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Changes in chlorine content over time – Probe deposit sampling in a Finnish 
kraft recovery boiler 
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A B S T R A C T   

Probe deposit samples of 1, 5, and 8 weeks exposure time were collected from the superheater area of a Finnish 
kraft recovery boiler. Deposit cross-sections were analysed regarding their morphology and chemical composi-
tion using SEM/EDXA. Morphological differences along the probe’s circumference were observed due to different 
prevailing deposition mechanisms. Overall enrichment in the deposit Cl content with increasing exposure time 
was observed. The Cl enrichment proceeds via diffusion of Cl-vapours from the flue gas into the deposit. Two 
deposit ageing mechanisms were identified within the deposit samples. First, alkali chloride layers formed on the 
furnace-facing side of deposit particles and also directly on the steel surface as a result of deposit ageing. Second, 
within the 5 and 8-week probe samples, sulfation of alkali chloride within the inner regions of the deposits was 
observed. Analysis of the local first melting temperature of the deposits showed a significant decrease within the 
Cl and K-rich layer adjacent to the steel surface, implying an increased risk for melt formation, and thus 
corrosion, in the direct vicinity of the steel.   

1. Introduction 

Finland and Sweden are Europe’s main producers of pulp and paper, 
together accounting for almost 60 % of the annual production in 2021 
[1]. The dominating process used is the kraft pulping process, where a 
solution of NaOH and Na2S is used to extract the pulp fibres from raw 
wood. The aqueous solution of spent pulping chemicals (Na2SO4 and 
Na2CO3) and organic material, mainly lignin originating from the wood, 
is called black liquor. The black liquor is burned in the recovery boiler, 
into which it is sprayed as droplets. These droplets dry, pyrolyze, and 
start to burn in flight. The process is designed in such a way that the 
burning droplets reach the bottom of the boiler, where a char bed is 
formed [2,3]. For an efficient boiler operation, the droplets must not 
reach the bed while still wet, as this would lower the bed temperature 
and result in undesired growth of the bed. Due to the reducing atmo-
sphere within the bed, Na2SO4 present in the droplets is reduced to Na2S 
by reacting either with char carbon or reducing gases [2]. The remaining 
smelt of incombustible inorganics, predominantly Na2CO3 and the 
reduced Na2S, exits the boiler at the bottom, flowing into a dissolving 

tank forming green liquor. The green liquor is further processed in a 
causticizer to recover NaOH from Na2CO3 [2]. The recovery boiler has 
two main purposes in the pulping process: through combustion the re-
covery of the spent pulping chemicals, therewith almost eliminating the 
need for new process chemicals is enabled [4]. At the same time heat and 
power are generated through combustion of the organic material dis-
solved in the black liquor. The energy produced by a modern recovery 
boiler is sufficient to supply the whole mill [4]. 

However, ash deposition on superheater tubes and therewith asso-
ciated operational problems such as reduced heat transfer and corrosion 
of superheater tubes still pose a major problem for boiler operators. A 
significant share of sodium but also other inorganic compounds dis-
solved in the fired black liquor release into the gas phase [3]. Further-
more, occasionally black liquor droplets are entrained in the flue gas and 
form deposits on heat transfer surfaces [3]. Similar deposit-related ob-
stacles also arise for other combustion processes utilising biomass-based 
fuels. Compared to coal, biomass fuels generally contain larger amounts 
of inorganic compounds, causing severe slagging, fouling, and corrosion 
issues in combustion processes, resulting in a lower boiler-efficiency and 
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limiting the maximum steam temperature in the hottest superheaters. 
In recovery boilers, Cl and K-containing compounds are mainly 

causing corrosion-related operational issues. Cl originates from the 
wood, but makeup and bleaching chemicals or process water provide 
additional sources for Cl to enter the process. K originates from the raw 
wood and is dissolved in the liquor in the pulping process [5]. The main 
compounds of recovery boiler superheater deposits are NaCl, Na2SO4, 
Na2CO3, Na2S, and their K counterparts [6]. 

