Helsinki University of Technology Doctoral Theses in Materials and Earth Sciences

Laboratory of Materials Processing and Powder Metallurgy
Espoo 2004 TKK-ME-DT-1

SULPHATION OF CUPROUS AND CUPRIC OXIDE DUSTS AND
HETEROGENEOUS COPPER MATTE PARTICLES IN
SIMULATED FLASH SMELTING HEAT RECOVERY BOILER
CONDITIONS

Tiina Ranki-Kilpinen

Dissertation for the degree of Doctor of Science in Technolgy to be presented with due permission of the
Department of Materials Science and Rock Engineering for public examination and debate in Auditorium
V1 at Helsinki University of Technology (Espoo, Finland) on the 28th of April, 2004, at 12 o’clock noon.

Helsinki University of Technology
Department of Materials Science and Rock Engineering
Laboratory of Materials Processing and Powder Metallurgy



Helsinki University of Technology

Laboratory of Materials Processing and Powder Metallurgy
P.O.Box 6200

FIN-02015 TKK

© 2004 Tiina Ranki-Kilpinen

ISBN 951-22-7021-8 (printed)
ISBN 951-22-7022-6 (electronic)
ISSN 1795-0074



ABSTRACT

Copper smelting with the Outokumpu flash smelting process generates significant
amounts of SO,-rich off-gas and flue dust. From the smelting unit, gases with a dust
load are directed into a heat recovery boiler (also known as a waste hesat boiler). In the
radiation section temperature decreases, sulphates become thermodynamically stable,
and the sulphation of oxidic dust particles commences. Releasing heat may lead to an
increase in particle temperatures, softening of the sulphated particles, and the formation
of dust accretions on the heat transfer surfaces. Decreased heat transfer efficiency and
blockages of the gas flow paths may cause severe operational problems. To maintain
stable boiler operation, sulphation behaviour has to be well understood, but only scant
published data concerning dust sulphation reactions is available. The objective of this
work was to gain basic knowledge of the sulphation behaviour of dust components to
ascertain that boiler design and operation can be carried out so that sulphate formation
takes place in a controlled manner.

The reactions of synthetic Cu,O and CuO (mainly 37-53 um) and a partially
oxidised copper matte were studied experimentally with the aim of arriving at a better
understanding of dust sulphation in industrial heat recovery boilers. The parameters in
the laboratory-scale experiments were gas composition (20-60 vol-% SO, 2.5-10 vol-
% O,), temperature (560-660°C), reaction time, and particle size. Standard chemical
analysis and scanning electron microscopy with EDS were utilised when examining the
samples.

Sulphate formation was found to be sensitive to gas composition and
temperature. Also particle size and surface morphology have significant effects on the
sulphation rate. On the basis of the experimental results the temperature range for
effective sulphation of pure cuprous oxide is narrow; the optimal sulphate formation
temperature lies between 580-640°C, depending on the gas composition. An increase in
oxygen concentration expands the favourable temperature range and lowers the most
optimal sulphate formation temperature; on the contrary an increase in sulphur dioxide
concentration raises the favourabl e sulphation temperature.

On the basis of the present experiments pure cupric oxide behaves like cuprous
oxide, but the conversion degrees are dlightly lower and there is not such a clear
enhance in the sulphation rate at a certain temperature.

Fine, heterogeneous partially oxidised matte reacts significantly faster
compared to synthetic oxides. The reason for more effective sulphation is suggested to
be the smaller particle size and more detailed morphology (larger specific surface area).



In the heat recovery boiler dust particles must have a sufficient residence time
in the gas phase at a correct temperature range to allow the dust particles to reach
complete conversion in the radiation section before they enter the boiler convection
section and come into contact with the convection tube banks. Enough oxygen has to be
supplied to the appropriate zone to ensure effective sulphation at the right place. Also,
mixing of the oxygen must be efficient.

Keywords: sulphation, cuprous oxide, cupric oxide, flue dust, flash smelting, heat
recovery boiler
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INTRODUCTION

1 INTRODUCTION

1.1 Flue dust in flash smelting off-gas line

The pyrometallurgical processing of copper and nickel sulphides involves smelting and
refining operations at high temperatures. Today Outokumpu Flash Smelting [Bry58] is
a dominant technology for primary copper production (Fig.1). The process involves the
oxidation of dried feed concentrates, fluxes, and re-cycled dust in a suspension high in
oxygen and temperature. Process outputs are matte, slag, and significant amounts of
off-gas rich in sulphur dioxide (20-70 vol-%), and oxidic flue dust (approximately 4
10% of solid feed). Off-gases with a dust load |eave the flash smelting furnace at 1200
to 1400°C and are directed through gas trestment facilities (heat recovery boiler,
electrostatic precipitator), where the gas is cooled and the dust particles are captured.
Because of the high copper content, approximately 30 wt-% Cu (and environmental
aspects), dust is re-cycled back to the process. [ Han98/Kyt97 /Bis94]

Flash Smelting furnace — Heat recovery boiler — Electrostatic precipitator
feed

- concentrates offgasg, Tue dust
- fluxes atthe boiler intake
- recycled dust 1200-1400°C

dust: 4-10 % of feed, ?
l- app. 30wt % Cu
matte l.

Figure 1. Outokumpu Flash Smelting process; flash smelting furnace, heat recovery boiler, and
electrostatic precipitator

Flue dust is composed of mechanically formed solid/liquid particles which do
not settle down in the flash smelting furnace but follow the process gas, and
compounds/species (Cu, impurities), which have been vapourised in the burning zone
of the process and condensed from the process gas at lower temperatures, i.e.
chemically formed dust. Generally, the dust is heterogeneous and small in size, 10-20
pm, compared to feed concentrate. [ Sam01a/Kyt97/Yan96]

In the furnace off-take sulphidic dust may stick to the walls of the boiler throat,
forming hard accretions. Air/oxygen injection to the uptake shaft can be applied to
oxidise the matte, i.e. the rest of the sulphides, to non-sticky oxides. Thus, the flue dust
entering the heat recovery boiler is mainly in oxide form. An average particle size is
10-20 pm, and the residence time of a single particle in the boiler is typically 15-30
seconds. [ Swi02/Kyt97/Yan96]
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In the radiation part the temperature cools down to 700-500°C and metallic
sulphates become thermodynamically stable. As al the required reactants are formed as
by-products in the process, the sulphation of oxidic flue-dust inevitably commences
[ Kyt97/Yan96]. Reactions are highly exothermic. Releasing heat causes an increase in
particle temperatures and softening of the particles. When sulphated particles are close
to their sintering temperature they may stick to the heat transfer surfaces (radiation
sheets, convection tubes) of the boiler.

Dust accretion causes severe operational problems, such as reduced heat
transfer efficiency, which leads to higher boiler outlet temperatures, and blockages of
the gas flow paths. Because of the build-ups boiler needs to be continuously rapped,
which stresses the steam tubes of the boiler. Thus, the boiler must facilitate the cooling
and freezing of the molten particles so that they do not agglomerate on the boiler walls.
It is desirable that sulphate formation should take place in the radiation section, in the
gas phase, before the particles come into contact with the boiler walls or enter the
convection section. The amount of sulphation air (oxygen) must also be correct. Too
small an amount leads to incomplete sulphation, and sulphidic compounds stick to the
boiler surfaces even more tightly than sulphates. On the other hand, excess oxygen
increases the formation of corrosive weak acid. Flue dust formation is considered to be
characteristic for smelting processes like the flash smelting, Mitsubishi, Isasmelt, etc.
Thus, the dust build-up problems are not limited to Outokumpu flash smelting process
gas handling equipment but concern also flash converting as well as other metallurgical
processes. [ Swi02/Bis94/Dav87/Jon96/Saf98 /SE94/Liu03]

1.2 Motive for the thesis

Fundamental knowledge o flue dust behaviour in heat recovery boiler conditions is
still inadequate. The sulphation of copper oxides has been intensively studied
thermogravimetrically, using pellets and powders in crucibles, and also with different
kinds of fluid-bed systems. However, the focus has been on roasting process
conditions, and thus the particle diameters of interest have been measured in
millimetres instead of micrometers and sulphation times in hours rather than seconds
[ Wad60/Hoc66/Sah84-85]. The objective of this thesis is to improve the basic
knowledge of dust sulphation behaviour and in that way help to improve the operation
and control of the off-gas line.

Research concentrating on dust sulphation started at the Helsinki University of
Technology in 1997. A laboratory-scale fluid-bed reactor was constructed to
experimentally study sulphation phenomena in simulated boiler conditions, find
optimal conditions for effective sulphate formation and gain basic knowledge of the
sulphation behaviour of typical dust components [ Ran00] . Work was started with pure
cuprous and cupric oxide [Ran00/Peu01l/Ran02] and continued with partly oxidised
copper matte. This information is required in order to ascertain that boiler design and
operation can be carried out so that sulphate formation takes place in a controlled
manner. The results of this study may also serve as verification data for numerical
boiler simulations.
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2 EXPERIMENTAL

2.1 Equipment

A laboratory-scale fluid-bed furnace was designed and constructed in order to
experimentally simulate sulphation phenomena in the industrial heat recovery boiler.
The design details (e.g. dimensions, gas flow rates, material feeding, etc.,) were first
tested with a couple of ‘cold models. In the furnace particles are in loose contact with
each other, which creates ideal reaction conditions. The experimental temperature, gas
composition, and reaction time can be adjusted to correspond to the boiler conditions.

