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c Metsä-Fibre Oy, Rauma, Finland   

A R T I C L E  I N F O   

Handling Editor: Henrik Lund  

Keywords: 
Superheater deposits 
Temperature gradient 
Ageing mechanism 
Local melting behaviour 

A B S T R A C T   

The effects of two deposit ageing mechanisms were identified by analysing superheater ash deposits from a kraft 
recovery boiler. Local differences in deposit morphology and chemical composition were identified under the 
electron microscope. Temperature-gradient-induced diffusion of alkali chloride vapours toward the steel was 
evident. Two deposit types were identified, based on local chemical compositions: “Type 1” deposits had an 
innermost porous layer of fine, sintered fume particles enriched in K and Cl, that deposited after homogeneous 
condensation in the gas phase. “Type 2” deposits formed via sulfation of initially deposited fume particles rich in 
K and Cl. Thus the innermost layer was enriched in K and S, while concurrently depleted in Cl. Differences in the 
local first melting temperature (T0) within the innermost regions of the two deposit types were identified. T0 
reached a minimum within the innermost region of Type 1 deposits, implying an increased risk for melt for-
mation and corrosion. Whereas for Type 2 deposits, T0 was increased closest to the steel, reducing the risk for 
melt formation and superheater corrosion. The presented results provide a better understanding of intra- 
depositional changes taking place after initial deposition, helping assess risks of deposit-related operational 
problems in the boiler.   

1. Introduction 

About 90% of chemical pulp worldwide is produced via the kraft 
pulping process, making it the most used process in the industry [1]. A 
pulp fibre yield of up to 55% can be achieved, by dissolving wood in an 
aqueous solution of Na2S and NaOH [1]. The mixture of spent pulping 
chemicals, dissolved organic matter from the wood, and water is 
referred to as black liquor. In large-scale industrial steam boilers, the 
kraft recovery boilers, black liquor is burned to produce heat and power 
but also to recover the spent pulping chemicals. Recovery rates of the 
spent pulping chemicals reach values of up to 98%, eliminating the need 
for new chemicals almost completely [2]. At the same time, the power 
produced in a modern kraft recovery boiler typically exceeds the mill’s 
energy needs [2]. In Finland, the pulp and paper industry is a vital part 
of both economy and national energy supply, as 86% of the country’s 
land area is covered by forest [3]. In 2020 renewable energy was the 
largest energy source in Finland, supplying 40% of the country’s energy 

demand [3], whereof around one-third is produced from black liquor 
combustion [3]. 

Compared to other biofuels, black liquor contains higher amounts of 
inorganic compounds originating mainly from pulping chemicals, but 
also raw wood [4]. During combustion, parts of these inorganic com-
pounds are released into the gas phase, forming ash deposits on heat 
exchanger surfaces in the colder parts of the boiler. Such deposits 
contain predominantly Na2SO4, Na2CO3, NaCl, Na2S and their K coun-
terparts [5]. Na and S originate mainly from the pulping chemicals, 
while K and Cl originate mainly from wood [4]. Thus, the composition of 
ash deposits in kraft recovery boilers is affected by the wood type used in 
the pulping process. Both K and Cl can cause severe operational issues in 
the boiler, affecting the melting behaviour of ash deposits significantly 
[5,6]. An increased K content lowers the first melting temperature (T0) 
of a deposit [5], while an increase in deposit Cl increases the amount of 
melt formed at T0 [6]. 

The initial formation and build-up of ash deposits in recovery boilers 
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have been studied thoroughly over the last decades and are well un-
derstood by now [7,8]. Three particle size fractions have been identified 
to contribute to the formation of deposits in kraft recovery boilers [9]. 
The first layer of superheater deposits formed in kraft recovery boilers 
consists of submicron-sized fume particles, typically enriched in K and 
Cl, forming a sticky deposit layer and enabling deposition of larger 
intermediate-sized and carry-over particles, accelerating the deposit 
growth rate. 

More recent experimental data have shown ash deposits to undergo 
changes in their local chemical composition and morphology, after their 
initial formation, referred to as deposit ageing [10–12]. These processes 
are less understood and over the last years, deposit ageing mechanisms 
have been studied under well-controlled conditions on a laboratory scale 
at Åbo Akademi University [10–12]. Three different deposit ageing 
mechanisms have been identified when exposing synthetic ash deposits 
to a temperature gradient [10,11]. Deposit ageing has been identified to 
cause densification of ash deposits, increasing the tensile adhesion 
strength [13], thus hampering removal via sootblowing. Furthermore, 
local enrichment of corrosive compounds toward the steel has been 
identified to take place via several pathways [11,12]. 

Despite ash deposition, and operational problems connected to it, 
have been studied extensively over the last decades, no data on sys-
tematic deposit ageing studies of actual superheater deposits can be 
found in the literature. A change from laboratory experiments to full- 
scale deposit studies provides additional valuable information. Not 
only do full-scale data help in confirming earlier findings from labora-
tory experiments, carried out under well-controlled conditions. But 
scaling up to actual boiler conditions also provides additional informa-
tion on other experimental parameters, which have not been possible to 
be simulated in the laboratory. Among these parameters are e.g. the 
impact of sootblowers, reactions between the formed deposit and the 
flue gas, or continuous deposition of new material and concurrently 
occurring deposit ageing reactions. 