The formation mechanisms of superheater deposits have been stud-
ied thoroughly over the last decades [2,6]. Particles contributing to 
deposit build-up in a kraft recovery boiler are divided into three main 
groups [2,7]. The smallest particles, referred to as fume, are sub- 
micrometre sized and deposit predominantly via condensation or ther-
mophoresis on the lee-side of superheater tubes. Fume particles are rich 
in alkali sulfate and contain high amounts of alkali chlorides [2,6]. The 
particles in the second fraction are called intermediate-sized particles 
(ISP), typically within the range of 1–100 µm in diameter. ISP particles 
deposit predominantly via inertial impaction on the wind side of the 
superheater tubes [2,6]. The formation of ISP is not fully understood, 
but it is believed that these particles form during char bed burning as 
small char particles are ejected from the bed and entrained in the flue 
gas. Thus, ISPs contain only small amounts of Cl and high amounts of 
carbonate and sulfate [6,7]. The largest particle fraction is called 
carryover; such particles can reach up to a few millimetres in diameter. 
Carryover particles are (partially) unburnt (fragments of) black liquor 
droplets entrained in the flue gas [7], thus containing high amounts of 
carbonate and sulfate [6]. Due to their large size, a big share of carryover 
particles deposits already on the first rows of superheater tubes via in-
ertial impaction [6]. 

However more recently, local changes in the deposit composition 
occurring after the initial deposit formation have been observed. These 
changes were shown to affect the local deposit composition and thus 
corrosiveness, removability, and melting behaviour of deposits [8–11]. 
Such intra-depositional changes taking place after the initial deposit 
formation are referred to as deposit ageing. Due to the temperature 
difference between the hot flue gas and the cooler superheater tubes, 
deposits are exposed to a temperature gradient, which has been shown 
to cause deposit ageing mechanisms. Diffusional transport of alkali 
chloride vapours toward the steel and subsequent condensation of these 
vapours at lower local temperatures result in the formation of alkali 
chloride layers on the furnace-facing side of particles within the deposit 
and also directly on the steel surface [10,11]. Furthermore, temperature 
gradient-induced movement of Cl and K-enriched melt toward the steel 
has been identified within deposits [8]. 

Both deposit ageing mechanisms described above increase the local 
Cl and K content of the deposits toward the steel, directly affecting the 
deposit’s local melting behaviour. An increase in Cl increases the 
amount of melt that is formed at the first melting temperature T0 [12], 
while an increase in K lowers T0 [13]. Therefore, deposit ageing in-
creases the risk of melt getting in direct contact with the steel surface, 
resulting in severe corrosion. Deposit ageing mechanisms have been 
predominantly studied on laboratory scale using synthetic ash deposits 
[9–11,14], but have also been verified in actual deposits directly 
collected from the superheater tubes of kraft recovery boilers [8,15]. 
Within the superheater deposits, a direct impact of these deposit ageing 
mechanisms on the local first melting temperature of a deposit could be 
shown, as T0 has been significantly lower within the Cl and K-enriched 
region close to the steel compared to the outer regions of the deposit 
[8,15]. Several deposit samples have been obtained directly from the 
superheater tubes of the boiler, in which the probe deposit measure-
ments of the present article were carried out. Within these superheater 
deposit samples, local enrichment in Cl and K toward the steel due to 
deposit ageing has been observed to result in a local decrease in T0 
within several samples [15]. In other superheater deposit samples, ob-
tained during the same sampling campaign but from different super-
heater tubes, a sulfated region closest to the steel has caused an increase 

in the local T0 [15]. 
However, a systematic study on how actual superheater deposits 

change in their local chemical composition and morphology with time 
poses some challenges. Actual superheater deposits can only be obtained 
during a boiler shutdown. Thus, the duration for the deposit to build up 
and age cannot be chosen freely. Furthermore, deposits have to be 
removed from the superheater tube they adhered to during boiler 
operation, resulting in the loss of valuable information from the inner-
most deposit layer directly attached to the superheater tube. Therefore, 
a sampling probe has been designed to obtain and analyse deposits still 
attached to the steel surface they originally formed on during regular 
boiler operation. Furthermore, the exposure time of the deposit can be 
controlled, enabling a systematic study of time-dependent processes 
taking place within a deposit. 

The objective of the present study was to obtain a better under-
standing of deposit ageing under full-scale conditions. Deposits attached 
to the steel surface they initially had formed on are obtained using a 
sampling probe. With this method, the deposit steel interface could be 
studied in more detail. Furthermore, differences in deposit ageing pro-
cesses depending on the exact location along the probe’s circumference, 
such as wind or lee side, were identified. The measurements aimed to 
shed more light on the timeframe within which deposit ageing takes 
place under actual boiler conditions, as measurements with varying 
exposure times were carried out. Deposit ageing mechanisms were 
identified within all of the obtained probe samples. Furthermore, a 
general increase in deposit Cl with time as well as sulfation of the de-
posits were identified, as a result of the initially formed deposit inter-
acting with the surrounding flue gas. Deposit ageing significantly 
lowered the local T0 closest to the steel surface. 