A schematic illustration of the reactor unit and applied conditions is presented
in Fig. 2. The reactor is shaped from transparent quartz glass. A removable sintered
quartz grid (porosity grade 0) divides the tube into the reaction zone and gas heating
zone, which is filled with alumina pearls to improve heat transfer and gas mixing. The
diameter of the reaction zone is 33 mm and the height of the vertical reaction zone 20
mm, after which the tube starts widening in order to slow down the gas flow rate and
prevent particles escaping to the off-gas line. An inclined feeder tube is used to direct
solid particlesto the reaction zone.

Two semicylinders (Kanthal HAS 200) form the reactor heating system. Their
heating is adjusted by a Honeywell-made temperature controller using an S-type
thermocouple (Pt-Pt/10%Rh). The heating elements are hinged, and parts can be
opened to facilitate visual observation of the hovering particles.

Gas flows are monitored by rotameters together with electrically-operated
valves so as to obtain quick shifts between inert purging gas (N2 industrial grade
99.5%) and reaction gas (bottled pure SO, and O-N2 mixtures) flows. The off-gas is
neutralised by a 10% NaOH solution using a counter-flow-type scrubber. All the gases
were supplied by Oy AgaAb.

Material
feeding
Manual
Off- t
valves ﬁ the gagassfrsubober
'J Ij Temperature (°C): 560 — 660
© 805
e % Reaction gas (vol-%): SO, 20-60
-% @ < 0O, 25-10
(©) T e _
® 5 ® Balance and purging: N,
® E - ® Thermocouple  Tot. fl dm?/ 25°C): 0.1
. Grid [mmm . p Ot- OW( m Sat ) .
Q@ % ..... Q@ Feed (mg) 15
Q@ ) (0]
e g ] Reaction time (s): 10 - 240
e = 5]
e © e

ﬁ Gas inlet

Figure 2. Schematic picture of fluid-bed reactor and parametersin the experiments
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2.2 Experimental procedure

In an experiment, 1.5 grams of screened solid reactant and a total gas flow of 0.1 dm®/s
(~0.4 m/s a 600°C at 1 atm in the reaction zone) were used. The amount of powder
was enough for both chemical analysis and sample preparation for microscopical
studies, but studied so as not to be a rate-controlling factor. The flow rate was adjusted
empiricaly to be just enough to maintain fluidisation. The weighted amount of
screened oxide particles was directed to the reaction zone, into an inert nitrogen flow,
which was introduced into the reaction chamber via the heating section. When the
particles reached the experimental temperature the inert gas was replaced by the
reaction gas mixture. When the desired reaction time had passed, the reaction gas was
changed back to the nitrogen flow again. After purging, the reacted sample was
removed from the grid and placed into an exsiccator.

2.3 Analytical methods

The chemical analysis of all the sampleswas carried out at the Analytical Laboratory of
Outokumpu Research Oy (Pori, Finland). Sulphur (S) was determined using a Leco
analyser (Model CS 244). The amount of sulphate (SO;) was analysed using an
ionchromatograph (IC). For non-synthetic samples, Fe and Cu analyses were performed
using standard |1CP techniques.

To characterise the feed materials, a Malvern particle size analyser (Mastersizer
2000) with a Hydro 2000SM sample dispersion unit was used to measure the
volumetric particle size distribution of the feeds.

The specific surface areas of the feed fractions were measured using BET-
method at the Analytical Laboratory of Outokumpu Research Oy (Pori, Finland).

Microscopic examinations were carried out using a scanning electron
microscope (SEM), LEO 1450 by LEO Electron Microscopy Ltd, which was equipped
with an energy dispersive spectrometer (EDS), supplied by Link Nordiska AB, for
elemental analysis. Morphology was visually studied from secondary electron (SE)
images. The internal structures (product layers) of the samples were examined from
cross-sections, using a backscatter electron detector. The EDS was used for element
mapping and point analysis.

2.4 Characterisation of raw materials

Three different materials were studied. Although industrial process dust is
heterogeneous, synthetic pure oxides were chosen first for the research programme in
order to enable the identification of the influences of different parameters. Experiments
were started with synthetic cuprous oxide (Cu,O) powder, and continued with pure
cupric oxide (CuO). Feeds were selected on the basis of the prevailing sulphate-
forming components of the dust entering the HRB. The synthetic powders were
prepared by Outokumpu Research Oy in Pori, Finland. In addition to pure,
homogeneous oxides, a few series of experiments were conducted with a non-synthetic
oxide-sulphide mixture. This raw material was prepared by oxidising low-iron copper
matte (Cu 64.8, Fe 6.0, S 21.0 wt-%) in the laminar flow furnace [Peu00]. Oxidation
behaviour of such copper mattes with low iron content has been intensively studied at
the Helsinki University of Technology. [ Peu99]
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2.4.1 Cuprous oxide

For synthetic Cu,O 2 mm-thick Outokumpu HCOF (99.999% Cu) copper plates were
oxidised at 1050°C in an ar atmosphere for a week, until the metallic heart
disappeared. The treatment was followed by homogenisation of the extra oxygen in an
N atmosphere at 950°C for a day. The Cu,O that was formed was crushed and sieved
[Tas02]. Mainly, ascreen fraction of 37-53 pum was used in the experiments.

The measured volumetric particle size distribution of the cuprous oxide fraction
used is presented in Fig. 3. On the basis of the measurements, the average particle
diameter is 48 pum, 10 vol-% being below 26 pm and 90 vol-% below 78 um.

Particle size distribution

516
o 14 N\
£ 12 / \
5
S 10
S g [
[
6 / \
4 / ‘
2 II \
D "-.__// \
0.1 ] 10 100 1000

Particle size (um)

Figure 3. Volumetric particle size distribution of Cu,O, nominal screen fraction 37-53 um

The morphology micrographs of the original CuO are presented in Fig. 4. The
particles are irregular and oblong, which explains why size distribution analysis gives
dightly larger particle sizes than the sieve sizes used indicate. The edges of the
particles are sharp, as they are crushed. Tiny dust particles, originating from crushing,
stand on theflat particle surfaces. Surface porosity is negligible.

20um

Figure 4. An overview and a detailed picture of th?pure Cu,0, nominal screen fraction 37-53 um

A series of experiments was also conducted with sub-micron-sized cuprous oxide (Fig.
5). The powder was prepared by precipitation with NaOH from a concentrated
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Cu*/NaCl solution and stored in water [ Tas02] . Before the experiments the powder was
dried at 60°C in an N, atmosphere. The powder appeared to agglomerate significantly.
The free surface areais till notably larger, compared to coarser synthetic oxide.

e

- <
1um EHT=20.00kV ~ WD= 10 mm Signal A = SE1 Mag = 20.00 KX

Figure5. An overview of pure sub-micron-sized cuprous oxide

2.4.2 Cupric oxide

Synthetic CuO was prepared by oxidising Cu plate at 950°C for a week and then
treating it at 700°C in air for another week [ Tas02] . The same screen fraction of 37-53
pm was used in the experiments. On the basis of the size distribution measurements
(Fig. 6.), the average particle diameter is 49 um, 10 vol-% being below 25 pm and 90
vol-% below 83 pum. Morphology images of the CuO are presented in Fig. 7. The
surface structure seems to be identical with that of the Cu,O used.

Paricle size distribution

ot

Volume (%)

ONS~AO>OODON D
i

0.1 1 10 100 1000
Particle size (um)

Figure 6. Volumetric particle size distribution of CuO, nominal screen fraction 37-53 pum
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Figure 7. An overview and closer look at ih;ﬁjre CuO, nominal screen fraction 37-53 um

2.4.3 Partially oxidised Cu matte

The screen fraction of 40-75 um of copper matte was incompletely oxidised in the
laminar flow furnace, which had been used earlier for several oxidation behaviour
studies of copper and nickel concentrates and mattes [Peu00]. The chemica
composition after oxidation at 1000°C in an air atmosphere was 67.9 wt-% Cu, 8.0 wt-
% Fe, and 6.7 wt-% S. Approximately 30 wt-% of the original sulphur was still left in
the powder. The prepared material roughly corresponds to industrial flue dust. Particle
size was significantly reduced during the oxidation, due to the fragmentation. The
average particle diameter of the product was measured to be 10 um, 10 vol-% being
below 2 um and 90 vol-% below 55 pum (Fig. 8).

Unlike the synthetic feeds, this powder was not homogeneous. On the basis of
the microscopic observations and element analysis, there were few larger particles (+20
pm) with copper sulphide cores surrounded by iron/copper oxide shells and a large
amount of smaler (-10 um) sulphidic and oxidic particles. Overviews and higher
magnifications of typical small particles are showninFig. 9.