Studies utilising full-scale deposits focused mainly on deposit sin-
tering [14,15], or the initial deposit build-up by carrying out short-term 
probe measurements [16,17]. However, a few examples indicating de-
posit ageing to be also of relevance for actual ash deposits in steam 
power boilers were found in the literature [18,19]. Several studies re-
ported the formation of a layered deposit structure, which typically has 
been associated with changes in the operating conditions of the boiler or 
governing deposition mechanisms [8,18,20,21]. Reeve et al. [8] have 
analysed deposits collected on an air-cooled probe and identified local 
enrichment in K and Cl within the deposit, toward the steel surface. The 
observed enrichment has been concluded to be the result of alkali 
chloride vapours in the flue gas penetrating the outer sintered deposit 
layer through cracks and subsequently condensing in the inner parts of 
the deposit. Other studies have identified the local enrichment in S due 
to sulfation of alkali chlorides [7] and carbonates [22] to be of relevance 
for kraft recovery boiler deposits, causing melt formation due to 
compositional changes within the deposit. Sulfation of deposits has also 
been identified in several straw-fired boilers [18] after the deposits had 
formed on the superheater tubes. A more recent study carried out in a 
Brazilian kraft recovery boiler [20] has identified clear enrichment in Cl 
and K within the region of the deposit closest toward the steel, resulting 
in a local decrease in the first melting temperature of the deposit and 
severe melt-induced corrosion of the superheater tubes. In a separate 
study, deposit samples of this same Brazilian boiler have been analysed 
in more detail regarding their deposit ageing behaviour [23]. All three 
ageing mechanisms previously seen within laboratory experiments have 
also been identified within these actual superheater deposits. Further-
more, a local decrease in T0 due to local K enrichment connected to 
deposit ageing has been identified within these deposits [23]. However, 
more work is needed to better understand and possibly predict deposit 
ageing mechanisms in actual superheater deposits of boilers. 

The objective of the present work was to shed more light on the role 
of temperature gradient-induced deposit ageing by detailed 

characterization of deposit samples from a Finnish kraft recovery boiler. 
Deposit samples were collected from eight locations within the super-
heater region during a shutdown of the boiler. Cross-sections of the 
deposit samples were analysed using scanning electron microscopy and 
energy dispersive X-ray analysis (SEM/EDX). Several differences in de-
posit morphology, chemistry, and local melting behaviour among the 
analysed samples were observed, and different deposit types were 
identified. These differences are expected to affect the deposit’s corro-
siveness and removability to different extents. 

2. Methods 

The present study analysed kraft recovery boiler superheater de-
posits using SEM/EDX. The deposits were obtained directly from tertiary 
superheater tubes of a kraft recovery boiler located in Rauma, Finland. 
The boiler’s maximum firing capacity is 3200 tonnes of dry solids per 
day. The superheater tubes were accessed through eight manholes in the 
boiler wall, four on each side of the boiler. The exact sampling locations 
are shown in Fig. 1. 

Four sampling locations (L1, L2, R1, and R2) were situated in the 
upper region of the superheater, close to the boiler roof, and four sam-
pling locations (L3, L4, R3, and R4) were situated in the lower region of 
the superheater tubes, close to the bull-nose. Deposits were directly 
scraped off the superheater tubes during a boiler shutdown in September 
2019. However, the exact orientation of the analysed deposits con-
cerning their direction to the flue gas stream (wind-side, lee-side, or 
somewhere between) was not known. Before the shutdown, the boiler 
had been operating continuously for about 30 days. The fired black li-
quor had a dry solids content of 74%. The composition of the as-fired 
black liquor and reference values for a black liquor composition 
typical for northern Europe are given in Table 1. The oxygen content 
shown in the table is determined by closing the mass balance. 

The steam temperature in the tertiary superheater of the boiler in 
question averages 480 ◦C during regular operation. The recovery boiler 
is not equipped to measure the flue gas temperature in the superheater 
region from which the samples were obtained. Flue gas temperatures in 
the region of the boiler the samples were taken from typically range 
between 600 and 650 ◦C. 

For a detailed analysis of the local chemical composition, the deposit 
samples were cast in epoxy resin to prevent any loss of deposit material 
during further processing of the samples. The cast deposits were then cut 
to obtain a cross-section, which was polished using SiC polishing paper. 
No additional lubricants were used during sample preparation to avoid 
the dissolution of the water-soluble deposit. The polished deposit cross- 
sections were cleaned using petroleum ether, and subsequently carbon- 
coated. The general morphology and chemical composition throughout 
the deposit cross-sections were analysed using scanning electron mi-
croscopy (SEM) and energy dispersive X-ray (EDX) analysis (LEO Gemini 
1530 equipped with a ThermoNORAN Vantage X-ray analysing system 
manufactured by Thermo Scientific), operated at an accelerating voltage 
of 20 kV and a working distance of 13 mm. Backscatter SEM images were 
used to obtain morphological information and EDX data was used to 
analyse the chemical composition of the deposits. The molar fractions of 
Na, K, Cl, and S were obtained directly from EDX analysis. The C content 
of the deposits was subsequently calculated by closing the charge bal-
ance. The O content was calculated by assuming all C was present as 
carbonate and all S as sulfate. 

