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ABSTRACT
Black liquors are presently combusted in recovery boilers where the inorganic cooking chemicals are
recovered and the energy in the organic material is converted to steam and electricity. A new
technology, developed by Chemrec AB, is black liquor gasification (BLG). BLG has more to offer
compared to the recovery boiler process, in terms of on-site generation of electric power, liquid fuel
and process chemicals. A prerequisite for both optimization of existing processes and the
commercialization of BLG is better understanding of the physical and chemical processes involved
including interactions with the refractory lining. The chemistry in the BLG process is very complex and
to minimize extensive and expensive time-consuming studies otherwise required, accurate and
reliable model descriptions are needed. However, by using these calculated model results in practice,
the errors of the state of the art thermochemical data have to be considered.
An extensive literature review was therefore performed to update the data needed for binary, ternary
and higher order systems. The results from the review reviled that there is a significant range of
uncertainty for several condensed phases and a few gas species. This motivated experimental redeterminations of the binary phase diagrams sodium carbonate-sodium sulfide (Na2CO3-Na2S) and
sodium sulfate-sodium sulfide (Na2SO4-Na2S) using High Temperature Microscopy (HTM), High
Temperature X-ray Diffraction (HT-XRD) and Differential Thermal Analysis (DTA). For the Na2CO3Na2S system, measurements were carried out in dry inert atmosphere at temperatures from 25 to
1200 °C. To examine the influence of pure CO2 atmosphere on the melting behavior, HTM
experiments in the same temperature interval were made. The results include re-determination of
liquidus curves, in the Na2CO3 rich area, melting points of the pure components as well as
determination of the extent of the solid solution, Na2CO3(ss), area. The thermal stability of Na2SO3 was
studied and the binary phase diagram Na2SO4-Na2S was re-determined. The results indicate that
Na2SO3 can exist for a short time up to 750 °C, before it melts. It was also proved that a solid/solid
transformation, not reported earlier, occurs at 675 ± 10 °C. At around 700 °C, Na2SO3 gradually
breaks down within a few hours, to finally form the solid phases Na2SO4 and Na2S. From HTM
measurements a metastable phase diagram including Na2SO3, as well as an equilibrium phase
diagram have been constructed for the binary system Na2SO4-Na2S. Improved data on Na2S was
experimentally obtained by using solid-state EMF measurements. The equilibrium constant for Na2S(s)
–1
was determined to; log Kf(Na2S(s)) (± 0.05) = 216.28 – 4750(T/K) – 28.28878 ln (T/K). Gibbs energy
of formation for Na2S(s) was subsequently obtained as; ΔfG°(Na2S(s))/(kJ mol–1) (± 1.0) = 90.9 –
4.1407(T/K) + 0.5415849(T/K) ln (T/K). The standard enthalpy of formation of Na2S(s) was evaluated
to be; ΔfH°(Na2S(s), 298.15 K)/(kJ mol–1) (± 1.0) = – 369.0. The standard entropy was evaluated to be;
S°(Na2S(s), 298.15 K)/(J mol–1 K–1) (± 2.0) = 97.0. Analyses of used refractory material from the
Chemrec gasifier were also performed in order to elucidate the stability of the refractory lining.
Scanning electron microscopy (SEM) analysis revealed that the chemical attack was limited to a depth
of 250-300 μm, of the surface directly exposed to the gasification atmosphere and the smelt for a
period of 1100h. From XRD analysis it was found that the phases in this surface layer of the refractory
were dominated by sodiumaluminosilicates, mainly Na1.55Al1.55Si0.45O4.
KEYWORDS: black liquor gasification, DTA, HTM, HT-XRD, metastable, phase diagram, refractory
lining, SEM, stability, thermal analysis, thermochemical data
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SAMMANFATTNING

Svartlut, som är en biprodukt vid pappersmassaframställning, förbränns idag i sodapannor
där de oorganiska kokkemikalierna återvinns samtidigt som det organiska materialet
konverteras till ånga och elektricitet. En ny teknik utvecklad av Chemrec AB är
svartlutsförgasning och sedan 2005 har, i Piteå, en demonstrationsanläggning körts
kontinuerligt med lyckade resultat. Denna teknik innebär, i jämförelse med sodapannan,
stora möjligheter till förbättrade kokprocesser, ökade förutsättningar för produktion av grön
elektricitet och helt nya möjligheter till framställning av ”gröna bränslen” och ”gröna
kemikalier”. En förutsättning för optimering och kommersialisering av svartlutsförgasning är
bättre förståelse för de involverade fysikaliska och kemiska processer samt även
interaktioner

med

det

eldfasta

infodringsmaterialet

i

förgasaren.

Kemin

i

förgasningsprocessen är mycket komplex och tillförlitliga modellbeskrivningar behövs för att
förstå dessa processer samt för att kunna skala upp förgasningsanläggningen till full
industriell

storlek.

När

dessa

modellbeskrivningar,

som

inkluderar

kemiska

jämviktsberäkningar används i praktiken måste felen och osäkerheterna i använda
termokemiska data tas i beaktande. En utförlig litteraturstudie genomfördes därför för att
uppdatera nödvändiga termokemiska data. Resultatet av studien visade att det finns
signifikanta osäkerheter för flera kondenserade faser samt för några få gasfaser. Detta
resulterade i experimentella bestämningar av de binära fasdiagrammen natriumkarbonatnatriumsulfid (Na2CO3-Na2S) och natriumsulfat-natriumsulfid (Na2SO4-Na2S) med hjälp av
högtemperaturmikroskopi, högtemperaturpulverröntgen och differentiell termisk analys. I
Na2CO3-Na2S systemet