Particle size distribution
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Figure 8. Volumetric particle size distribution of the partially oxidised matte
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20um EHT=20.00kV ~ WD= 10mm Signal A= SE1 Mag= 1.00 KX

2pm EHT=15.00kV  WD= 12mm Signal A = SE1 Mag= 7.50KX

¢) Morphology of the small particles d) Dense (sulphidic) particles, porous (oxidic)

particles
Figure 9. Morphology and internal structure of the partially oxidised copper matte

2.4.4 Specific surface areas

In idealised case where particles are cubes of equal size with an edge of | and density of

solid r the specific surface area S (the area exposed by one gram of particles) is defined
by the following expression: [ Gre67, Low9l]

If the edge | is 1 pm, and r is 6 g/cm® (density of Cu,O according to HSC-database),
the theoretical specific surface area is 1 nf/g. Because of the surface imperfections
(roughness, porosity) real surface areas are always greater than the theoretical area.
[Low9l] In practice the (fine) particles may stick together and form agglomerates,
when the surface areaiis lost. [ Gre67]

Measured specific surface areas of the studied feed materials and a theoretically
calculated minimum area are presented in Fig. 10. In general, specific surface areas
increase with decreasing particle size. Cupric oxide seems to have dlightly smaller
specific surface area than cuprous oxide. However, on the basis of these few analysis
definite conclusions cannot be made. Measured specific surface area of the sub-micron-
sized cuprous oxide corresponds to the theoretical minimum area. Due to the significant
agglomeration the available surface area might be even smaller. The partially oxidised
Cu matte has the largest specific surface area of the used materials.
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Figure 10. Measured specific surface areas of studied feed materials and calculated theoretical specific
surface area for cubic particles with the density of 6 g/cn.

2.5 Preliminary experiments

The equipment was first tested with cuprous oxide, with a screen fraction of 74-105
pm [Ran00]. Such a coarse fraction was chosen for the preliminary experiments to
facilitate the experiments, sample preparation and SEM-studies. On the basis of the
results, some modifications and changes were made both to the equipment and
experimental procedure [Peu0l1]. In addition to structural changes, the particle feed
amount was reduced and gas flow rate increased. A few series of the preliminary results
are presented in Fig. 11. The optimal temperature area for sulphate formation seemed to
be between 600-650°C; at 700°C sulphate formation was negligible. The conditions
(temperature range) for the current experiments were selected on the basis of the results
of these preliminary tests.
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20 vol-% SO,, 40 vol-% O,, 74-105 nm
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Figure 11. Preliminary experiments; 20 vol-% SO,, 40 vol-% O,, nominal size fraction 74-105 pum, feed
amount 30 mg, gas flow rate 0.083 dnr’/s, residence times 60, 80 and 120 s,
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3 RESULTS

The results of the chemical analyses are converted to sulphation curves and surfaces
and presented in the following chapters. Actual data points and fitted curves are
presented in two-dimensional graphs; 3D surfaces are formed out of fitted curves and
used only to illustrate the sulphation behaviour trends and effects of applied
parameters.

In the case of an industrial heat recovery boiler the degree of sulphation is often
defined as the ratio of sulphur as SO, compared to al sulphur analysed (sulphation
degree of sulphur). Another applied method is to compare copper in sulphate form to
the total copper in dust (sul phation degree of copper).

Here the Cui,O and CuO were pure oxides, totally free of sulphur, thus
comparison of sulphur in sulphate form versus total sulphur is not appropriate. The
results of the Cu,O and CuO experiments are presented as weight percentages of
copper sulphate (CuSQOy) in the samples calculated based on sulphur (S) or sulphate
(SO4) analysis, and based on an average of the analysis, when both are available. Here
sulphation degreeis defined as:

M M
%CUSD, = %S *— 2% =090, x— % (2).
N M Y
S SO,

When comparing the separate S and SO, analysis of the same reacted synthetic oxide
samples, elemental sulphur almost matches the sulphur in SO4, meaning that practically
all the sulphur in the synthetic samplesisin sulphate form. Deviationsin the amounts of
sulphate cal culated on the basis of different analyses are small and of arandom nature.

The results of the matte experiments and comparison of all the results are
presented directly as %SO, analysed in the samples, since, in addition to copper
sulphate, the co-existence of iron sulphate is probable in matte samples. The chemical
analyses are collected in Appendix A.

3.1 Sulphation of synthetic Cu,0

As can be noticed from the phase stability diagram presented in Fig. 12, the stable
copper oxide in the copper smelting conditions at the heat recovery boiler inlet is Cu,O.
Thus, the experiments were started with it. Sulphate formation is highly dependent on
the prevailing temperature and gas composition. The effects of the experimental
temperature, reaction gas composition, residence time, particle size, and Pt catalyst
were studied.
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log( pSO2(g)/atm) Cu-O -S Phase Stability Diagram at 1200 C
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Typical HRB conditions
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Cu20

log( pO2(g)/atm)

Figure 12. Phase stability diagram for Cu-O-S—system at 1200°C cal culated using the HSC programme,
the grey box marks typical conditionsin the copper smelting heat recovery boiler inlet

3.1.1 Effects of gas parameters

Temperature

In Figs. 13-15 sulphate formation isillustrated as a function of temperature and reaction
time with 20, 40, and 60 vol-% SO», and 2.5, 5, and 10 vol-% O, concentrationsin the
reaction gas. In general, the amount of sulphate increases with increasing residence
time and oxygen concentration, as expected.

On the basis of these experiments, the temperature for the most effective Cu,O
sulphation lies under 600°C when SO, concentration is low (20 vol-%) and oxygen
concentration is high (Fig. 13 ef), and shifts up to 620°C with medium/high sulphur
dioxide concentration. With high sulphur dioxide and low oxygen content in the
reaction gas, the optimal temperature appears to be even dlightly higher, near 640°C
(Fig. 15 ab). Increasing the amount of sulphur dioxide and reducing the oxygen
concentration raises the optimal sulphation temperature. Also, a high oxygen
concentration expands the favourable temperature range (Fig. 13 ef).
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Oxygen concentration

The effect of an increase in oxygen content in the reaction gas is illustrated as a
function of the reaction time at 620°C in Fig. 16. Sulphate amounts increase as a
function of residence time, and a dlight retardation of sulphate formation is observed.
Doubling the oxygen amount from 2.5 to 5 vol-% has a more significant effect than an
increase from 5 to 10 vol-%. Regardless of the sulphur dioxide content, an increase in
oxygen concentration enhances sulphate formation.

620 °C, 40 vol-% SO,

30

® 10vol-% O,
® 5vol-% O,
A 25vol-%0O
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%CuSO,
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Figure 16. Results as a function of reaction time with used oxygen contents at 620°C with 40 vol-% SO,
fraction 37-53 um
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Sulphur dioxide concentration

The effect of sulphur dioxide concentration (20-40-60 vol-%) with a 60-second reaction
time and 5 and 2.5 vol-% oxygen concentrations is presented in Fig 17. With the lowest
SO, concentration, the sulphation maximum is reached in the vicinity of 600°C. Higher
SO, concentrations shift the peak closer to 620°C. A 60 vol-% SO, concentration leads

to alower sulphate outcome than 40 vol-%.
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Figure 17. Effects of temperature and sulphur dioxide content with 60 s reaction time with a-b) 2.5 vol-%

O,, ¢-d) 5.0 vol-% O, fraction 37-53 pum
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3.1.2 Effect of particle size

The importance of the particle sizeisillustrated in Fig. 18. A series of experiments was
conducted at 600°C with a 60-second reaction time and a gas composition of 40 vol-%
SO, and 5 vol-% O,. Four different screen fractions of Cu,O were applied. As
expected, the sulphation degree increases with decreasing particle size. The effect of
particle size (specific surface area) is significant.

600 °C, 40 vol-% SO,, 5 vol-% O,, 60 s
35

-37 mm

% CuSO

37-53 mm

53-75 nm
'S 75-105 nm

*

0 L l L l L l L l L l L l L l L l
30 40 50 60 70 80 90 100 110

Particle size fraction (mm)

Figure 18. Effect of screen fraction on the sulphation of cuprous oxide. Experimental conditions. T =
600 °C, t = 60 s, 40 vol-% SO, 5 vol-% O.



RESULTS

3.1.3 Effect of Pt-catalyst

Different catalysts have a promoting effect on sulphur trioxide formation [Kyt97,
Bac86] , which in turn is assumed to advance sulphate generation. In these experiments,
platinum was used as a catalyst. A twisted platinum wire was placed at the top of the
gas heating zone. The total weight of the wires was approximately 4 grams, with a
diameter of 0.25 mm, giving a total surface area of 30 cm?®. The temperature in the
region of the Pt wire was 30°C below the experimental temperature. The temperatures
used in the current experiments (600-640°C) yield a temperature range of
approximately 550-610°C in the catalyst area.

The results with and without a catalyst as a function of temperature are shown
in Fig. 19. The oxygen concentration was 5 vol-%, that of sulphur dioxide 40 vol-%,
and the reaction time one minute. On the basis of the experiments, sulphate formation
is dlightly enhanced with the use of a catalyst, but the optimal temperature moves down
from the vicinity of 620 to closer to 600°C.
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Figure 19. Effect of platinum catalyst on sulphate formation,Cu,O fraction 37-53 um

3.1.4 Microscopic examinations

Surface morpholoqgy

A considerable portion of the samples was examined with the SEM. As the reactions
proceed, the angular shapes of the original particles disappear under the thickening
product layer. The particles become more rounded and surface structures more detailed.
The effects of temperature and oxygen concentration are illustrated in Fig. 20. The
lower the temperature, the more detailed the typical surface patternis.
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Figure 20. Typical surfaces at the studied temperatures, t = 120 s, 40 vol-% SO,, on the left 2.5 vol-%
O,, right 5vol-% O,
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The growth of the sulphate layer as a function of the reaction time isillustrated in Fig.
21. In twenty seconds sulphate formation has just started, and the original surface is
still visible. Tiny dust particles on the original surfaces (Fig. 4) may act as initia
starting points for the sulphate growth. After a minute the surfaces are totally covered,
and in two minutes the original shapes of the particles have disappeared. Sintering of
the particles becomes more prominent, particularly with high SO, (Fig. 21f).