Based on the results from SEM/EDX analysis, the local first melting 
temperature of the deposits was calculated. Each cross-sectional SEM 
image was divided into various sections, based on local differences in the 
chemical composition. For each of these sections, the average compo-
sition was calculated, which was then utilised to calculate the respective 
T0 of the section. T0 calculations were carried out using FactSage 
Version 8.1 [25] and the FTPulp thermodynamic database [26], con-
taining data relevant for salt mixtures containing NaCl, KCl, Na2SO4, 
K2SO4, Na2CO3, K2CO3, Na2S, and K2S typical for deposits occurring in 
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kraft recovery boilers. The following phases were considered in the 
calculation: Liquid phase (designated as FTpulp-MELTA in FactSage); 
high-temperature, hexagonal alkali sulfate-carbonate solid solution 
(FTpulp-Hexa); several low-temperature alkali sulfate-carbonate solid 
solutions (FTpulp-KCO; FTpulp-NKCB; FTpulp-NKCA; FTpulp-OrtA; 
FTpulp-OrtB); alkali chloride solid solution (FTpulp-ACL); alkali sul-
fide solid solution (FTpulp-NAKS); and glaserite (K3Na2(SO4)2-based 
solid solution, FTpulp-Gsrt). In all calculated cases, only the hexagonal 
phase and alkali chloride were the solid phases stable at T0 of the system. 
Using this method, the impact of local elemental enrichment on the 
deposit’s local first melting temperature was studied. 

3. Results and discussion 

3.1. General deposit characteristics 

A total of 13 deposits were analysed regarding their chemical 
composition and morphology. Morphological differences between in-
dividual deposits were identified. The main morphological features are 
presented in the following paragraph. Fig. 2 shows SEM images of 
selected deposit cross-sections from various sampling locations. 

All SEM images of deposit cross-sections shown in Fig. 2 and the 
following figures are oriented in the same way. The deposit surface at 
the bottom of the image was closest to the superheater steel during 
boiler operation while the deposit surface at the top of the image was 
facing the flue gas. Thus the local temperature throughout the deposit 

cross-section increases from the bottom of the image toward the top, due 
to the temperature difference between the cool superheater steel and the 
hotter flue gas. However, the orientation of the images in Fig. 2 does not 
correspond to the actual orientation in the boiler, as the superheater 
tubes are vertically aligned in the boiler. 

As shown in Fig. 2, all analysed deposits were sintered but to a 
varying degree of porosity. The Cl content suggests that the amount of 
melt formed in the deposits during boiler operation was relatively low. 
Thus, the deposits remained porous as the amount of melt was not suf-
ficient for liquid phase sintering, not even toward the outer deposit 
surface where the local temperatures were the highest. Clear morpho-
logical differences between deposits from sampling points 1 and 2 (Fig. 2 
A and B), close to the boiler roof, and deposits from sampling points 3 
and 4 (Fig. 2C, D, and E), close to the bullnose, were identified. 

Deposits from the upper superheater region can be divided into two 
distinct regions. The innermost layer typically consisted of small parti-
cles that sintered into a well-connected skeletal network (Fig. 2 G). With 
increasing distance to the steel, the deposit morphology changed and the 
sintered agglomerates increased in size (Fig. 2 F). A more detailed 
description of these two layers and their underlying formation mecha-
nisms are presented in the further course of the text. 

Deposits from the lower superheater region typically contained 
irregularly shaped particles, significantly larger than the sintered ag-
glomerates on the outer region of deposits from sampling locations one 
and two (Fig. 2H). The originally deposited particles could still be 
identified. Deposits from the lower superheater region did not form a 
skeletal structure. The exact formation mechanism of the deposits from 
the lower superheater region is not fully understood. However, the 
morphological features suggest formation via deposition of larger 
carryover particles, which were partially molten in flight, thus adhered 
on the superheater tubes, and solidified after impaction. The proposed 
deposition mechanism accounts for the low porosity of deposits from the 
lower superheater region. As the deposits did not form a dense molten 
layer but contained gaps between the single particles, liquid phase sin-
tering was ruled out to have taken place within deposits from the lower 
superheater region. 

Also among samples from the same sampling point, especially the 
lower superheater region, significant differences in deposit morphology 
were seen (Fig. 2 D and E). The exact formation mechanisms resulting in 
the seen morphological differences are currently not understood, and 
further research is needed. 

Fig. 1. Schematic front view drawing of left and right side of the superheater area of the boiler with the deposit sampling locations at the tertiary superheater tube 
bundle indicated. 

Table 1 
Composition of the black liquor “as-fired” utilised in the present study and 
reference values of typical black liquor composition in northern Europe.  