bestämdes inverkan

av CO2

atmosfär

på smältförloppet,

likviduskurvor samt ett område med fast lösning. I Na2SO4-Na2S systemet hittades en
fasomvandling hos Na2SO3 vid 675 ± 10 °C som inte rapporterats tidigare. Det fastställdes
också att Na2SO3 sönderfaller gradvis till Na2SO4 och Na2S vid 700 °C. Detta innebar att ett
metastabilt fasdiagram och ett jämviktsfasdiagram kunde konstrueras. Förbättrade data på
Gibbs energi för Na2S togs fram med hjälp av ems-teknik, där yttriastabiliserad zirkonia
användes som fast elektrolyt och Fe/FeO som referenssystem. Analyser av använt eldfast
tegel från Chemrecförgasaren utfördes för att klargöra dess stabilitet. Med hjälp av
svepelektronmikroskopi och pulverröntgendiffraktion kunde det påvisas att den kemiska
attacken var begränsad till 250-300 μm av ytan som utsatts för förgasningsatmosfär och
smälta.
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1

INTRODUCTION

1.1 Background
Black liquor, the by-product of chemical pulping, is a valuable fuel for the pulp and
paper industry. It contains almost all of the inorganic cooking chemicals, as well as
the lignin and other organic materials separated from the fibers during cooking in the
digester. Today, black liquor is utilized in a combustion process, to recover power
(energy, steam, heat) and to recycle chemicals. These two main functions make the
recovery process design and operation more complex than other combustion
process.
The present chemical pulping processes descend back to the sodium carbonate
process initially taken in operation during the 1870s [1]. At that time, no recovery
process was used at all. The residue liquors were simply disposed to nearest
watercourse, resulting in environmental problems and raw material costs. One of the
first devices constructed to burn the black liquor and recover the cooking chemicals
was the flame furnace. It was a batch furnace where the bottom was covered by
black liquor. After the liquor was dried by the hot smoke gases from wood firing, it
was manually removed out on the factory floor where the final combustion took
place. High wood fuel consumption and difficult working conditions were the
consequences. Improvement was made when a smelt furnace was built in direct
connection to the flame furnace, see Figure 1. In the 1880s, sulfur was introduced in
the cooking chemicals and the sulfate process was born which gave rise to the
characteristic smell of a sulfate pulp mill. In the 1890s, great improvement was made
when the warp and the rotary furnace were introduced. These techniques allowed a
more efficient evaporation of the black liquor and also mechanical removal of dried
black liquor to the smelt furnace. In the early 1930s, G.H. Tomlinson, USA,
developed “the Tomlinson boiler”, which has served as the model for present
recovery boilers. A completely new technology was hereby introduced, to combust
the black liquor as it was sprayed into a water cooled fireplace. Equipment, such as
scrubbers and electro filters were also used for gas cleaning.
1

Figure 1. The combined smelt and flame furnace used for black liquor recovery.

This combustion technique has of course been evolved and refined during the years
but the industry is still using boilers based on the concept of Tomlinson (the largest
and most expensive piece of equipment in a modern pulp mill) with its relatively low
thermal efficiency and low power-output to total-heat-input ratio. Due to increased
environmental concern, the pulp and paper industry has been forced to further
improve energy production and chemical recovery. The recovery of chemicals from
spent cooking liquor and generation of energy as well as the environmental aspects
are today all important parts of the chemical pulp mill recovery process.
In Figure 2, a general flow sheet of a modern kraft mill liquor cycle is shown. The
kraft mill can be divided in two parts:
•

The fiber line, where the cellulose is chemically separated from the wood chips
and further processed to pulp.

•

The recovery cycle, where the chemicals and the dissolved wood substances
are recovered.
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Figure 2. The Kraft mill process.

In the digester, the wood chips are treated with alkaline cooking liquor called white
liquor. The active chemicals in white liquor are NaOH and NaHS. These chemicals
attack the wood chips, dissolve the lignin and release the fibers. After digesting, the
now so-called weak black liquor is separated from the pulp in the washer. The pulp is
then further processed and the weak black liquor is concentrated in several steps
before it is sprayed into the recovery boiler. Important purposes of the recovery
cycle, beside to recover cooking chemicals and energy, are to destruct
environmental hazardous substances and to control the chemical balance between
sulfur/sodium.
Black liquor has a dark color and at room temperature is similar to tar i.e. very thick
and sticky. Chemically, black liquor is a mixture of several elements where the major
ones are carbon, hydrogen, oxygen, sodium and sulfur. In order to make combustion
in the recovery boiler feasible, the weak black liquor is evaporated to increase its dry
content from about 15% to 65-85%. In the boiler, the heavy black liquor is
incinerated and the residue is allowed to settle to a bed at the furnace floor where
the molten inorganic compounds form a salt mixture called smelt. The smelt consists
of approximately two-thirds Na2CO3 and one-third Na2S. The smelt is then tapped
from the furnace through smelt spouts into a water filled smelt dissolver and forms
3

the green liquor. The green liquor is further processed in the causticizer where it is
mixed with lime, (CaO). The lime together with water of the green liquor forms
calcium hydroxide, Ca(OH)2 which reacts with Na2CO3 to form NaOH. The Na2S
reacts with water to form NaOH and NaHS. When the resulting solution, which is
called white liquor, returns to the digester the recovery cycle is closed.
The recovery boiler is an essential part of a pulp mill, sometimes described as the
heart of the plant. The building, including the boiler and the gas cleaning
equipments, can measure over 100 meters high. The recovery boiler is in principle a
steam boiler, which has been modified to burn black liquor. Thus, it is also a
chemical reactor and constitutes the first stage in the conversion of chemicals into
new cooking chemicals. A schematic drawing of the recovery boiler and its
surrounding equipment is shown in Figure 3.