EMT=1500kV  WD= 7mm Signal A= SE1 Mag = 10.00 KX EHT=1500kV  WD= 9mm Signal A= SE1

EMT=1500kV  WD= 7mm Signal A= SE1 EMT=1500kY ~ WD= 7mm SignalA=SE1

EHT =15.00 kv WD= 7mm  Signal A= SE1 Mag = 10.00 KX

z ) = i g T Wi 7 o
€) 120's, 640°C, 40 vol-% SO, 2.5 vol-% O, f) 1205, 620°C, 60 vol-% SOy, 5 vol-06 O,

Figure 21. Changing morphology as a function of reaction time; on the left 640°C, 40 vol-% SO,, 2.5
vol-% O, on the right 620°C, 60 vol-% SO,, 5 vol-% O,
Cross-sections

Preparing cross-sections proved to be laborious. A hard Cu,O core surrounded by a
brittle, water-soluble sulphate phase is a difficult combination to grind and polish.
Quick grinding with minimal pressure using SIC-paper with ethanol as lubricant
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provided the best result. Polishing was omitted totally because it flushed out most of
the sulphate phase. Cross-sections were made of only selected series of samples.

Element mapping was carried out for selected samples to see the distribution of
the elements. Typical result is presented in Fig. 22. Cu,O has reacted at 620 °C for 120
seconds with 40 vol-% SO, and 5 vol-% O,. Oxide core is covered by a thick,
approximately 58 um, sulphate layer. This sample has reached a sulphation degree of
20 wt-%. Between the sulphate cover and oxide core is a faintly detectable, thin (1 pm)
sulphur-free intermediate layer. Based on EDS-analysisit is CuO.

Another illustrative cross section micrograph of the same sample is presented
in Fig. 23. Sulphate layers are well attached to the oxide cores and look dense. Some
sintering is noticed like in most of the samples. Particles stick together after sulphate
formation has started, because sulphate layers are covering the whole particles, and
there are no oxide-oxide contacts. In general, sintering advances with reaction time, and
is more significant with a high sulphur dioxide compared to lower concentrations (Fig.
24).

i 10pm 1 I 10pm |
O map Smap

Figure 22. Element maps for a typical particle, 40 vol-% SO,, 5 vol-% O,, 620°C, 120 s.
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Figure 24. Examples of sintering behaviour, effect of a) 20 vol-% SO, versus b) 60 vol-% SO, with 5 vol-
% O,, 120's, 620 °C

Generally, particles that reacted only for a short time and/or at non-optimal
sulphate formation temperature are covered by thin sulphate layers of 0-2 um. Samples
that reacted over 60 s in an atmosphere richer in oxygen (5-10 vol-%) at a favourable
temperature are covered by thicker product layers. The mid-layer was found only from
samples with a high degree of conversion; from others it was either missing or too thin
to be detected.

In order to study the intermediate phase more closely, the sulphate layer was
rinsed away from the sample in Figs. 22-23 with water using ultrasound. No sulphur
was detected on the washed surface (Fig. 25b) with EDS. The revealed CuO seems
clearly more porous and detailed compared to the starting Cu,O surface (Fig 25a).
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EHT = 15.00 kV' WD= 9mm Signal A = SE1 Mag = 10.00 KX

Figure 25.Comparison of a) original Cu,O surface, and b) surface of a reacted sample revealed after
washing (CuO)

3.1.5 Sub-micron-sized Cu,O

Very fine powder was also used to find out if the sulphation behaviour is qualitatively
identical with coarser fractions. However, sub-micron-sized powder tended to
agglomerate heavily, and fluidisation in the reactor unit was poor. The reacted samples
were clearly non-homogeneous. On the basis of visual observations, the cover of the
sample cake was mostly well reacted, but in the core there remained pure red oxide.
With non-homogeneous samples unsuccessful sampling action may distort the results.
With short reaction times the results are consistent, but with long residence times partly
scattered. The effects of temperature and reaction time are illustrated in Fig. 26. Most
generous sulphate formation is attained near 600°C, as with the coarser oxide (Fig. 13c-
d).
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Figure 26. Effect of reaction time and temperature on the sulphation of sub-micron-sized Cu,O

Compared to the coarser fraction (Fig. 27), more sulphate was formed from sub-micron
feed. The effects of temperature and reaction time are similar, indicating that the
different conversion results from the different specific surface areas.
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Figure 27. Comparison of the sulphate formation from 37-53 um Cu,O and sub-micron Cu,O, 20 vol-%
SO, 5 vol-% O,.

To figure out if the different conversion degrees result only from the different
surface areas, the reaction rates per unit surface area of sub micron sized and 37-53 pm
Cu,0 are compared in Table | (Compare with Fig. 27). Sulphation rate per unit surface
area appears to be dightly higher for the coarser cuprous oxide fraction. Due to a heavy
agglomeration, the actua free surface area of the sub micron sized cuprous oxide may
have been lower than what was measured. In general, the order of magnitude is the
same.

Table | Reaction rates per unit surface area of sub micron sized and 37-53 pm Cu,O. Used specific
surface areas. Cu,0 37-53 um 0.3 n¥/g, sub micron sized 0.98 n/g

CuS04 (%) / [t (s) * A (m2/g)]
37-53 37-53 sub micron  sub micron
t (s)[Cu20/ 600 C Cu20/620 C Cu20/600C Cu20/620C
10 0.23 0.15
20 0.41 0.46 0.23 0.23
40 0.58 0.41 0.21 0.17
60 0.64 0.44 0.19 0.31
80 0.64 0.41
120 0.46 0.53 0.15 0.21
180 0.14 0.16
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3.2 Sulphation of synthetic CuO

As the temperature decreases in the heat recovery boiler, CuO becomes the stable
copper oxide phase, as shown in Fig. 28.

log( pSO2(g)/atm) Cu-O -S Phase Stability Diagram at 900 C

Typical HRB conditions

CuO

log( pO2(g)/atm)

Figure 28. Phase stability diagram for Cu-O-S —system at 900°C calculated using the HSC programme,
the grey box marks typical conditions in the copper smelting heat recovery boiler radiation section.

3.2.1 Effects of gas parameters

Temperature

In Fig. 29 sulphate formation is illustrated as a function of temperature and reaction
time with 40 vol-% SO, and 2.5 and 5 vol-% O, concentrations of the reaction gas. In
general, the effect of temperature is not as significant as it is with Cu,O in the studied
temperature range. On the basis of these experiments, the temperature for maximum
CuO sulphation lies in the vicinity of 620°C when the oxygen concentration is 5.0 vol-
% and shifts closer to 640°C with alower oxygen concentrations.
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Oxygen concentration

Sulphate amounts increase as a function of residence time, and retardation of sulphation
rate is not very substantial even in extended residence times (Fig. 30). An increase in
oxygen content significantly enhances sulphation.
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Figure 30. Effect of residence time and oxygen concentration on the sulphation of CuO

Sulphur dioxide concentration

The effect of sulphur dioxide concentration is illustrated in Fig. 31. 40 vol-% sulphur
dioxide leads to a higher sulphate outcome compared to 20 vol-%.
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Figure 31. Effect of sulphur dioxide concentration (20 vol-% versus 40 vol-%) on the sulphation of CuO



RESULTS

3.2.2 Microscopic examinations

Surface morphol ogy

In general, the morphology of the reacted cupric oxide samples corresponds to the
reacted cuprous oxide. The disappearance of the original surface shapes as a function of
residencetimeisillustrated in Fig. 32.

I i} 2 Dl — e
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c) 180s d)240s
Figure 32. Changing morphology as a function of reaction time; 620°C, 40 vol-% SO, 5.0 vol-% O..
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Cross-sections

Element maps of atypica sulphated CuO particle are shown in Figure 33. In the coreis
the oxide phase, which is surrounded by a dense sulphate shell.

10pm

CuO

T M oom |}

O map Smap

Figure 33. Element maps for a reacted particle. Experimental conditions: 40 vol-% SO, 5 vol-% O,,
620°C, 120 s.

The sulphate layer becomes thicker along with the residence time. After twenty seconds
the product layer is approximately 1 pum, and post two minutes roughly 34 um (Fig.
34).
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Figure 34. Thickness of the product layer in a) 20 sb) 120 s, Experimental conditions: 40 vol-% SO, 5
vol-% O,, 620°C.
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The outer sulphate surface is similar to that of the sulphated cuprous oxide. To see the
CuO surface beneath, the sulphate phase was rinsed off from a selected sample. The
exposed CuO surface (Fig. 35) is now more detailed compared to the initial oxide, but
isclearly less porous than the washed Cu,O (Fig. 25b).

)

/
2pm EHT =20.00kV ~ WD= 11mm Signal A = SE1 Mag = 10.00 K X

Figure 35. Sulphur-free CuO surface exposed after washing, experimental conditions: 40 vol-% SO,, 5
vol-% O,, 620°C, 120 s.
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3.3 Sulphation of partially oxidised Cu matte

Of the materials tested, the partially oxidised matte best corresponds to the process
dust, both as regards size and chemical composition. [ Sam0la-b]

3.3.1 Effects of temperature and reaction time

Right at the beginning, sulphate formation is very intensive, in the whole tested
temperature range, and slows down with time (Fig. 36). The lowest tested temperature
(560°C) yields the highest sulphate formation, and the highest temperature (640°C)
resultsin the lowest outcome. The temperature dependency isillustrated in Fig. 37. The
actual optimal temperature could be even lower than what was examined.