Element [wt- 
%] 

Black liquor fired in 
present study 

Typical black liquor composition in 
northern Europe [24] 

C 32.8 29.4 
H 3.7 3.7 
N 0.1 0.2 
S 5.7 3.2 
Na 20.4 20.8 
K 2.8 1.5 
Cl 0.3 0.5 
O 34.1 40.5 
Others 0.1 0.2  
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Besides morphological differences, the deposits from the lower su-
perheater region were typically thinner, with an average thickness of 
5.9 mm, compared to deposits from the upper superheater region with 
an average thickness of 19.6 mm. Multiple parameters can have an 
impact on the deposit thickness during boiler operation. The distance to 
the closest sootblower and frequency of sootblowing can account for 
significant differences within the final deposit thickness as well as the 
particle load in the flue gas. The bulk of the flue gas enters the upper 

superheater region after exiting the furnace, resulting in a higher par-
ticle load within the region of the upper superheater tubes (sampling 
points 1 and 2) compared to the lower superheater region (sampling 
points 3 and 4) close to the bull-nose. It has been shown for the depo-
sition rate increases linearly with increasing particle load [27]. Thus, the 
deposit build-up rate was expected to be higher in the upper superheater 
region compared to the lower superheater region. 

For further detailed analysis in the present report, only deposits 

Fig. 2. Selected SEM images of deposit cross-sections from upper superheater region (A and B) and lower superheater region (C, D, and E); zoomed images (F, G, and 
H) highlighting the main morphological differences between samples; different shades of grey representing the deposit material and black regions corresponding to 
gas phase (epoxy resin). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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collected from the upper superheater region were utilised. This allowed 
for easier comparison between the present deposit samples and super-
heater deposits from the upper superheater region of a Brazilian kraft 
recovery boiler, presented elsewhere [23]. 

Despite the differences in deposit morphologies seen in Fig. 2, no 
significant variations in the bulk composition among all analysed de-
posits were observed. The calculation of the average bulk deposit 
composition of all analysed deposits was based on EDX data of the cross- 
sections. In Table 2, the mass-based average bulk deposit composition of 
all obtained deposits is shown. 

The bulk deposit composition in Table 2 was calculated by assuming 
that all sulfur was bound as sulfate. The carbonate content was calcu-
lated by closing the charge balance. The main constituents of the de-
posits were Na and SO4, making up almost 78 wt-% of the deposit, while 
Cl made up 0.7 wt-% on average. The Cl content in the Finnish deposit 
samples was lower compared to Brazilian superheater deposits [23]. In 
general, superheater deposits from Scandinavian and also North Amer-
ican kraft recovery boilers have a lower Cl content than deposits from 
South America due to the wood type used in the pulping process [4]. 
This difference in deposit Cl content is thought to be mainly responsible 
for the differences in deposit morphology between the Finnish and 
Brazilian deposits. 

Due to the low deposit Cl content, no significant melt formation was 
expected within the deposits at the prevailing flue gas temperatures. The 
calculated melting curve based on the average deposit composition 
(Table 2) also suggested a low amount of melt to form at the expected 
maximum flue gas temperature as shown in Fig. 3. 

The amount of melt formed at T0 was very low, 2 wt-%, and did not 
increase significantly with increasing temperature. Up to 675 ◦C, i.e., 
above the estimated maximum flue gas temperature at the sampling 
location, the amount of melt within the deposit remained below 10 wt- 
%. Only at temperatures above 725 ◦C, well above temperatures relevant 
for the present deposit samples, the formed amount of melt began to 
increase more steeply. 

Even though no significant differences in the average deposit 
composition between single samples were seen, local enrichment of el-
ements such as Cl, K and S were observed in SEM/EDX analyses. Two 
main enrichment patterns were identified, thus the deposits were clas-
sified into two main deposit types based on their local chemical 
composition in the region closest to the steel. In the following, the main 
characteristics of the two deposit types from the upper superheater re-
gion are presented. 

3.2. Initial deposit layer of fume enriched in K and Cl – “type 1” deposit 

The first deposit type, “Type 1”, can be divided into three distinct 
regions as shown in Fig. 4. 

Closest to the steel (Fig. 4 A), the deposit consisted of a porous layer 
of a network of fine, sintered particles. A similar morphology has also 
been identified in laboratory studies investigating the condensation of 
alkali chloride vapours from hot flue gases onto cold steel tubes [28,29], 
as well as in deposition experiments burning black liquor in an entrained 
flow reactor [30]. The observed morphology of fine sintered particles 
was suggested to have resulted from homogeneous condensation of al-
kali chlorides in the gas phase. The condensation products were then 

transported to the steel surface through the thermal boundary layer via 
thermophoresis and subsequently deposited on the cold steel surface 
[28,29]. 

In the context of recovery boilers, condensation products forming in 
the flue gas are called fume, typically forming an initial sticky deposit 
layer on the superheater tubes. Fume particles are of sub-micrometre 
size and enriched in alkali chlorides [15]. During black liquor com-
bustion, inorganic compounds are released into the flue gas, with alkali 
chlorides having higher vapour pressures compared to alkali carbonate, 
sulfate, and sulfide. Therefore, larger amounts of alkali chloride 
vaporise and enrich in the flue gas. In the superheater region, the 
inorganic vapours condense as the temperature decreases. These 
condensation products are not only enriched in Cl due to the higher 
volatility of alkali chlorides but additionally, enrichment in K is typically 
observed, as the volatility of KCl is higher compared to NaCl [31]. 