Figure 3. Schematic drawing of the recovery boiler process.
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To be able to make injection of black liquor in the recovery boiler possible, it needs
to be preheated to decrease the viscosity. Another important detail in obtaining
desirable conditions in the boiler is the droplet size of the injected black liquor. This
hot black liquor is sprayed as small droplets into the boiler and the optimal size is
between 2-6 mm in diameter. Smaller droplets than 2 mm may form carry-over and
larger than 6 mm will hit the char bed without adequate drying and cool down and
therefore increase the char bed size [2]. In the vicinity of the injectors, the
atmosphere is reducing, but further up in the furnace it becomes to be oxidizing by
the addition of air at different levels.
When injected, the liquor droplets dry and the organic substance is partially
pyrolyzed. The residues of the droplets form a bed on the furnace floor that consists
mainly of molten inorganic compounds together with 5-10% carbon. Together with
some of the sodium in the dry solids and emitted CO2, Na2CO3 forms. The Na2SO4
formed is reduced to Na2S by carbon.
To make use of the heat energy in the recovery boiler, the furnace walls and bottom
are covered with water containing tubes for steam production. The steam is used for
various needs in the pulping processes and also to generate electrical power.
Although the recovery of chemicals in the boiler is a relatively satisfying process from
an efficiency point of view, further improvements can be done. The recent interest in
more optimal utilization of all renewable feedstocks are forcing the development of
improved cooking processes, production of renewable fuels and electricity, and
“green chemicals”.
Black liquor gasification (BLG) is a new process, which may be used both as a
significant complementary process and also to completely replace the recovery
boiler. A successful development of the black liquor gasification technology has the
long term potential to double the internal electric power production of the kraft pulp
industry and/or to allow on-site generation of liquid fuel and process chemicals.

5

Several alternative processes for gasification of black liquor have been tested, most
of them described by Whitty [3], but today the most promising is the Chemrec
process, see Figure 4. This process is based on oxygen blown, pressurized BLG in
an entrained down-flow reactor followed by a quench cooling of the smelt to
minimize the absorption of CO2 in the smelt. The Chemrec process is the technology
that is implemented in the development plant (20 tDs/24h, 3 MWth) erected in 2005
at Energitekniskt Centrum, ETC, Piteå, Sweden.

Figure 4. Principles of the Chemrec pressurized black liquor gasifier.

The Chemrec DP-1 plant is designed for BLG under 30 bars pressure and operates
at 975-1050 °C. Since the startup in May 2006, it has operated for over 1100 hours
and has produced green liquor of excellent quality. The plant has also achieved
complete carbon conversion and it has produced good quality syngas [4].
6

This technology descends from the original Chemrec patent and atmospheric pilot
plant built in Hofors in 1987 (3 tDs/24h, 0.5 MWth) which was developed mainly to
verify that black liquor could be gasified in an entrained flow reactor [4]. The gasifier
was taken out of operation in 1990. At Frövi in 1991 (75 tDs/24h, 11 MWth) a booster
demonstration plant was built. This plant proved that green liquor of acceptable
quality could be produced. However, problems with the refractory lining were
experienced and several alternative materials were tested. The booster was taken
out of operation in 1996. Chemrec also operated a pressurized pilot plant for BLG (6
tDs/24h, 1 MWth), at Skoghall paper mill, between 1994 and 2000. The gasifier was
operated at 15 bars pressure and was in 1997 rebuilt from air blown to oxygen blown
gasification. This pilot plant demonstrated that good carbon conversion and green
liquor quality was possible to achieve. In 1996, a commercial booster was erected in
New Bern, North Carolina, USA (300 tDs/24h, 50 MWth). It was air blown and
operated at 950 °C, slightly above atmospheric pressure. This plant experienced
refractory lining related problems but after reconstruction it has been in continuous
operation since 2003.
1.2 Objectives of the present work
A focused effort to finally bring high temperature black liquor gasification technology
to the market was started in 2001. In 2004, a consortium with nine partners joined
forces to fund a 3-year research program (the “BLG Program”) with a budget of
100.5 million SEK. The program consists of two parts, construction of and large
scale tests in a 20 ton ds/day Chemrec gasifier and a focused research program
aimed at removing obstacles for commercialization of the process. The research
program has five sub projects oriented towards the gasifier and three sub projects
oriented towards integration of the process with the pulping process. For engineering
of these new process technologies, development of accurate process models is
crucial, e.g. models that can predict the carbon conversion at different operation
parameters or the interaction of smelt and gas with the refractory lining. Thus one of
the sub projects concerns ”High Temperature BLG Inorganic Process Chemistry –
effects on gas phase, smelt, particles, container materials and green liquor quality”
which the present work is a part of.
7

Fundamental thermochemical data for the pure condensed species and the gaseous
species as well as chemical models for the melt and the solid solutions are
prerequisites for the needed process models and engineering work. Basic stability
data on several of the key components for the modeling of the process were missing
or were associated with significant uncertainties. In addition, a continuous validation
of developed chemical and composite reactor models is needed.
The overall objectives of the present work were therefore to; (i) to improve
thermochemical and stability data for some key components and systems, critical for
the black liquor combustion and gasification processes; and (ii) to elucidate the
stability of refractory lining, in terms of interactions between refractory material used
in the Chemrec gasifier and the alkali containing smelt.
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2

MATERIAL, EXPERIMENTAL AND ANALYTICAL METHODS USED

2.1 Chemicals
2.1.1

Black liquor smelt components

To achieve accurate results in the phase diagram studies (paper II and III) and in
the solid state EMF measurements (paper IV), completely anhydrous and pure
chemicals were needed. Drying and purification of these were therefore necessary.
For example, Na2S is extremely hygroscopic and needs treatment in several steps.
Both Na2S · xH2O (Merck, p.a, x = 7-9) and Na2CO3 (Merck, p.a.) was purified as
described by Rosén and Tegman [5] and Tegman and Warnqvist [6], respectively.
The other chemicals used, i.e. Na2SO3 and Na2SO4, were dried and stored in
desiccators before use.
2.1.2

