Both samples were analysed by ICP-OES and subsequently normalised to the

oxidic compounds.

SiO, Al,O; CaO MgO Fe,O4 other

real HKR [22] wt% 31.7 9.7 28.1 11.3 14.2 5.0
synthetic HKR wit% 34.8 12.0 27.4 114 144 -