Fig. 4 D and E show the molar Cl/(Na + K) and K/(Na + K) ratios 
within the deposit cross-section. The innermost layer of “Type 1” de-
posits was enriched in K and Cl compared to the outer regions. Layers 
enriched in K and Cl parallel to the steel surface were observed 
throughout the enriched region. However, a more detailed analysis did 
not show any significant formation of alkali chloride layers on the 
furnace-facing side of particles, typical for temperature gradient- 
induced diffusional transport of alkali chloride. Currently, the layered 
enrichment in alkali chloride is believed to have formed predominantly 
during initial deposit formation via the above-mentioned condensation 
mechanism. 

Besides differences in the local chemical composition, the particle 
size within the innermost deposit layer of “Type 1” deposits was 
significantly smaller compared to the outer regions, as mentioned above. 
A more detailed analysis of the particle size showed the particle diam-
eter of the innermost layer was slightly below 1 μm on average, implying 
the main constituent of this region was fume particles [15]. Fume con-
centration in recovery boiler flue gas streams typically ranges between 
10 and 35 g/Nm3, while the concentration of larger carry-over particles 
ranges between 2 and 4 g/Nm3 [24]. Furthermore, the sampling location 
favours the formation of an initial deposit layer via fume deposition. 
Carry-over particles deposit via inertial impaction [18]; thus, most 
larger particles are expected to not reach the tertiary superheater tubes 
but instead deposit already on the secondary superheater tubes [32]. 
Therefore, the analysed deposit morphology, chemical composition, and 
the general understanding of deposit formation in kraft recovery boilers 
verified the suggested condensation mechanism yielding the innermost 

Table 2 
Mass-based average bulk composition of all deposits ob-
tained in wt-%.  

Component Mass fraction [wt-%] 

Na 31.9 
K 4.6 
Cl 0.7 
SO4 45.7 
CO3 17.1  

Fig. 3. Melting behaviour of average bulk deposit composition given in 
Table 2. Estimated maximum flue gas temperature at the sampling loca-
tion indicated. 
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layer of “Type 1” deposits. 
No indications of melt formation within this innermost region of the 

deposit during boiler operation were found. Closest to the steel, the local 
deposit temperature was the lowest and expected to remain below T0 
during boiler operation. The steel temperature of the superheaters is 
kept at temperatures well below T0 of the bulk deposit to avoid any melt 
getting in direct contact with the steel. Even deposits from different 
boilers, with higher Cl concentrations and higher amounts of melt 
formed during boiler operation, have been shown to contain a porous 
layer closest to the steel due to the low local temperatures [23]. 

It is worth mentioning that, in a few cases, the innermost deposit 
layer of fine, sintered particles was missing, indicating material loss. As 
the deposits were mechanically removed from the superheater tubes, it 
is not clear if material was lost during sampling. Thus, it cannot be ruled 
out that the innermost layer of fine, sintered particles of some deposit 
samples was damaged during sampling and transportation, resulting in 
the lack of the innermost deposit layers. Especially, as the region of fine 
sintered particles appeared to be more fragile than the remaining de-
posit toward the hotter outer deposit surface, the lack of the innermost 
deposit layer is currently believed to be a sampling artefact. 

The porous layer consisting of fine, sintered particles seen in Region 
A in Fig. 4 is followed by a second sintered layer consisting of larger 
agglomerates (Region B). Within Region B, the local temperature was 
higher compared to Region A due to the temperature gradient in the 
deposit. The smooth edges on the irregularly shaped particles indicated 
the local deposit temperature having been above T0 during boiler 
operation, resulting in initial melt formation. However, as shown in 
Fig. 3, the amount of melt formed was below 10 wt-% throughout the 
deposit as the flue gas temperature at the sampling location did not 
exceed 650 ◦C. The amount of melt was thus insufficient to form a dense 
molten layer. Similar results have been observed in synthetic deposit 
samples studied in the laboratory [10–12]. 

The alkali chloride layers on the furnace-facing side of particles in 
Region B were more pronounced than in Region A. The gap size between 
two distinct particles was larger in Region B than in Region A, causing 
larger temperature differences between two distinct particles in Region 
B. Subsequently, the concentration gradient of alkali chloride in the gas 
phase increased, resulting in higher diffusional transport rates. Similar 
observations of the air gap size affecting the rate of diffusional alkali 

chloride transport have been reported in laboratory experiments [12]. 
Thus, the change in deposit morphology was believed to contribute to 
the increased alkali chloride layer thickness with increasing distance 
from the steel. Furthermore, higher local temperatures increase the al-
kali chloride vapour pressure, resulting in a larger concentration 
gradient of alkali chloride in the gas phase. In comparison to laboratory 
experiments, the Cl layers were thinner in actual boiler deposits. The 
observed difference is due to the temperature gradient in the boiler 
deposits being smaller, resulting in slower transport rates of alkali 
chloride vapours compared to the laboratory experiments. Furthermore, 
the boiler deposits contained less alkali chloride, thus the layers could 
not reach an equal thickness. However, the underlying mechanism of 
diffusional vapour transport resulting in the formation of such alkali 
chloride layers is not expected to be further affected when comparing 
the laboratory set-up to the boiler environment. 