Refractory lining

The container material used in the hot-face of the (Chemrec) high-temperature, highpressure black liquor gasifier in Piteå is a fuse cast magnesia and alumina based
refractory (Monofrax® L). It is manufactured by a process which provides a dense
product with low porosity. The fusion casting process eliminates the bonding phases
and results in a structure which provides maximum resistance to attack of molten
glass slag and other components. Monofrax® L has a structure consisting of dense,
crystalline spinel (MgAl2O4) with a secondary phase of precipitated periclase (MgO)
[7]. A bulk density of 3.45-3.49 g/cm3 and a thermal expansion of 8.8 x 10-6 is typical
of Monofrax® L. The elemental composition is shown in Table 1.
Table 1. Typical chemistry of Monofrax® L
MgO
Al2O3
SiO2
Na2O
CaO

44.9%
53.6%
0.44%
0.23%
0.35%
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2 .2 Analytical and experimental equipment
2.2.1

Glove box

To carry out the experiments in paper II-IV, well-crystallized, completely anhydrous,
pure chemicals were needed. Even small impurities, as small as 1%, cause
observable lowering of the melting points. Due to the fact that Na2S is extremely
hygroscopic, all handling of chemicals, e.g., mixing, weighing, sample preparations,
and sample mounting in the hot stage were carried out in a glove box. The
equipment used was a Mecaplex GB 3111-C, evacuable glove box made of acrylic
glass, see Figure 5.

Figure 5. Mecaplex GB 3111-C, evacuable glove box, used for sample preparations.

To obtain a dry atmosphere in the box, it was evacuated and filled with Ar. To
minimize moisture, containers with concentrated H2SO4 (J. T. Baker) and silica gel,
SiO2 (Kebo) were used as drying agents. Further, all tools used, such as mortar and
spoons, were carefully dried at 200 °C and stored in desiccators.
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2.2.2

High temperature microscopy (HTM)

HTM is ideally suited to study a wide range of materials at both high and low heating
and cooling rates. It is used to study melting and crystallization temperatures and
also to some extent phase transitions. After mounting the sample in the hot stage,
which is simply a miniature furnace, and thereafter attaching the hot stage to the
microscope, the melting course of events could be studied visually.
To determine the melting points and construct the phase diagrams presented in
paper II and III, a Leitz high-temperature microscope furnished with a LINKAM TS
1500 hot stage, reaching up to 1500 °C, was used, see Figure 6. The gas tight
chamber of the TS 1500 was water cooled.

Radiation shield
Sample
Sapphire sample disc

Heater assembly

Light

Figure 6. TS 1500 hot stage used for phase diagrams construction and the interior
showing the heater assembly, sample disc, sample and the radiation shield.

Calibration of the HT 1500 hot stage was performed regularly during the period of
measurement in the temperature interval of interest for the melting point studies.
Samples were mounted on sapphire plates in the TS 1500 hot stage for melting
observation at 100x magnification and under a protective atmosphere of N2. The hot
stage was also stored in a desiccator when not used. To control and measure the
sample temperature, a digital TMS 93 temperature programmer was used.
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2.2.3

X-ray powder diffraction (XRD) and high temperature X-ray powder
diffraction (HT-XRD)

XRD has a wide range of applications in geology, material science, environmental
science and chemistry among others. Not only is it a powerful tool for crystalline
material identification, but can also provide semi-quantitative information of the
different compounds in a sample or information of phase transitions, when HT-XRD
is applied. The XRD method involves a X-ray source which is utilized to irradiate a
sample with monochromatic X-rays. Diffraction patterns characteristic for the
crystalline substances in the sample is recorded as a function of incident angle of the
X-rays relative to the surface of the sample. These diffraction patterns, which can be
described as fingerprints of one or several crystalline phases are subsequently
compared with databases for identification.
The XRD instrument used in paper II, III and V was a Bruker d8Advance instrument
in Ѳ-Ѳ mode. In paper II, the optical configuration involved primary and secondary
Göbel mirrors and a scintillation detector. In paper III and V, the optical configuration
consisted of a primary Göbel mirror and a Våntec-1 detector, see Figure 7.

X‐ray source

Detector

Sample holder

Figure 7. The BRUKER AXS D8advance used for the XRD and HT-XRD studies.
During the high temperature experiments the sample holder was exchanged for a
HTK camera.
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During the high temperature XRD measurements an Anton Paar HTK 16 high
temperature camera was used. This is simply a gas tight chamber with inlets and
outlets for protective gas and it is equipped with a sample holder made of Pt. The
sample holder is electrically heated and the temperature is measured by a thermo
element attached under the sample holder. To set up the measurement conditions
and analyze the collected data the computer program suite DIFFRACplus [8, 9] was
used.
2.2.4

Differential thermal analysis (DTA)

Differential thermal analysis measures the difference in temperature between a
sample and a thermally inert reference as the temperature is raised under identical
conditions. The recorded difference provides information on exothermic and
endothermic reactions taking place in the sample and thus phase transitions, melting
points and crystallization temperatures can be determined.
The thermal analysis equipment used in paper III was a TA-Instruments Q600,
which simultaneously records both sample weight and heat flow during the
experiments. The interior and the essential parts of a typical DTA instrument are
shown in Figure 8.
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Horizontal balance configuration
Double balance allows real time
compensation of sample independent
changes (beam growth, buoyancy).
Sensitivity 0.1 μg.