The dlight inconsistency of the results may derive from the non-homogeneous
feed and small sample size.
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Figure 36. Effect of the reaction time on the sulphation of partially oxidised Cu matte
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Figure 37. Effect of reaction temperature on the sulphation of partially oxidised Cu matte
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3.3.2 Microscopic examinations

Morphology

Typical micrographs of small and larger particles are shown in Fig 38. The sulphate
layer coversthe particles, and tiny satellite particles are attached to the bigger ones. The
finest particles have attained a total conversion. In general, sintering became more
notable with increasing conversion.

2um EHT=15.00kV  WD= 13mm

a)

Signal A = SE1 Mag= 250 KX

— v

0) d)

Figure 38. Cross-sections and morphology images of the sulphated matte; reaction conditions T =
620°C, SO, 40 vol-%, O, 5 vol-%, t = 120 s. ab) Tiny satellite particles sintered to the small main
particle, c-d) large particle: copper sulphide core, Cu/Fe-sulphate cover.
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3.4 Comparison of the results

The formation of sulphate from cuprous and cupric oxide as a function of temperature
is compared in Fig. 39. With short reaction times and in alow oxygen partial pressure,
the sulphate conversions are practically on the same level in Cip,O and CuO. With
longer residence times and favourable reaction conditions, the differences become
substantial; more sulphate is formed out of cuprous oxide. Also, cuprous oxide appears
to be more sensitive to temperature than cupric oxide.
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Figure 39. Comparison of the sulphation of cuprous and cupric oxide; experimental conditions: 40 vol-
% SO, a) 2.5vol-% O, b) 5.0 vol-% O,

One phenomenon stands out clearly when comparing the synthetic and non-
synthetic materials (Fig. 40): the partially oxidised matte reacts significantly faster right
at the beginning. With short residence times, 10-20 s, sulphate formation is roughly
fivefold in case of the partially oxidised matte compared to synthetic oxides, fraction
37-53 pm. Also the specific surface area of the partialy oxidised matte is roughly
fivefold compared to 37-53 um CuO and Cu;O.

The non-porous sub-micron-sized cuprous oxide initially reacts slowly, but
exceeds oxidised matte in time, even if the experiments were carried out in lower
sulphur dioxide concentration (20 vol-%) (Fig. 41).
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Figure 40. Comparison of the sulphation behaviour of the synthetic Cu,0 and CuO and oxidised matte.
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Figure 41. Comparison of the behaviour of oxidised matte, sub-micron Cu,O, and coarse Cu,O. Note the
different SO, concentrations.
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Reaction rates per unit surface area for CuO (37-53 pm), Cuz0 (37-53 um) and
partially oxidized matte are collected in Table Il (Compare with Fig. 40). On the basis
of the current results initial sulphation rate per unit surface area seems to be higher for

the partially oxidised matte compared to synthetic oxides (CuO, Cu0).

Table |l Reaction rate per unit surface area for CuO (37-53 pm), Cu,O (37-53 um) and partially
oxidised matte. Used specific surface areas. Cu,O and CuO 37-53 pm 0.3 /g, matte 1.21 né/g

t(s)

SO (%) /L (5) * A (M2g)]

CuO/620C CuO/ 580 C Cu20/620C Cu20/580 C matte/ 560 C matte/ 580 C matte/ 620 C

10
20
40
60
120

0.37

0.37 0.25 0.27 0.27
0.25 0.25 0.32
0.29 0.23 0.27 0.27
0.23 0.21 0.32 0.21

0.49
0.26

0.15
0.09

0.49
0.27 0.24
0.12 0.09

0.09 0.06
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4 DISCUSSION

Copper sulphate formation was found to be sensitive to gas composition and
temperature. Both the particle size (specific surface area) and surface morphology have
significant effects on the sulphation rate.

The results with Cu;O as a function of particle size explain the lower
conversion of synthetic cuprous oxide compared to industrial process dust. The effect
of particle size (specific surface area) was noticed to be significant when the size range
mostly used here, 37-53 pum, was compared with the size of typical industrial dust, -37
pm.

One phenomenon stands out clearly when comparing synthetic and non-
synthetic materials: the partially oxidised matte reacts significantly faster right at the
beginning. The explanation lies in both the partly smaller particle size (i.e. larger
specific surface area) and more detailed surface structure. A detailed surface offers a
more generous number of nucleation points for the sulphation reactions compared to
flat surfaces.

In the case of oxidised matte, in addition to copper sulphate, ferric sulphate is
also expected. On the basis of thermodynamic calculations, the maximum stability
temperature for ferric sulphate is below 700°C at the studied conditions, while for
copper sulphate it is well over 700°C [Yan97]. The optimal temperature for sulphate
formation could be even lower than what was examined. Also, impurities (not
analysed) of the feed may make some contribution to the outcome.

4.1 Conversion degree

In an industrial smelter the chemical composition and mineralogy of the flue dust
depend on the type of feed concentrate and smelting practice. Matte grade varies
between the smelters, and so do the oxygen and sulphur dioxide concentrations. If the
oxygen content of the process gas is increased, the sulphidic phases disappear
completely and the dust eventually becomes totally oxidised and sulphated. [ SamOla-
b]

Markova et al. [Mar00] have investigated the compositions of flue dusts from
the HRB and ESP after Outokumpu-type FSF at MDK-AD-Pirdop (Bulgaria). Samples
were collected from the boiler inlet, radiation section, and convection section. The
prevailing phase in al the samples was magnetite, FesOa, while the presence of
hematite, Fe;Os, was considerably smaller. The second main phase was CuSO,. Copper
in sulphate form accounted for 38-45% of the total copper; in the samples from the
boiler convection section the share was even slightly higher. The copper content as
Cu20 (free or connected as Cu,OXe,03) was about 30% of the total copper. The
amount of copper in sulphide form (Cw,S) decreased when moving from the boiler
radiation section to the convection section, from 20 to 810% of the total amount of
copper. Some ferrite copper (CuFe,O,) was also noticed, as well as minor amounts of
FeSO.,.

Flue dust in the heat recovery boiler of the Outokumpu Harjavalta Cu-FSF
consists mainly of particles which have a Cu-Fe-oxide core with a Cu-sulphate cover.
The main component is CuSO, (approximately 40%), which binds 70-75% of the
copper in dust. In second place is CuFeO,, 33%. CuFe,O4 has also been identified
[Pel01] .
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The flash converting dust differs from the flash smelting dust in some degree.
The most important difference is in the iron content; in the flash converting dust iron
content is very low (< 3 %), in the flash smelting significantly higher (> 20 %). Also,
the copper content of FC dust is higher (75 %) than that of FS dust (40 %). The non-
sulphated copper in FC dust is as CwO, in FS dust as CuFeO,. [Kyt97] The studied
partially oxidised Cu matte is actually closer to the flash converting dust than the flash
smelting dust.

Samuelsson et al [SamOlb] have measured specific surface areas of two
different dusts with complex mineralogy collected from copper smelter (Boliden
Mineral AB), dust 1. sulphide-oxide —type, and dust 2. oxide-sulphate —type. Dusts
were sieved to —36 microns, and specific surface areas of the sieved and non-sieved
fraction were measured using BET-method. Dust 1. had a smaller median size and
larger specific surface area than dust 2. Specific surface areas of these dusts and here
studied materials are compared in Fig. 42. The process dust is smaller in size, compared
to the mainly used screen fraction, 37-53 um, and has significantly larger specific
surface area. Of the tested materials, the partially oxidised matte has the largest specific
surface area, and it was found to be most reactive.
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Figure 42. Measured specific surface areas of studied feed materials and process dust [ SamO1b]

In the current experiments, none of the samples reached complete conversion.
And generally, sulphate amounts did not reach smelter levels. For example, in the case
of cuprous oxide (37-53 um), less than 30 wt-% of CuSO, was formed at most. There
are several reasons for the lower conversion:
- actual process dust is significantly smaller in size and most probably more
porous and detailed than the synthetic dusts used in these experiments;
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sulphation is a topochemical reaction in nature and a detailed structure of
actua flue dust offers more specific surface area and nucleation points for
the reaction;

incompletely oxidised matte contained relatively many sulphidic particles,
presumably more than atypical boiler dust;

in the current experiments, the particle-gas ratio was dlightly different.
Typical flue dust loads in the Outokumpu Flash Smelting process range
from 100 to 200 g/Nm? off-gas [Isa00], while in these experiments the
value was approximately 250 g/Nm?;

the contribution of the impurities and iron oxides present in the heat
recovery boiler dust, and their action as catalyst(s) for SOs formation (and
thus sulphate formation), were not extensively taken into account here.
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4.2 Sulphate formation — thermodynamics

Thermodynamically, both SOs; and sulphate formation are favoured by low
temperatures, but kineticaly elevated temperatures generate better outcomes. This
yields a maximum formation rate at a certain temperature, which is a compromise
between thermodynamics and kinetics. Although SO3; and sulphate formation are
anal ogous phenomena, the optimal temperature is not the same for both reactions, since
sulphate formation includes condensed phases as reactants and products. Thus, the
temperature of maximum sulphation is higher than the optimal SOz conversion
temperature. If oxygen is supplied to too cold region, SOs may form but is not
consumed by the sulphation reaction. [ Kyt97] .