2. Materials and methods 

Probe deposit measurements were carried out in the superheater 
region of a kraft recovery boiler with a maximum firing capacity of 3200 
tonnes dry solids per day, located in Rauma, Finland. All measurements 
were carried out in the upper superheater region, between the secondary 
and tertiary superheater bundles. The closest sootblower was located 
0.75 m below the probe, with two more sootblowers located 2.25 m to 
the left and right, as shown in Fig. 1. 

For the discussion of the obtained results, the following nomencla-
ture for selected locations along the circumference of the probe is used: 
The part of the probe directly facing the flue gas stream is referred to as 
the “wind side” deposit, while the region shielded off from the flue gas 
flow by the probe is called the “lee side”. The region between the “wind 
side” and “lee side”, directly facing the sootblower, is referred to as the 
“bottom side” and the region on the opposite is referred to as the “top 
side”. 

The sampling probe has been designed and built at Åbo Akademi 
University. Several short-term experiments were carried out, and the 
probe design was refined. The main features of the final probe design are 
presented in Fig. 2. 

The design consists of two concentric tubes made from P235GH steel 
with an outer diameter of 51 mm (A). The part of the probe inserted into 
the boiler during the experiment is 0.85 m long, including the 0.1 m long 
detachable tip on which the deposit sample was collected. Before 
inserting the probe into the boiler, the sampling tip was preheated to 
temperatures above 100 ◦C to avoid condensation of water vapour onto 
the cold steel surface. The sampling tip was mounted to the outer tube of 
the probe and held in place by the inner tube (B). On the part of the 
probe located outside the boiler (C), a spring was used to build up suf-
ficient force for the inner tube to keep the detachable tip in place and 
prevent it from falling off the probe at any time during the experiment. 

A custom-made oval plate, exactly fitting the manhole through 
which the superheater region was accessed, was used to attach the probe 
to the boiler wall (D). The probe is welded onto a smaller square-shaped 
plate (A) that can be attached to the larger oval plate during the 
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experiment, using four bolts highlighted in Fig. 2D. The whole design 
aims to avoid any rotation of the measurement equipment during the 
experiment. This design enables differentiation between the probe’s 
wind, lee, bottom, and top sides and identification of location-specific 
deposition and ageing mechanisms. Two inspection holes are drilled 
into the squared plate. A thermocouple can be inserted through one of 
these holes directly into the boiler to measure and log the local flue gas 
temperature near the probe. 

After the experiment, the inner tube was removed first, followed by 
the tip. Fig. 2B shows a small gap between the detachable tip and the 
main probe, which helped to remove the tip. Due to corrosion, the tip 
could not be separated from the probe after longer exposure times. Thus, 
the tip was cut off using a metal saw without destroying the main probe 

or the collected deposit. 
Pressurised air entering the probe on the part located outside of the 

boiler (C) was used to cool the sampling tip and ensure a constant steel 
temperature during the experiments. Two thermocouples were placed 
within the detachable tip to control and log the steel temperature 
throughout the experiment. After passing the probe between the inner 
and outer tubes, the cooling air exited the probe at the tip and was blown 
directly into the boiler. Each measurement point of the logged steel and 
flue gas temperature represents the average temperature over a five- 
minute interval. 

After the experiment, the probe was removed from the boiler and the 
airflow through the probe was increased to ensure fast cooling of the 
sample to be able to be cast in epoxy resin. The sample was then cut to 

Fig. 1. Probe sampling location in the upper superheater region of the boiler, location of closest sootblowers and sample nomenclature.  

Fig. 2. Main features of probe design: A) Main probe; B) Detachable sampling tip; C) Part located outside of boiler during the experiment; D) Oval manhole 
cover plate. 
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obtain a cross-section. The cross-sections were polished using SiC pol-
ishing paper and water-free lubricant to avoid deposit dissolution. The 
polished cross-sections were cleaned using petroleum ether and carbon- 
coated before the analysis. Scanning electron microscopy (SEM) and 
energy dispersive X-ray analysis (EDXA) (LEO Gemini 1530 equipped 
with a ThermoNORAN Vantage X-ray analysing system manufactured by 
Thermo Scientific) were utilised to study the deposit morphology and 
chemical composition in detail. 