Counter
Balance Weight

Dual-Balance
Mechanism

Photodiodes
& Sensors

Furnace
Tube
Furnace

Balance
Arms

Sample Cup
Sample Holder

Sample Cup
Reference Cup

Thermocouple

Balance Arm

Purge Gas Outlet

Figure 8. Interior of the DTA showing the double balance arms and a magnification
of the sample holder shows the position of the thermocouple.

All experiments were done using a platinum sample holder with sample weights
between 10 and 15 mg and a protective atmosphere of N2. Heating and cooling rates
were 20 oC/min. Some of the experiments were made by cycling heating and cooling
in order to study reversible reactions. The output signal used was the temperature
difference, i.e. the temperature difference between the sample and an empty
reference holder.

2.2.5

Solid state electro-motive force measurements (EMF)

The principle of the solid state EMF method, using an oxygen ion conducting
electrolyte, in this case yttria stabilized zirconia, YSZ, is to measure the potential
resulting from the difference in oxygen partial pressures between a sample and a
known reference system. This technique is very useful when studying high
temperature equilibrium reactions involving oxygen. By step wise changing of the
temperature and allowing for equilibrium to be attained, the EMF as a function of
temperature could be determined. From the recorded data, E/V, the Gibbs energy of
the studied equilibrium reaction can be extracted.
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The studied reaction in paper IV, using solid state electro-motive force (EMF) was

Na2S(s) + 2O2(g) ⇌ Na2SO4(s)

(1)

As reference system, Fe(s)/FeO(s) was used and the overall cell scheme was
Pd(s) | O2(g) | Na2S(s), Na2SO4(s) | YSZ | Fe(s), FeO(s) | O2(g)ref | Pd(s). (2)
The EMF cell arrangement is illustrated in Figure 9.

Figure 9. Cell arrangement: A. Pd(s) electrode in contact with the reference mixture,
B. Pd(s) electrode in contact with the sample mixture, C. YSZ tube, D. Reference
mixture (Fe(s)/FeO(s)), E. Sample mixture (Na2S(s)/Na2SO4(s)).
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2.2.6

Scanning electron microscopy (SEM)

A SEM is a microscope that uses electrons instead of light to produce an image. It is
used to examine objects on a very fine scale and it can yield information about
topography, morphology, elemental composition and crystallography. In scanning
electron microscopy, an electron beam is produced and scanned over a sample’s
surface. When the electrons strike the sample, electrons are emitted from the
surface or backscattered from the beam. A variety of signals are generated and the
detection of these produces an image of the surface and can also be used to obtain
the sample composition.
A Cambridge S360 iXP scanning electron microscope equipped with a Link LZ-4 Xray detector and a Link AN10000 EDX analyzer was used for morphological and
elemental composition analysis on Monofrax® L Refractory lining. A Philips XL30
environmental scanning electron microscope, ESEM, using energy-dispersive
spectroscopy, EDS, was used for line area analysis on morphology and elemental
composition, see Figure 10.

Figure 10. Philips XL30 ESEM-EDS.
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3

SUMMARY OF EXPERIMENTAL PROCEDURES AND RESULTS

3.1 Review and evaluation of basic thermochemical data (paper I)
As mentioned earlier, accurate thermodynamic data of key compounds and phases
are a prerequisite for chemical equilibrium modeling of black liquor gasification (BLG)
and combustion (BLC) processes. Although some compiled information could be
found in the literature, there was a need for a more careful evaluation of available
information. Therefore, an extensive review of the existing literature was performed
with the objective to compile and critically examine thermochemical data, phase
diagrams (melting behavior) for the key alkali, sulfur and chlorine compounds and
systems. A few examples illustrating the effect of conflicting literature data on
chemical process modeling of black liquor gasification and combustion were also
presented.
In most databases e.g. SGTE 1998 [10]; FACT 2003 [11]; HSC 2002 [12]; Chase et
al. 1985 [13] and Barin 1989 [14], thermodynamic data of key components are
available. Most major gas species have accurate and reliable data with uncertainties
in Gibbs energy of formation, ΔfG, less than 1000 J/mole, which is equivalent to
uncertainties of a few percent in predicted concentrations. Also, for most of the
potential minor gas phase components, the effects of uncertainties in thermodynamic
data are negligible under typical process conditions. In general, databases contain
complete evaluations of gaseous and major condensed components but there is a
significant range of uncertainty for several condensed phases and a few gas
species, as shown in Table 2.
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Table 2. Compilation of uncertainties in ΔfG for relevant species at 1000 °C.
System

Species

δ(ΔfG)
J/mol
Sulfides
Na2S(s,l)
± 15000
K2S(s,l)
± 24900
Carbonates Na2CO3(s,l) ± 1100
K2CO3(s,l) ± 2600
Sulfates
Na2SO4(s,l) ± 1200
K2SO4(s,l) ± 1400
Hydroxides NaOH(s,l) ± 2400
NaOH(g)
± 20000
(NaOH)2(g) ± 27300
KOH(s,l)
± 2000
KOH(g)
± 12700
(KOH)2(g) ± 16600
Chlorides NaCl(s,l)
± 600
NaCl(g)
± 2100
(NaCl)2(g) ± 8400
KCl(s,l)
± 400
KCl(g)
± 400
(KCl)2(g)
± 4200

All uncertainties in Gibbs energy of formation, except for Na2S(s,l) and NaOH(g),
were calculated from the uncertainties in enthalpies, ΔfH, and entropies, ΔS, given in
JANAF Thermochemical Tables (Chase et al. 1985) [13].
The effect of the uncertainties in data on the calculated equilibrium process
chemistry in BLG and BLC was investigated by Larsson et al. [15]. As an illustration,
predictions of H2S formation using data from different data bases were used. Figure
11 shows that the predicted concentration differs with about one log unit at 800 °C.
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Figure 11. Predicted H2S formation in a typical recovery boiler flue gas (p(CO2) =
0.15 bar and p(H2O) = 0.20 bar) calculated with different thermodynamic data (SGTE
1998 [10]; FACT 2003 [11]; HSC 2002 [12]; Fredriksson and Rosén 1981 [16];
Backman 1989 [17]). The X-axis shows the temperature and the y-axis shows the
logarithmic partial pressure of H2S. The dashed lines show the difference in
calculated H2S pressure at 800 °C.