Within several of the analysed deposit samples, alkali chloride-rich 
regions were not exclusively observed on the furnace-facing sides of 
particles but also within larger sintered agglomerates. The small amount 
of melt within the deposit is highly enriched in Cl compared to the 
original deposit. Melt tended to accumulate at contact points between 
distinct particles, favouring liquid phase sintering [33]. The increased 
size of sintered agglomerates within Region B compared to Region A 
(Fig. 4) was due to the capability of already small amounts of melt to 
accelerate sintering processes [34]. For all deposits obtained from the 
upper superheater region, a layer with a morphology similar to Region B 
in Fig. 4 was observed. This morphology accounts for the bulk of the 
deposits. 

A thin layer of small, spherical particles was seen at the outermost 
part of the deposit (Fig. 4C). These particles were thought to represent 
newly deposited material, for which the residence time in the deposit 
was not sufficient to undergo more pronounced sintering during boiler 
operation. It is not clear to what extent these spherical particles repre-
sented the actual deposit material during regular boiler operation. The 
boiler shut-down before the samples were taken likely affected the flue 
gas conditions within the convective pass of the boiler. Hence, the 
composition of the deposited particles may differ from that of particles 
deposited during regular boiler operation. 

Based on the average particle size of 20 μm, the spherical particles on 
the outer deposit surface are intermediate-sized particles (ISP) [31]. 

Fig. 4. SEM image of “Type 1′′ deposit with A) region of fine sintered particles enriched in K and Cl; B) bulk of larger sintered agglomerates; C) layer of spherical 
particles on outer deposit surface; D) molar Cl/(Na + K) ratio; and E) molar K/(Na + K) ratio. 
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Local enrichment in K on the outer deposit surface was seen in Fig. 4 E. 
The cause for this enrichment is currently unknown. A thin layer of 
spherical particles and local enrichment in K was seen on the outer 
surface of all deposits originating from the upper region of the super-
heater tubes. 

Local enrichment in certain elements within a deposit, especially in 
direct vicinity to the steel, as seen in Fig. 4 D and E, can have a signif-
icant impact on deposit-induced superheater corrosion. Furthermore, 
changes within the local composition of the deposit affect the local 
melting behaviour. In an earlier study, deposit ageing mechanisms 
resulting in local enrichment of K and Cl have decreased the local first 
melting temperature of kraft recovery boiler superheater deposits to-
ward the steel [23]. The impact of local differences in the deposit 
composition on the first melting temperature T0 was studied in detail. 
For this, the “Type 1” deposit of Fig. 4 was divided into several sections 
and T0 was calculated for each section. The local first melting temper-
ature profile as a function of distance from the steel and the sections the 
deposit was divided into are shown in Fig. 5. The figure also shows the 
molar Cl/(Na + K), K/(Na + K) and S/(Na + K) ratios. 

The local first melting temperature had its minimum in the inner-
most section closest to the steel, where the molar Cl/(Na + K) and K/(Na 
+ K) ratios were the highest. Throughout the region enriched in K and 
Cl, local T0 values were lower than in the three regions furthest away 
from the steel, which showed no local elemental enrichment and cor-
responded to the bulk of the deposit. As the Cl content of the deposit was 
below 5 wt-% on average, also enrichment in Cl, besides enrichment in 
K, caused a local decrease in the deposit first melting temperature [6]. 
The enrichment in Cl and K within the “Type 1” deposit was not thought 
to be exclusively caused by alkali chloride vapour transport within the 
already formed deposit. Some alkali chloride enrichment close to the 
steel likely took place during deposit build-up. However, layers of alkali 
chloride were seen within the Cl and K enriched region of the deposit as 
well, thus diffusional gas-phase transport of alkali chloride most likely 
contributed to the observed decrease in T0 to some degree. The deposits 
of the present work were sampled after about 30 days of boiler opera-
tion. Whether alkali chloride enrichment would be similar in deposits 
after 12–18 months of operation, an interval typical between scheduled 
boiler shut-downs is unclear. 

Above the region enriched in K and Cl, the deposit local T0 and 

chemical composition remained fairly constant over a large region. The 
increased formation of alkali chloride layers within this deposit region 
did not cause any significant differences in the local chemical compo-
sition; thus, local T0 values did not change significantly. Already minor 
variations in the local deposit composition, which are within the mea-
surement error of the EDX analysis, result in changes in the calculated 
local first melting temperature of around 3 ◦C. Therefore, variations in 
the local first melting temperature of less than 5 ◦C were considered too 
small to assess whether calculated local variations in T0 were caused by 
intra-depositional mechanisms altering the local deposit composition. 