Based on the SEM/EDXA data, molar Cl/(Na + K), K/(Na + K), and 
S/(Na + K) ratios were calculated for the analysed cross-sections. In 
addition, the local first melting temperature (T0) of the deposits was 
calculated. The deposit was divided into several sections whereby the 
average composition for each of these sections was calculated. Subse-
quently, the local T0 value was calculated based on the average 
composition of each section, using FactSage Version 8.1 [16] and the 
FTPulp database, containing data relevant for deposits forming in kraft 
recovery boilers [17]. 

3. Results and discussion 

3.1. Morphology and local chemical composition of probe deposits 

Deposit sampling experiments with exposure times of 1, 5, and 8 
weeks were carried out. The steel temperature at the sampling tip of the 
probe was set to 450 ◦C, representing actual steel temperatures of the 
tertiary superheater tubes in the boiler. The flue gas temperature during 
the experiments averaged 550 ◦C, measured with a thermocouple in the 
vicinity of the probe. Fluctuations in the measured flue gas temperature 
were observed, occasionally reaching values as high as 650 ◦C. 

Three panorama images of deposit cross-sections obtained from the 
three experiments are presented in Fig. 3. In addition, locations on the 
wind, lee, bottom, and top side of the probe deposit samples, where the 
morphology and chemical composition was analysed in more detail, are 
indicated. 

It should be mentioned that the probe diameter of the one-week 
experiment shown in Fig. 3 is smaller compared to the five and eight- 
week experiments. The probe design was changed after the one-week 
experiment, including an increased probe diameter. However, the 
overall shape of the obtained deposits shown in Fig. 3, as well as the 
morphological features of the three deposits, were similar despite the 
difference in probe diameter. Hence, the modified probe design did not 
affect the results of the experiments. 

All deposits obtained were porous and appeared the thickest at the 
lee and top sides of the probe, while the bottom and wind sides were 
significantly thinner. The bottom part of the probe was affected the most 
by the sootblower it was directly facing, located 0.75 m below the probe. 

Therefore, the bottom side deposit was thinner than other locations 
along the probe’s circumference. Differences in deposit thickness be-
tween the wind and lee sides were caused by differences in the pre-
vailing deposition mechanisms at those two locations. As the 
measurements were carried out between the secondary and tertiary 
superheater, the deposits built up predominantly from sub-micrometre- 
sized fume particles. A major share of the larger intermediate-sized and 
carryover particles tended to deposit via inertial impaction already on 
the secondary superheater tubes. Only small amounts of larger particles 
were expected to reach the measurement location [18]. Sub- 
micrometre-sized fume particles start to form in the measurement re-
gion either via homogeneous condensation in the gas phase or hetero-
geneous condensation directly on the steel surface; thus, fume particles 
contributed the most to the deposit building up on the probe [6]. The 
governing deposition mechanism for fume particles on the sampling tip 
appeared to be eddy impaction, predominantly depositing on the lee 
side of the probe [19], resulting in the deposit shape seen in Fig. 3, with 
the maximum deposit thickness at the lee side. In general, no significant 
differences in deposit morphology were identified when comparing 
probe deposit samples of different exposure times from the same loca-
tion along the probe’s circumference. This suggests good reproducibility 
of the results obtained from the probe measurements. 

For all three deposits, the average deposit Cl content has been 
determined at the four locations indicated in Fig. 3. The average mass- 
based Cl concentration of the three deposits at the respective analysis 
location is shown in Fig. 4. 

The average Cl content of the deposits increased with exposure time 
in all four locations along the probe’s circumference. A significant in-
crease in deposit Cl content was seen when increasing the exposure time 
from one to five weeks. In contrast, the deposit Cl content increased to a 
lesser extent when increasing the exposure time from five to eight 
weeks. 

It is worthwhile to mention that a period of almost three years lay 
between the 1-week and the sequentially carried out 5- and 8-week 
experiments; thus, changes in the operating conditions of the boiler 
possibly affecting the Cl content in the flue gas cannot be ruled out. 
However, no significant differences in the chemical composition of the 
black liquor fired during the 1-week experiment and the 5- and 8-week 
experiments were identified. Therefore, the enrichment in probe deposit 
Cl with increasing exposure time was believed to be representative of the 
time-dependent chlorine enrichment of actual superheater deposits. The 
overall deposit Cl content increased over time as alkali chloride vapours, 
present in the flue gas, diffused through the outer regions of the deposit 
and condensed within the deposit region closer toward the steel, at 
lower local temperatures. 