In addition, a compilation of phase diagrams (binary, ternary and quaternary) was
performed as well as a review of a few papers concerning reaction mechanisms and
kinetic data and also thermochemical models relevant to black liquor gasification.
The conclusions were that several of the major compounds were afflicted with
apparent uncertainties in thermochemical data. Although useful equilibrium data and
models are available, much work still remain in terms of identifying knowledge gaps,
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improving phase diagrams, minimizing uncertainties of thermodynamic data for
specific species and compiling improved model descriptions.
3.2 Improvement of the binary phase diagram Na2CO3-Na2S (paper II)
Paper II comprises re-determination of the main binary phase diagram Na2CO3Na2S, including a brief review of discrepancies in the reported literature data. As
mentioned, the smelt of a kraft recovery boiler and gasifier consists of approximately
two-thirds Na2CO3 and one-third Na2S. Knowledge of how the melting point of these
compounds varies with the composition of the smelt in the gasifier, is thus of great
technical interest.
Experimental re-determinations were therefore necessary and the objective of this
work was to determine and improve data on the binary phase diagram Na2CO3Na2S, especially on the Na2CO3 side of the system, which is the region of interest
concerning black liquor combustion and gasification, and also the region with the
most significant uncertainties. This paper presents new complementary data which
are summarized in Figure 12. These results include re-determination of the liquidus
and the solidus curves, in the Na2CO3 rich area, melting points of the pure
components as well as determination of the extension of the solid solution,
Na2CO3(ss), area. The melting points in CO2 atmosphere were found to be about 8
°C higher than corresponding points in a protective atmosphere of inert gas.
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8

8

Figure 12. The binary phase diagram Na2CO3-Na2S. The magnification shows the
boundary curve for Na2CO3(ss), and the difference in melting point of sample
compositions of XNa2S = 0, 0.1, 0.15 and 0.2 in Ar and CO2 atmosphere, respectively.
The x-axis shows the molar composition of Na2S and the y-axis the temperature. ο
Tegman and Warnqvist [6], □ HTM (Ar), × HTM (CO2), Δ HT-XRD.
3.3 Thermal stability of Na2SO3 and re-determination of the binary phase
diagram Na2SO4-Na2S (paper III)

Another important phase diagram for black liquor gasification is the system Na2SO4Na2S. A wide range of results concerning solidus, liquidus and eutectic temperatures
were found in the literature and no indication of the presence of Na2SO3 in the
system has been reported. A compilation of literature data on the system is given in
Figure 13.
21

1200

Temperature (°C)

1100

1000

900

800

700

600
0 0,1
Na2SO4

0,2

0,3

0,4

0,5 0,6
XNa2S

0,7

0,8

0,9

1
Na2S

Figure 13. Compilation of the literature data on the binary phase diagram Na2SO4Na2S. ο Tamman, Oelsen [18], × Ley [19] Δ Courtois [20], + Kohlmeyer, Lohorke
[21], ◊ Tran, Barham [22], □ Andersson [23].

Paper III comprises studies on the thermal stability of Na2SO3 and the role of
Na2SO3 in the binary phase diagram Na2SO4-Na2S using DTA, XRD, HT-XRD and
HTM. The phase diagram Na2SO4-Na2S was also re-determined. A new hightemperature solid/solid transformation of Na2SO3, not reported earlier, was detected.
The decomposition behavior of Na2SO3 at temperatures above 600 °C was also
examined. It was found that Na2SO3 decomposes according to the reaction
4Na2SO3(s) ⇌ 3Na2SO4(s,l) + Na2S(s,l)

(3)

Figure 14 shows the decomposition of Na2SO3, at 700 °C during 16 hours, as
registered using HT-XRD.
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Figure 14. The decomposition of Na2SO3 at 700 °C during 16 hours duration. The xaxis gives the 2-Theta-scale, left y-axis the intensity.

However, when Na2SO3 is rapidly heated, it is stable up to 750 °C where it
immediately melts. When considering phase transitions it is always important to
distinguish between the thermodynamics of the transition and the rate at which it
occurs. A transition that is predicted from thermodynamics to be spontaneous may
occur too slowly to be significant in practice. Thermodynamically unstable phases
that exist due to a kinetically hindered transition, are called metastable phases.
Therefore, Na2SO3 can be considered as a metastable phase at higher
temperatures. As a consequence, a metastable peritectic was found in the phase
diagram Na2SO4-Na2S when samples containing Na2SO3 were examined. The
eutectic temperature was also lower than for samples consisting of only Na2SO4Na2S. See Figures 15 and 16.
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Figure 15. The metastable phase diagram Na2SO4-Na2S, constructed from HTM
measurements.
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Figure 16. The equilibrium phase diagram Na2SO4-Na2S, constructed from HTM
measurements.

3.4 Determination of thermodynamic properties of Na2S using solid-state EMF
measurements (paper IV)
As mentioned earlier, thermochemical data for Na2S was considered as uncertain.
As shown by Larsson et al. [15], the calculated equilibrium process chemistry in
black liquor combustion and gasification, is greatly affected by these uncertainties. In
Figure 17, the equilibrium constant of formation, log Kf(Na2S(s)), as a function of
1000/(T/K) shows the spread in data found in the literature. Improvement of
thermochemical data for Na2S was therefore found to be necessary.
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Figure 17. Different values for log Kf(Na2S(s)) found in literature. ( ) Backman [17],
( ) Lindberg et al. [24], ( ) Köszegi and Rosén [25], ( ) Fredriksson and Rosén
[16], ( ) JANAF [13]/FACT [11], ( ) Itoh et al. [26], (

) SGTE [10].