Copper has two oxides, cuprous and cupric, the stability of which depends on
the prevailing temperature and atmosphere. On the basis of thermodynamic calculations
for the Cu-O-S system, CuSQ; is the only stable phase in the conditions studied (Fig.
43). In the case of the Fe-O-S —system, ferric sulphate (Fex(SO4)3) is the stable phase.
When both Cu and Fe oxides are present (matte experiments), more stable copper
sulphate is assumed to form first. [Hol 70]

History of the actual process dust is different from what the particles
experienced in the current experiments. In the boiler the temperature is not constant, on
the contrarily it changes rapidly. The hot particles are rapidly cooled down, and
introduced to the temperature range where the sulphates become thermodynamically
stable. As can be noticed from Fig. 43, according to the thermodynamics the stable
phase at the boiler inlet is Cu,O. Next CuO turns to be the stable oxide (~ 880-990°C),
then oxysulphate (~750-800°C), and finaly sulphate (~700-750°C). The gas
composition affects the stability temperatures. However, the actual sulphation route can
be different. In the XRD analysis of actua FCF and FSF dusts oxysulphate has been
found [Kyt97], but the experimental results did not confirm the existence of the
oxysulphate.



DISCUSSION

log( pSO2(g)/atm; Predominance Diagram for Cu-O-S System log( pSO2(g)/atm) Predominance Diagram for Cu-O-S System
4 T T T T T T T T T 4 T T T T T T T T T
, b k 2 /
of E o ]
2 7 2 T
4 Cu20 ] -4 Cu20 |
6 ] 6 [ 1
8 [ T -8 [ T
1 1 1 1 1 1 1 1 1
-10 -10
100 300 500 700 900 1100 100 300 900 1100
Constant value: T/°C Constant value: T/°C
pO2(g) /atm = 1.00E-02 pO2(g) /atm= 1.00E-0L
a) b)
log( pSO2(g)/atm) Predominance Diagram for Fe-O-S System log( pSO2(g)/atm) Predominance Diagram for Fe-O-S System
6 T T T T T T T T T 6 T T T T T T T T T
4 r B 4 [
F
2 I 7] 2 [
Fe2(S04)3
Fe2(S04)3
of ¢ - or ¢
¢ €
21 1 2 p
4 N 4 e
Fe203 Fe203
6 — 6 ]
8 [ . sf i
10 s s . . s s s s s 1o , L | | |
100 300 500 700 900 1100 100 200 500 700 00 1100
Constant value: Ti°C Constant value: T/°C
pO2(g) /atm= 1.00E-02 pO2(g) /atm= 1.00E-01

d)

Figure 43. Predominance area diagrams for a-b) Cu-S-O and c¢-d) Fe-S-O systems cal culated using the
HSC programme. Oxygen content is constant; a) and c) 1%, b) and d) 10%.



DISCUSSION

4.3 Effect of oxygen

In the current experiments an increase in oxygen content significantly enhanced
sulphate formation, irrespective of the SO, partial pressure, temperature, and studied
feed material. In the case of cuprous oxide, decreasing the oxygen concentration raises
the optimal sulphation temperature. These results are in accordance with SOz formation
thermodynamics, which are illustrated in Fig. 44. With 2.5 vol-% O the highest
temperature for the total conversion is over 600°C, and with 10 vol-% O, closer to
500°C than 600°C.

Kinetically, SOz formation is slow in the conditions studied, and it is estimated
that only 1-3% of sulphur dioxide reacts to sulphur trioxide in the smelter off-gas line
[Sar82].

Also, in the experiments the high oxygen concentration expands the favourable
temperature range of Cu,O sulphation.
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Figure 44. Equilibrium diagram. Effect of oxygen concentration (2.5 — 5 — 10 vol-%) on sulphur trioxide
formation thermodynamics. HSC calculation.
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4.4 Effect of sulphur dioxide

Experiments with cuprous oxide indicate that increasing the SO, content leads to an
increase in the temperature of most generous sul phate formation. Thisis congruent with
SOz formation behaviour. Fig. 45 presents thermodynamic calculations of SOs
equilibrium with the used sulphur dioxide contents with constant & (5 vol-%). The
lower the SO, the lower the maximum temperature for optimal conversion.
Unexpectedly, in the current experiments with Cu,O, a 60 vol-% SO, concentration
leads to a lower sulphate outcome than 40 vol-%. This might derive from pronounced
sintering with higher SO..
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4.5 Sulphate formation — mechanisms

Sulphate formation is a topochemical reaction starting from the surface and proceeding
to the core of the dust particles. Overall sulphation phenomena may be divided into the
following steps:

- external masstransfer,

- diffusion through the product layer,

- chemical reaction at the interface.

Heat transfer also has to be taken into account, since sulphate formation is a highly
exothermic reaction. The rate-controlling step may change, depending on the
conditions; many steps may have more or less equal effects on the overall rate, and the
controlling step may change as the reaction proceeds| Soh79].

Pure oxides seemed to be initially nonporous, so the reaction takes place at the
sharp interface between the solid and gas phase. As the reaction proceeds a solid
(dense) product layer is formed around the initial particles, and constituent species of
the solid have to diffuse to the outer surface. If the layer was porous, fluid species could
diffuse through the pores of the solid to reach the reaction interface. This dense layer
requires solid-state diffusion, and chemical reaction and mass transport are connected
in series.

Copper is polyvalent having two different combining powers. A Cu® ion needs
one negative ion to achieve a stable state, while a Cu?* ion needs two negative ions to
form neutral compounds. Thus, cuprous and cupric compounds can be formed. Since
the properties and structures (Fig. 46) of CuO and Cu,0 are different, the sulphation
behaviour of these oxides is not similar. Cuprous oxide has a structure in which the
oxygen ions form a body-centred cubic lattice and each oxygen is tetrahedrally
surrounded by four copper ions, and the cations have two nearest oxygen ions. CuO has
a structure in which metal ion forms four coplanar bonds. [Kof72] Furthermore, molar
volume (molecular weight divided by the density) of cuprous oxide is approximately
twofold compared to that of cupric oxide (Cu20O 23.8, CuO 12.6) [HSC]

copper (II) oxide copper (I) oxide

Figure 46. Structures of CuO and Cu,O [Figures. http://mmww.webel ements.comy]

Cuprous oxide

Direct formation of CuSO4 from Cu,0 is possible, but the reaction can also proceed
through the oxy-sulphate phase. Thus, the presence of CuOXCuSQ; in the sulphate layer
is possible, depending on the diffusional rates of the species through forming product
layers. Direct sulphate formation from cuprous oxide can take place via two reactions,
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either reacting directly with oxygen and sulphur dioxide, Eg. (3), or, if sulphur trioxide
is present in the atmosphere, reacting with it (Egs. 4a—b):

CUZO(S) + 2802(9) + %Oz(g) = 2CUSO4(S) ( 3)
SO2(g) +¥202(g) = SOs(Q) (4a)
CU0(9) + 2S0s(g) + ¥0(g) = 2CUSO4(S) (4b)

At elevated temperatures the equilibrium conversion amount of SO, to SOz, Eq.(4a), is
very small. As off-gas is cooled down the equilibrium amount of SOs increases, and
below 760°C a rapid conversion of SO, to SO3 can take place if a suitable catalyst is
present [Saf98] . In heat recovery boiler conditions Eqgs. 4a—b apply because catalytic
surfaces (copper and iron oxides) for sulphur trioxide formation are generously
available.

When Cu,0O particles are completely covered by the sulphate layer, the reaction
becomes more complicated. Sulphation could continue in pores and cracks, but, on the
basis of the cross-sections studied, sulphate phases seem to be rather dense, and thus
reacting species must diffuse through the solid sulphate to the reaction zone. The CuO
layer found between the Cu,O core and the sulphate suggests the outward migration of
Cu cations. Loss of copper ions results in the conversion of Cu,O to CuO. For every
migrated copper ion a CuO molecule is formed; also, one molecule of CuO will be left
inside, since a copper ion removed from Cu,O |eaves behind a molecule of CuO.

The existence of a CuO layer is supported by the investigations of Hocking and
Alcock [Hoc66] and Wadsworth et al. [Wad60] . Wadsworth et al. sulphated synthetic
Cu.0 plates in various mixtures of SO, and O,. Up to 750°C the product layers from
the inside to the outer surface were: Cu,O-CuO-CuOxCuSO4-CuS0Oy4. At 650°C oxy-
sulphate (CuOCuSO,4) was partly missing. Above 800°C no sulphates were detected.
The reactions followed the parabolic rate law, indicating that diffusion is the rate-
controlling factor. The maximum sulphation rate was gained with an SO,:O; ratio of
2:1.

Hocking and Alcock [Hoc66] also studied the sulphation of Cu,O blocks, and
showed with gold markers that CuO grows on Cw,O by the outward migration of
copper ions. At 688°C thin oxy-sulphate layer grows by inward migration of sulphating
species, which attack the CuO layer, and thick sulphate layer grows outwards from the
oxide surface by outward migration of copper ions. At 757°C both very thick oxy-
sulphate and thinner sulphate formed by outward diffusion of copper ions from Cu,O
leaving CuO to the core. Their studies supported the same order of product layers as
that published by Wadsworth et al [Wad60]. Sulphate formation slowed down
significantly after total conversion of Cu,O to CuO. Sulphation reaction rate increased
with increasing SO3 partial pressure. [Hoc66] CupO is a metal-deficient oxide with
cation vacancies, and the self-diffusion of cations is severa orders of magnitude faster
than oxygen ion diffusion. Also, the diffusion of copper in CuO is much slower than in
Cu.0 [Kof72/Ani99].