At the outermost layer of the deposit, the local T0 value was the 
highest, despite being enriched in K. Besides K, the outermost deposit 
layer was also enriched in S, as seen in Fig. 5, while no enrichment in Cl 
was observed. An increasing K content does not affect the first melting 
temperature in deposits if the molar Cl/(Na + K) ratio remains below 
0.015 [9], which applied to the “Type 1” deposit shown in Fig. 5. 
Furthermore, the simultaneous enrichment in S locally increased the 
molar SO4/CO3 ratio on the outer deposit surface, resulting in the 
observed increase in the local first melting temperature. These obser-
vations are in line with experimental results carried out by Frederick and 
Vakkilainen [15], and the general understanding of the melting 
behaviour of deposits formed in a kraft recovery boiler [26]. In terms of 
corrosiveness, the outer deposit region is of little interest due to the 
increased distance from the steel surface. In addition, the flue gas 
composition and the composition of the outermost deposit layer might 
have been affected by the boiler shut-down. Thus, the outermost layer of 
the deposit will not be discussed in any more detail within the present 
report. 

3.3. Innermost layer enriched in S and K – “type 2” deposit 

An example of a “Type 2” deposit with SEM/EDX maps highlighting 
the main characteristics is shown in Fig. 6. 

The outer region of the “Type 2” deposits did not differ from that of 
the “Type 1” deposit in morphology and chemical composition and will 
therefore not be further discussed. However, the chemical composition 
of the innermost deposit region of “Type 2” deposits differed signifi-
cantly from “Type 1”. 

Closest to the steel the deposit was enriched in potassium and sulfur 

Fig. 5. Local first melting temperature of “Type 1′′ deposit and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios as functions of distance from the steel.  
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(Fig. 6C and D), while at the same time depleted in chlorine (Fig. 6 E). 
The innermost region of “Type 2” deposits consisted of a dendritic 
structure of fine sintered particles, similar to “Type 1” deposits and was 
therefore believed to have formed via the same condensation 
mechanism. 

The chemical composition of the innermost layer was believed to 
have formed via sulfation, whereby the initial deposit layer, originally 
enriched in K and Cl, reacted with SO2 from the flue gas. Several studies 
in the literature have indicated that sulfation of alkali chlorides is of 
relevance in kraft recovery boilers [7,35] and especially toward the 
innermost region of deposits [7]. 

To further investigate whether the sulfation reaction serves as a 
plausible explanation for the observations made within “Type 2” de-
posits, the SO2 concentration measured in the flue gas stack was ana-
lysed. Significantly higher SO2 concentrations of 184 mg/Nm3 on 
average with maximum peaks up to 690 mg/Nm3 were recorded during 
the first five days of boiler operation. For the remaining operating time 
of the boiler, corresponding to normal operation, the measured SO2 
concentration in the flue gas stack was essentially zero. During boiler 
start-up, heavy fuel oil was used, known to cause higher SO2 emissions. 
In addition, lower furnace temperatures during start-up as compared to 
normal boiler operation promoted SO2 emission [32]. Thus, the 
measured SO2 concentrations supported the hypothesis of alkali chlo-
ride sulfation to result in the analysed innermost layer composition of 
“Type 2” deposits. 

With increasing distance from the superheater steel surface, the local 
chemical composition of the deposit changed. The K and S enriched 
region was followed by a layer enriched in Cl compared to the deposit 
bulk, while also slightly being enriched in K. A layer enriched in Cl but 
varying in thickness was analysed within all “Type 2” deposits. For the 
majority of samples, the Cl-enriched region did not show any enrich-
ment or depletion in either K or S. Also, within the deposit shown in 
Fig. 6, the Cl-rich layer above the sulfated part of the deposit was not 
enriched in S, possibly due to the lack of SO2 in the flue gas after the first 
five days of boiler operation. Also, regions further away from the steel 
had a shorter residence time in the deposit, not sufficiently long to un-
dergo substantial sulfation. 

However, sulfation of alkali chlorides alone does not explain the 
concurrent enrichment in K within the innermost region of the “Type 2” 

deposits. Currently, the K enrichment is believed to be a remnant of the 
initial deposit layer, originally enriched in K and Cl as seen in the “Type 
1” deposit (Fig. 4). The sulfation reaction does not affect the K content 
within the deposit, therefore the sulfated region of the deposit remained 
enriched in K. However, it cannot be ruled out that some other mech-
anism caused the observed K enrichment. Furthermore, no definite 
explanation for why the S-rich layer wasn’t seen within all deposit 
samples can be provided. Based on the analysis results, an asymmetric 
flue gas flow was believed to have caused local differences in the SO2 
concentration in the flue gas and therefore, not all deposit samples 
showed signs of sulfation. The lower boiler load during boiler start-up, 
compared to regular boiler operation, typically amplifies asymmetric 
flue gas conditions. Further research is needed to better understand the 
underlying mechanism(s) causing the observed local enrichment in K 
and S within “Type 2” deposits. 

Also for the “Type 2” deposit, the local melting behaviour was ana-
lysed in more detail. The sections the deposit was divided into are shown 
in Fig. 7 together with the local T0 profile and the molar K/(Na + K), Cl/ 
(Na + K), and S/(Na + K) ratios. 