The measurements were carried out with two identical EMF cells. The temperature
interval was 870-1000 K and data were collected after 2-10 h at each temperature, in
order to allow reaction (1) to equilibrate. Results from the measurements are
presented in Figure 18 together with the fitted equation for the two data sets.
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Figure 18. Experimental values with the fitted function. ( ) Cell A, ( ) Cell B. The xaxis gives the temperature and the y-axis the voltage.

The fitted experimental data is represented by the equation Efit/V (± 0.00047) =
0.63650 – 0.00584732(T/K) + 0.00073190(T/K) ln (T/K). By using the experimental
results and combining them with data from the literature, a number of
thermochemical parameters were calculated. The equilibrium constant for Na2S(s)
was determined to be log Kf(Na2S(s)) (± 0.05) = 216.28 – 4750(T/K)–1 – 28.28878 ln
(T/K). Gibbs energy of formation for Na2S(s) was obtained as ΔfG°(Na2S(s))/(kJ mol–
1

) (± 1.0) = 90.9 – 4.1407(T/K) + 0.5415849(T/K) ln (T/K). The standard enthalpy of

formation of Na2S(s) was evaluated to be ΔfH°(Na2S(s), 298.15 K)/(kJ mol–1) (± 1.0)
= – 369.0. The standard entropy was evaluated by third law analysis to be
S°(Na2S(s), 298.15 K)/(J mol–1 K–1) (± 2.0) = 97.0. These new parameters, with lower
uncertainties, improve the thermochemical data of Na2S significantly.

27

3.5 Stability of the Monofrax® L refractory container material used in high
temperature black liquor gasification (paper V)
A corrosion and wear resistant refractory in black liquor gasification (BLG) systems is
a crucial part for safe and trouble-free operation and one of the most important
remaining challenges for industrial viability of the process. There are a number of
causes of refractory corrosion and wear in BLG systems, e.g. chemical corrosion,
phase changes, thermal stress, physical wear and combinations of these effects.
The present work focuses on characterization and quantification of the phase
changes taking place in the refractory lining used from start in the Chemrec hightemperature, high-pressure gasifier plant (DP1) in Piteå, Sweden. The interactions
between the refractory material used in the gasifier and the alkali compounds formed
when gasifying black liquor from Smurfit Kappa pulp and paper mill, were elucidated.
The examined refractory material, Monofrax® L (MgAl2O4) and (MgO), had been
exposed to gasification of black liquor during 1100 h with material temperatures of
975-1050 °C.
Refractory tiles located in the middle of the cylindrical part of the gasifier were taken
out for visual and spectroscopic examination by XRD and scanning electron
microscopy SEM.
Figure 19 shows the thickness of the attack layer of the surface, i.e. the side of the
refractory lining facing the reactor. The dashed line represents the boundary of the
reacted area and the associated scatter chart shows the element distribution through
the surface layer and across the boundary.
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Figure 19. Elements in the surface layer of the refractory as function of distance.
The dashed line shows the extension of the surface layer of the refractory.

The results clearly illustrate the limited attack of black liquor constituents into the
refractory material, with a significant decrease in sodium and silicon content already
after the first 250 µm depth. At 250-300 µm depth an abrupt change in composition
occurs and the refractory is more or less unaffected. The dominating phase in this
surface

layer

of

the

refractory

consisted

of

a

sodiumaluminosilicate,

Na1.55Al1.55Si0.45O4. The high amount of silicon in the surface layer is most likely due
to reaction of silicon from the smelt.
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4

CONCLUSIONS AND FUTURE WORK

The extensive review of the thermochemical data and models important for the
development of black liquor gasification showed that the available data of a number
of compounds are associated with uncertainties. This can be a problem for modeling
the chemistry in a black liquor gasifier.
The experimental efforts accomplished in the present work have resulted in
improvements of data of some of the major components and systems involved in the
smelt chemistry of a black liquor gasifier. The experimental work on the phase
diagram Na2CO3-Na2S resulted in determination of the liquidus and the solidus
curves, in the Na2CO3 rich area, melting points of the pure components as well as
determination of the extension of the solid solution, Na2CO3(ss), area. The melting
points in CO2 atmosphere were found to be about 8 °C higher than corresponding
points in a protective atmosphere of inert gas. Experimental work on the Na2SO4Na2S phase diagram was also performed. Both a metastable and an equilibrium
phase diagrams were constructed. It was found that at temperatures above 600 °C
Na2SO3 breaks gradually down within a few hours to form the solid phases Na2SO4
and Na2S, but also that Na2SO3 can exist for a short time up to 750 °C. A Na2SO3
solid/solid transformation at 675 ± 10 °C was also detected. Future work, closely
related and also important for the BLG process, is to examine the corresponding
potassium systems, K2CO3-K2S and K2SO4-K2S.
The experimental work to improve thermochemical data for Na2S resulted in;
determination of the equilibrium constant for Na2S(s) to log Kf(Na2S(s)) (± 0.05) =
216.28 – 4750(T/K)–1 – 28.28878 ln (T/K); calculation of Gibbs energy of formation
for Na2S(s) to ΔfG°(Na2S(s))/(kJ mol–1) (± 1.0) = 90.9 – 4.1407(T/K) +
0.5415849(T/K) ln (T/K); the standard enthalpy of formation of Na2S(s) was
evaluated to be ΔfH°(Na2S(s), 298.15 K)/(kJ mol–1) (± 1.0) = – 369.0 and evaluation
of the standard entropy to S°(Na2S(s), 298.15 K)/(J mol–1 K–1) (± 2.0) = 97.0. As for
the phase diagrams, the logical choice for future work is to obtain thermochemical
data for K2S, using the same method.
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Also, interactions between the smelt and the refractory lining have been studied. The
results clearly illustrate a limited attack of alkali species into the refractory material,
with a significant decrease in sodium and silicon content already after the first 250
µm. At 250-300 µm an abrupt change in composition occurs and behind this layer
the refractory is more or less unaffected. The dominating phase in this surface layer
of the refractory consisted by a sodiumaluminosilicate, Na1.55Al1.55Si0.45O4. Future
work will be to continuously examine the refractory lining from the DP-1 plant to
follow the progress of the attack versus operation time.