In case of Cu,0 sulphation an intermediate layer of CuO was found. Since two
molecules of CuO are formed out of one CuO, molar volume of cupric oxide layer is
slightly higher than that of the cuprous oxide. On the basis of the molar volume ratio
the forming cupric oxide layer should be dense. According to the SEM-studies (Fig.
25b) it appears to be more detailed than the original cuprous oxide surface. The
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sulphate layer with even higher molar volume (44.3) forms a dense, protective layer on
aparticle, and diffusion rate through it is affecting the sulphate formation rate.
The sulphation mechanism for direct sulphation of Cu2O isillustrated in Figure

47.

CUQO CuO CUSO4 atm SOQ, Og, SO3

Cu?* Cu?* O, (g) +
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i D < Y soe
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Cuy,O < CuO + Cu?t+ 2¢-
Cu?t+ 2e+ SO, + Oy & CuSOy

Figure 47. Cu,0O sulphation mechanism. Cations with balancing electrons diffuse through forming CuO
and sulphate layer to sulphate/gas interface, where SO,+O; is picked up. CuO isleft inside.

Cupric oxide

The presence of either oxygen vacancies or copper interstitials or clusters of them are
proposed when the defect structure of cupric oxide is considered. [ Car99] On the basis
of thermodynamic calculations the sulphation of cupric oxide occurs through the oxy-
sulphate, according to the following equations:

2CuQ(s) + SO3(g) = CuOxCuSOy4 () (5a)
CuOxCuSOx4 () + SO3(g) = CuSO4 () (5b)

Sulphate formation requires the outward diffusion of Cu? and O ions, or inward
diffusion of sulphating species. Sahoo et a [Sah85] studied CuO sulphation at
temperatures under 600°C. They suggest CuSO,4 growth by outward diffusion of Cu®*
ions, and formation of oxy-sulphate by a reaction between CuO and CuSO,. Hocking
and Alcock [Hoc66] propose that at lower temperatures (688°C) oxy-sulphate grows by
inward migration of sulphating species.

In the CuO sulphation experiments the intermediate oxy-sulphate layer was not
found in the SEM-micrographs. It might be either totally missing, or more presumably
mixed with CuSOy,, and too thin to be detected. The sulphate layer appears to be dense,
and attached to the core oxide, which is supported by that fact that the molar volume of
CuSOy is notably higher than that of CuO. The sulphation mechanism for CuO is
illustrated in Figure 48.
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Figure 48. CuO sulphation mechanism. At high temperature (approx. 700 °C) copper and oxygen ion
pairs diffuse outwards through sulphate layers. At low temperatures copper sulphate growth results from
outward diffusion of copper cations, and oxy-sulphate grows by inward diffusion of sulphating
species.[Hoc66]

4.6 Reliability of the results

The used experimental method and equipment are considered to be reliable, since the
results are logical, except for a few single data points, and they match with the results
of other researchers [Hoc66, Wad60, Sah85] .

The most probable source of error in the current results is the inaccuracy of the
chemical analyses caused by the inhomogenity of the samples, particularly with
partially oxidised matte and sub-micron-sized Cu,O, and limited sample amounts.
However, in general, accuracy of these standard chemical analyses is very good, the
relative error is only 2-5%.

Particularly sub-micron-sized Cu,O tended to agglomerate heavily, and reacted
samples were clearly non-homogeneous, which made representative sampling action
rather difficult. Also, with the partialy oxidised matte the feed was aready non-
homogeneous and the sample size small. Thus, the slight inconsistency of the few data
points and the unexpected decreasing of the sulphation degree as a function of the
residence time in these few cases (Figs. 14e, 27, 36, 37) are most probably due to either
an inaccuracy in the chemical analysis or human error in the experimental procedure.
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5 CONCLUSIONS

Reactions of synthetic Cu,O and CuO (mainly 37-53 um) and a partly oxidised copper
matte were experimentally studied with the aim of arriving at a better understanding of
dust sulphation in industrial HRBs. The parameters in the laboratory-scale experiments
were gas composition (20-60 vol-% SO,, 2.5-10 vol-% O,), temperature (560-660°C),
reaction time, and particle size.

Generaly, sulphate amounts did not reach typical smelter levels. 30 wt-% of
copper sulphate (from cuprous oxide) was formed at most. The clear reasons for this
lower conversion are larger particle size and different surface morphology (smaller
specific surface area). The effects of impurities (Na, K) were not studied. Additives
may change the optimal sulphation temperature range.

On the basis of the experiments, the following conclusions can be drawn.
- Ingenerd:

- particle size and surface morphology have significant effects on the
conversion rate. As expected, a large specific surface area and detailed
surface pattern were found to promote conversion;

- according to the current results, the optimal sulphation temperature depends
on the gas composition (02, SO;), and, on the basis of the thermodynamic
calculations, is parallel with the optimal SO3 formation temperature;

- anincrease in oxygen concentration and residence time promotes sulphate
formation;

- on the basis of the current experiments, sintering increases with increasing
conversion degree.

- For pure cuprous oxides:

- inthe conditions studied the optimal temperature for sulphation lies between
580-640°C, depending on the gas composition. Before, and, particularly,
after the optimal temperature the sulphation rate decreases sharply;

- thetemperature range for effective sulphation is narrow;

- the present results suggest that an increase in oxygen concentration expands
the favourable temperature range and lowers the optimal sulphation
temperature;

- anincrease in sulphur dioxide concentration raises the optimal sulphation
temperature. With fixed O, the optimal temperature is roughly 20°C higher
with 40 and 60 vol-% SO, compared to 20 vol-%;

- a high sulphur dioxide concentration (60 vol-%) and long residence time
enhance sintering and result in lower conversion compared to experiments
with lower sulphur dioxide (40 vol-%);

- Pt catalyst dightly enhances sulphate formation and lowers the favourable
sulphation temperature.

- For pure cupric oxide:
- generally, cupric oxide behaves like cuprous oxide, but conversion degrees
are dightly lower;
- sulphation of cupric oxide is not equally sensitive to temperature; there is
not such aclear enhance in sulphation rate at a certain temperature.

- For partially oxidised matte:
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- heterogeneous, fine dust reacts significantly faster right at the beginning
compared to synthetic, inert feeds. Smaller size and detailed morphology
mean alarger specific surface areaand initial points for the reaction.

Implications for the process and equipment

Dust particles must have a sufficient residence time in the gas phase at a correct
temperature range to allow the small particles to reach complete conversion. In the case
of larger particles, at least the surfaces must be covered by athick sulphate layer before
they enter the convection section and come into contact with the convection tube banks.
Otherwise, still-reacting soft particles easily form dust accretions when coming into
contact with heat transfer surfaces. Decreased heat transfer efficiency and blockages of
the gas flow paths may cause serious operational problems.

Enough oxygen has to be supplied to the appropriate zone to ensure effective
sulphation at the right place. If the mixing of the oxygen is efficient, a small amount of
oxygen can be adequate.

Future studies

To establish the overall behaviour of flue dust in the boiler, further experimental studies

arerequired. The following topics are suggested:

- the sulphation behaviour of pureiron, zinc, and lead oxide components;

- the sulphation of mixtures, and

- theeffects of impurity components (Na, K).

If studies are continued with the current experimental apparatus, an improvement is

proposed:

- on-line temperature measurement of the gas-particle suspension to study the
potential temperature increase of the suspension caused by the highly exothermic
reactions.
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APPENDIX A

APPENDIX A

CHEMICAL ANALY SES

Synthetic Cu,O

Preliminary experiments

Synthetic Cu,0O

Fraction 74-105 mm LECO IC

T o, SO, t S SO,

(C) (vol-%) (vol-%) (9) (%) (%)

500 40 20 60 11

500 40 20 80 16

500 40 20 120 19

600 40 20 60 14

600 40 20 80 17

600 40 20 120 17 5.1

650 40 20 60 18 5.5

650 40 20 80 2.0

650 40 20 120 2.3 7.3

700 40 20 60 0.2

700 40 20 80 0.3

700 40 20 120 0.4

Particle size and Pt catalyst

Synthetic Cu,0O

Fraction 37-53 nm LECO
T o, SO, t S
(°C) (vol-%) (vol-%) (s) (%)