The local first melting temperature within the innermost K and S 
enriched region of the deposit shown in Fig. 7, was increased by almost 
20 ◦C compared to the outer deposit region, an observation made for 
most of the analysed “Type 2” deposits despite the locally increased K 
content. The local increase in T0 resulted from the enrichment in S on 
one hand, and the depletion in Cl, on the other hand. These observations 
are in line with the general understanding of the well-studied melting 
behaviour of ash deposits forming in kraft recovery boilers [26]. Similar 
to the outer deposit surface, the local increase in the SO4/CO3 ratio 
increased T0. Similar observations have been made by Frederick and 
Vakkilainen, who have identified sulfation of deposits to cause an in-
crease in the first melting temperature [15]. In the present samples, the 
K increase did not affect T0, as the molar Cl/(Na + K) ratio remained 
below 0.015 throughout the K-enriched region [9]. 

3.4. Summary of observations and proposed deposit formation and ageing 
mechanisms 

The analysed deposits from the upper superheater region were 
classified into two main types based on differences in their chemical 

Fig. 6. A) Greyscale image of “Type 2′′ deposit; B) close-up of the region closest to the steel; C) molar S/(Na + K) ratio; D) molar K/(Na + K) ratio; E) molar Cl/(Na +
K) ratio. 
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composition closest to the steel. In addition, some of the deposits had a 
morphology and chemical composition differing from these two main 
types. Fig. 8 summarizes all deposit types observed and puts forward an 
explanation for how these deposit types can be linked. 

The deposits obtained from the upper superheater region were 
divided into two distinct regions, based on their morphological features. 
Closest to the steel, the deposits consisted of a porous layer of sub- 

micron-sized fume particles. Further away from the steel, the 
morphology changed to that of larger sintered agglomerates. Tempera-
ture gradient-induced diffusion of alkali chloride toward the steel was 
assumed the governing deposit ageing mechanism in both deposit 
regions. 

The initial deposit layer built up as alkali chloride-rich fume parti-
cles, formed via homogeneous condensation in the flue gas, deposited on 

Fig. 7. Local melting behaviour and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios as functions of distance from the steel of innermost region of “Type 2′′

deposit with locally increased T0 close to the steel. 

Fig. 8. Summary of identified deposit types: A) “Type 1” deposit with innermost layer of fine sintered particles enriched in K and Cl; B) Sampling artefact lacking 
innermost layer of fine sintered particles; C) “Type 2” deposit with innermost layer enriched in K and S while concurrently depleted in Cl; D) Thin deposit of large 
irregularly shaped dense particles from lower superheater region. 
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the superheater steel resulting in local enrichment in K and Cl closest 
toward the steel (“Type 1”, Fig. 8 A). Local T0 values were lower within 
the region enriched in K and Cl as compared to the outer regions of the 
deposit. 

The innermost layer of “Type 1” deposits consisting of fine, sintered 
particles was more fragile than the outer parts of the deposit. Thus, some 
of the analysed samples lacked this innermost layer of fine particles 
(Fig. 8 B) as it presumably got lost during deposit sampling. In general, 
material loss during sampling could not be ruled out for any of the 
analysed deposit samples. 

The second main deposit type had an innermost layer enriched in K 
and S while concurrently depleted in Cl (“Type 2”, Fig. 8C), believed to 
have formed via sulfation of the innermost layer initially enriched in K 
and Cl. Local T0 values increased within the K and S-rich layer of “Type 
2” deposits due to the high S content and concurrent lack of Cl within 
this region. 

Several deposits from the lower superheater region showed signifi-
cant deviation in morphology (Fig. 8 D) compared to deposits from the 
upper superheater region. The underlying mechanisms causing the 
observed densification are currently not known. 

4. Conclusions and implications 

Ash deposits collected from the tertiary superheater tubes of a 
Finnish kraft recovery boiler were analysed regarding their chemical 
composition and morphology using SEM/EDX. The main findings can be 
summarized as the following.  

- The melt fraction formed within deposits did not exceed 10 wt-%, 
thus the aged deposits from the upper superheater region formed a 
two-layered skeletal morphology. The governing deposit ageing 
mechanism was diffusional transport of alkali chloride vapours to-
ward the steel, induced by the temperature gradient the deposits 
were exposed to.  

- Type 1 deposits had an innermost layer enriched in K and Cl, formed 
via deposition of K and Cl-rich fume particles and additional deposit 
ageing. Furthermore, the local T0 of the deposits had a minimum 
within the K and Cl-rich region, increasing the risk of melt formation 
in the direct vicinity of the steel and hampering deposit removal via 
sootblowing. The high Cl concentrations close to the steel and local 
decrease in T0 were believed to increase the corrosiveness of the 
deposits.  

- Type 2 deposits had an innermost layer enriched in K and S while 
concurrently depleted in Cl, formed via sulfation. The innermost 
deposit layer originally enriched in K and Cl reacted with SO2 from 
the flue gas forming alkali sulfate whereas HCl was released into the 
gas phase. The local T0 was shown to be increased within the sulfated 
region compared to the outer regions of the deposits due to the lack 
of Cl and concurrent increase in the SO4/CO3 ratio. Thus sulfation 
potentially reduces the risk of deposit-induced superheater 
corrosion.  

- More research is needed to better understand the underlying cause 
for the observed morphological differences between deposit samples 
from the upper and lower superheater regions. Furthermore, a better 
understanding of what resulted in the concurrent presence of the two 
main types of deposits is needed. 
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