32

REFERENCES
[1]

Kassberg, M. Lutförbränning sulfat och sulfit, Skogsindustrins utbildning i
Markaryd AB (1998).

[2]

Adams, T. N., Frederick, W. J. Kraft Recovery Boiler, Physical and Chemical
Processes, American Paper Institute, New York (1988).

[3]

Whitty, K. Proceedings at the International Chemical Recovery Conference,
Charleston, SC, (2004).

[4]

www.chemrec.se (2007-05-02).

[5]

Rosén, E., Tegman, R. Acta Chem. Scand. 25, 3329-3336 (1971).

[6]

Tegman, R., Warnqvist, B. Acta Chem. Scand. 26, 413-414 (1972).

[7]

“Product Information”, Monofrax, Inc, 1870 New York Avenue, Falconer, New
York 147331797 USA.

[8]

DIFFRACplus, 1997-1999 Bruker AXS GmbH Analytical X-ray systems, D76181, Karlsruhe, Germany.

[9]

Powder Diffraction File, PDF-2 Release 2004; ICCD International Centre for
Diffraction Data.

[10]

SGTE Pure substance database. Scientific Group Thermodata Europe (1998).

[11]

FactSage 5.00 Compound Database, CRCT. Center of Research in
Computational Thermochemistry École Polytechnique, Montréal, Quebec,
Canada (2003).
33

[12]

HSC Chemistry Version 5.11. Outokumpu Research Oy, Pori, Finland (2002).

[13]

Chase Jr., M.W., Davies, C.A., Downey Jr., J.R., Frurip, D.J., McDonald, R.A.,
Syverud, A.N. JANAF Thermochemical Tables, 3rd edition, J. Phys. Chem.
Ref. Data, 14, Supplement 1 (1985).

[14]

Barin, I. Thermochemical Data of Pure Substances, VCH: Weinheim,
Germany (1989).

[15]

Larsson, A., Nordin, A., Backman, R., Warnqvist, B., Eriksson, G. Energ. Fuel.
20, 359-363 (2006).

[16]

Fredriksson, M., Rosén, E. Chem. Scr., 18(3), 139-141 (1981).

[17]

Backman, R. PhD Thesis, Åbo Akademi University, Report 89-4, Combustion
Chemistry Research Group (1989).

[18]

Tamman, G., Oelsen, W., Anorg. Allg. Chem., 193, 245 (1930).

[19]

Ley, P., Chem. Ztg., 58, 859-60 (1934).

[20]

Courtois, G., Compt. Rend., 208, 199-201 (1939).

[21]

Kohlmeyer, E. J., Lohrke, G., Z. Anorg. Allg. Chem., 281, 54 (1955).

[22]

Tran, H. N., Barham, D., 1981 Int. Conf. on Recovery of Pulping Chemicals.
TAPPI, C.P.P.A Vancouver, B.C. 67-70 (1981).

[23]

Andersson, S., Chemica Scripta, 20, 164-170 (1982).

[24]

Lindberg, D., Backman, R., Hupa. M. P. Chartrand, J. Chem. Thermodyn. 38,
900-915 (2006).
34

[25]

Köszegi, L., Rosén, E. Trans. Roy. Inst. Technol., Stockholm 221, 20 pp
(1964).

[26]

Itoh, M., Yamamoto, T., Kozuka, Z. J. Mater. Sci. 23, 1395-1398 (1988).

35

36

ACKNOWLEDGEMENTS
Many thanks to my supervisor, Associate Professor Dan Boström, for all the help
with the experimental work, especially, the XRD measurements would have been
difficult to manage without your skill. You have taught me a lot. Professor Anders
Nordin, Professor Rainer Backman, Professor Emeritus Erik Rosén and Adjunct
Professor Björn Warnqvist are all gratefully acknowledged for sharing their
knowledge and expertise. Without you, many questions would still be unanswered.
Senior research engineer Ragnar Tegman, Chemrec AB, is gratefully acknowledged
for long and valuable discussions concerning everything from chemicals to refractory
materials.
Laboratory Technician Peter Backman, Åbo Akademi University, is gratefully
acknowledged for helping me with the DTA measurements.
Research engineer, Per Hörstedt, Department of Medical Biosciences, Umeå
Universitet, is gratefully acknowledged for helping me with SEM measurements
when our SEM equipment was out of order.
Dr. Dipanjan Banerjee, Department of Inorganic Chemistry, Umeå Universitet, is
gratefully acknowledged for linguistic corrections.
I would also like to say thank you to all the other great people at Energy Technology
and Thermal Process Chemistry, ETPC.
Financial support from the Swedish Energy Agency, MISTRA, Vattenfall AB, Kappa
Kraftliner AB, SCA Packaging AB, Södras forskningsstiftelse, Sveaskog AB,
Chemrec AB and the County Administrative Board of Norrbotten and the Nordic
Energy Research Program, and the Tekes Program ChemCom in Finland and its
industrial partners are acknowledged.

37

38