75-105 um 600 5 40 60 0.69

53-75 um 600 5 40 60 11

-37 um 600 5 40 60 5.4

Pt 640 5 40 60 13

Pt 600 5 40 60 2.8

Pt 580 5 40 60 21

Pt 620 5 40 60 2.0




APPENDIX A

Synthetic Cu,0O

Synthetic Cu,0O

Fraction 37-53 nm LECO Fraction 37-53 nm LECO
T 0, 0, t s T 0, 0, t S
(°C) (vol-%) (vol-%) (9 (%) (°C) (vol-%) (vol-%) (9 (%)
560 10 20 120 4.6 640 25 20 120 1.40
560 10 20 80 4.3 640 25 20 80 0.74
560 10 20 60 2.6 640 25 20 60 041
560 10 20 40 14 640 25 20 40 0.24
560 10 20 20 13 640 25 20 20 0.03
580 25 20 120 13 640 5 20 120 25
580 25 20 80 0.92 640 5 20 80 13
580 25 20 60 0.62 640 5 20 60 10
580 25 20 40 0.82 640 5 20 40 0.39
580 25 20 20 0.37 640 5 20 20 0.1
580 5 20 120 25 640 10 20 120 3.8
580 5 20 80 2.0 640 10 20 80 31
580 5 20 60 1.6 640 10 20 60 2.2
580 5 20 40 13 640 10 20 40 0.66
580 5 20 20 0.54 640 10 20 20 0.25
580 10 20 120 49 660 25 20 120 1.2
580 10 20 80 4.5 660 25 20 80 0.15
580 10 20 60 2.6 660 25 20 60 0.07
580 10 20 40 18 660 25 20 40 0.02
580 10 20 20 1.1 660 2.5 20 20 0.01
600 25 20 120 14 660 5 20 120 1.6
600 25 20 80 1.6 660 5 20 80 0.56
600 25 20 60 13 660 5 20 60 0.24
600 25 20 40 0.51 660 5 20 40 0.18
600 25 20 20 0.20 660 5 20 20 0.01
600 5 20 120 3.3 660 10 20 120 1.9
600 5 20 80 31 660 10 20 80 0.60
600 5 20 60 2.3 660 10 20 60 0.28
600 5 20 40 14 660 10 20 40 0.02
600 5 20 20 0.5 660 10 20 20 0.01
600 10 20 120 4.7

600 10 20 80 3.6

600 10 20 60 34

600 10 20 40 18

600 10 20 20 0.71

620 25 20 120 2.7

620 25 20 80 18

620 25 20 60 14

620 25 20 40 0.81

620 2.5 20 20 0.22

620 5 20 120 3.8

620 5 20 80 2.0

620 5 20 60 1.6

620 5 20 40 10

620 5 20 20 0.55

620 10 20 120 4.3

620 10 20 80 34

620 10 20 60 2.6

620 10 20 40 14

620 10 20 20 0.37




APPENDIX A

Synthetic Cu,0O Synthetic Cu,0O

Fraction 37-53 nm LECO Fraction 37-53 nm IC
T o, SON t S T o, SO, t SO,
(°C) (vol-%) (vol-%) (9 (%) (°C) (vol-%) (vol-%) (9 (%)
600 25 40 120 1.6 640 25 40 120 6.1
600 25 40 80 11 640 25 40 80 4.6
600 25 40 60 0.96 640 25 40 60 3.8
600 25 40 40 0.71 640 25 40 40 17
600 25 40 20 0.37 640 25 40 20 1.2
600 5 40 120 3.3 640 5 40 120 109
600 5 40 80 24 640 5 40 80 8.8
600 5 40 60 1.6 640 5 40 60 32
600 5 40 40 1.3 640 5 40 40 25
600 5 40 20 0.56 640 5 40 20 1.5
600 10 40 120 5.6 660 25 40 120 45
600 10 40 80 28 660 25 40 80 2.1
600 10 40 60 3.0 660 25 40 60 2.2
600 10 40 40 17 660 25 40 40 2.7
600 10 40 20 1.3 660 25 40 20 0.5
620 25 40 120 2.3 660 5 40 120 4.4
620 25 40 80 18 660 5 40 80 51
620 25 40 60 1.2 660 5 40 60 41
620 25 40 40 0.65 660 5 40 40 29
620 25 40 20 0.35 660 5 40 20 2.5
620 5 40 120 4.0

620 5 40 80 35

620 5 40 60 25

620 5 40 40 2.3

620 5 40 20 1.2

620 10 40 120 4.4

620 10 40 80 41

620 10 40 60 35

620 10 40 40 3.0

620 10 40 20 25
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Synthetic Cu,0O

Fraction 37-53 nm LECO IC
T o, SO, t S SO,
(0 (vol-%) (vol-%) (9 (%) (%)
600 25 60 120 11 4.22
600 25 60 80 1.0 3.18
600 25 60 60 0.9 2.85
600 25 60 40 0.7 2.28
600 25 60 20 0.4 151
600 5 60 120 21 7.66
600 5 60 80 1.3 4.42
600 5 60 60 1.2 3.64
600 5 60 40 0.6 2
600 5 60 20 0.4 1.3
620 25 60 120 54
620 25 60 80 51
620 25 60 60 29
620 25 60 40 29
620 25 60 20 0.8
620 5 60 120 121
620 5 60 80 6.1
620 5 60 60 75
620 5 60 40 39
620 5 60 20 14
640 5 60 120 19 5.1
640 5 60 80 15 5
640 5 60 60 15 38
640 5 60 40 0.8 3
640 5 60 20 0.5 1.6
640 25 60 120 1.8 4.8
640 25 60 80 1.0 2.2
640 25 60 60 0.6 21
640 25 60 40 0.8 21
640 25 60 20 0.2 0.86
660 25 60 120 1.0 39
660 25 60 80 1.6 31
660 25 60 60 0.7 19
660 25 60 40 0.4 1.6
660 25 60 20 0.2 0.77
660 5 60 120 23 6.1
660 5 60 80 20 6.2
660 5 60 60 1.3 42
660 5 60 40 1.0 31
660 5 60 20 0.6 15
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Synthetic sub-micron Cu,O

LECO IC
T o, SO, t S SO,
(°C) (vol-%) (vol-%) (9 (%) (%)
580 5 20 10 0.60 1.7
580 5 20 20 0.87 25
580 5 20 40 15 49
580 5 20 60 4.0 124
580 5 20 120 37 13.0
580 5 20 180 6.5 19.9
600 5 20 10 0.41 15
600 5 20 20 0.85 2.8
600 5 20 40 1.7 5.0
600 5 20 60 2.2 6.7
600 5 20 120 34 10.7
600 5 20 180 55 13.6
620 5 20 10 0.29 0.9
620 5 20 20 0.90 29
620 5 20 40 1.3 41
620 5 20 60 38 10.7
620 5 20 120 54 135
620 5 20 180 5.7 18.1
640 5 20 10 0.18 0.5
640 5 20 20 0.37 11
640 5 20 40 0.97 23
640 5 20 60 1.7 5.1
640 5 20 120 24 7.7
640 5 20 180 3.8 11.7
660 5 20 10 0.07 0.3
660 5 20 20 0.24 0.6
660 5 20 40 0.37 0.9
660 5 20 60 2.3 6.8
660 5 20 120 2.8 6.9
660 5 20 180 3.7 10.6
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Synthetic CuO

Synthetic CuO

Fraction 37-53 nm LECO IC
T o, SO, t S SO,
(°C) (vol-%) (vol-%) (9) (%) (%)
580 5 40 120 25 7.7
580 5 40 60 14 4.2
580 5 40 20 0.7 15
580 25 40 120 1.0 3.0
580 25 40 60 0.6 1.7
580 25 40 20 0.3 0.9
600 5 40 120 2.6 7.4
600 5 40 60 18 5.0
600 5 40 20 0.63 2.0
600 25 40 120 1.8 49
600 25 40 60 0.82 25
600 2.5 40 20 0.41 1.0
620 5 40 240 48 11.8
620 5 40 180 42 10.2
620 5 40 120 2.7 8.4
620 5 40 80 17 5.7
620 5 40 60 18 5.3
620 5 40 40 1.0 3.0
620 5 40 20 0.9 2.2
620 5 40 10 0.5 1.1
620 25 40 120 1.7 5.9
620 25 40 80 1.2 3.7
620 25 40 60 1.2 3.3
620 25 40 40 0.80 2.2
620 2.5 40 20 0.47 0.97
640 5 40 120 2.3 7.7
640 5 40 60 1.6 4.8
640 5 40 20 0.76 1.8
640 25 40 120 1.9 55
640 25 40 60 1.1 3.2
640 25 40 20 0.4 1.0
660 5 40 120 31 7.3
660 5 40 60 1.6 41
660 5 40 20 0.6 1.7
660 25 40 120 15 4.0
660 25 40 60 0.7 1.6
660 25 40 20 0.2 0.5
580 5 20 60 1.0 3.1
600 5 20 60 0.9 2.8
620 5 20 60 1.0 3.0
640 5 20 60 0.9 2.6
660 5 20 60 0.4 15
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Partially oxidised matte

Partially oxidised matte

LECO IC ICP ICP
T 0, SO, t S SO, Cu Fe
S (vol-%) (vol-%) (9) (%) (%) (%) (%)
560 5 40 120 7.0 134 64.6 6.8
560 5 40 60 6.5 11.0 67.2 7.1
560 5 40 20 54 6.4 68.4 7.3
560 5 40 10 5.7 5.9 68.9 7.3
580 5 40 120 7.1 12.6 61.7 6.7
580 5 40 60 6.1 84 64.0 6.9
580 5 40 20 5.8 6.6 65.0 74
580 5 40 10 5.9 5.9 69.2 7.3
600 5 40 120 6.5 85 60.6 6.8
600 5 40 60 55 9.9 59.7 6.6
600 5 40 20 5.5 7.0 61.5 6.9
620 5 40 120 6.1 8.7 61.0 7.3
620 5 40 60 54 6.5 63.8 74
620 5 40 20 5.7 5.9 63.1 7.3
640 5 40 120 55 7.8 59.5 7.0
640 5 40 60 5.2 6.1 61.4 6.9
640 5 40 20 5.1 6.3 61.0 7.0