For a more detailed analysis of the Cl distribution within the probe 

Fig. 3. SEM images of deposit cross-sections after exposure times of 1, 5, and 8 weeks indicating locations of detailed analysis on wind, lee, bottom, and top side 
of deposits. 
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deposits, the molar Cl/(Na + K) ratios over the cross-sections of the 
three deposits from the top side of the probe are shown in Fig. 5 together 
with their corresponding grey-scale images. 

A clear difference was seen when comparing the 1-week deposit with 
the 5- and 8-week deposits. The Cl concentration throughout the cross- 
section of the 1-week sample was lower compared to the samples with 
longer exposure times. This overall enrichment in deposit Cl seen in the 
images in Fig. 5 was in line with the trend shown in Fig. 4. The deposit 
was enriched in Cl over time via condensation of Cl-rich vapours, 
diffusing into the deposit from the flue gas. 

Furthermore, alkali chloride layers formed on the furnace-facing side 
of particles within all analysed deposits. For the 5- and 8-week samples, 
a chloride-rich layer was also observed directly on the steel surface. The 
presence of such alkali chloride layers is a characteristic of temperature 
gradient-induced deposit ageing via diffusional transport of alkali 
chloride vapours toward the steel [10]. This mechanism has been 
studied thoroughly in laboratory-scale tests [9,10,14] and has also been 
shown to take place in actual deposits collected directly from super-
heater tubes [8,15]. The results of the present probe measurements 
confirmed deposit ageing to form an alkali chloride layer directly on the 
steel surface. Such a Cl-layer was not found on the probe’s steel surface 
after the 1-week experiment but after the 5-week and 8-week experi-
ments. Thus, the layer likely formed due to deposit ageing rather than 
during initial deposit formation via condensation of alkali chlorides 

directly on the steel surface. 
However, in contrast to deposits obtained from the laboratory-scale 

experiments, chloride layers formed also on non-furnace facing sides of 
particles, especially surrounding larger dense agglomerates within the 
deposits, similar to those seen in the 1-week and 8-week deposits in 
Fig. 5. These larger agglomerates were predominantly seen on the wind 
side directly exposed to the flue gas stream during the experiment. The 
exact formation mechanism of the Cl-layers surrounding such larger 
particles is not known. It is believed that a mechanism other than the 
temperature gradient-induced diffusional transport of alkali chloride 
vapours resulted in the formation of the Cl-layers on the non-furnace- 
facing sides of particles. 

An indication of a second mechanism involved in the formation of 
the non-furnace facing alkali-chloride layers was their presence already 
after an exposure time of one week. Despite the generally low Cl content 
within the 1-week sample and the lack of similar well-pronounced Cl 
layers on deposit particles of smaller size within the same sample, alkali 
chloride layers surrounded larger irregularly shaped particles within the 
sample. Such larger particles were believed to be either carryover par-
ticles or parts of deposits, which initially formed on superheater tubes 
upstream of the probe and were removed by sootblowing, got re- 
entrained in the flue gas, and re-deposited subsequently on the probe. 

However, the Cl-layers appeared to be more pronounced on the 
furnace-facing side of particles, especially within the samples of 5 and 8 
weeks of exposure. Thus, it was believed that also the Cl layers on the 
furnace-facing side of larger irregularly shaped particles were at least 
partially formed via temperature gradient-induced diffusional transport 
of alkali chloride vapours toward the steel. An example of a deposit 
where the Cl-layers were more pronounced on the furnace-facing side of 
the particles is given in Fig. 6. 

Fig. 6 also shows an example of the general morphological 
complexity of the probe deposit samples. Within the 8-week sample on 
the left, particles of varying shapes and sizes appeared. The region 
closest to the steel contained predominantly larger, irregularly shaped 
particles with particle sizes ranging between 500 µm and 1 mm. Due to 
the prevailing steel temperature of the probe and the local flue gas 
temperature, deposition of re-entrained particles seemed probable. 
Carryover particles likely solidify almost completely when reaching the 
probe. Thus, they will not deform upon impact, resulting in a particle 
structure seen in Fig. 6. Due to the chosen steel temperature, neither 
extensive sintering nor partial particle melting was expected to be 
relevant in this deposit region. 

The outer deposit region contained spherical particles ranging be-
tween 1 µm and 100 µm in diameter, classified as intermediate-sized 
particles (ISP) [7]. Additionally, some outer deposit regions had un-
dergone partial sintering during boiler operation. However, the outer-
most region of the deposit had not sintered significantly. Therefore, it 
was believed to reflect best the shape and composition of particles 

Fig. 4. Development of average mass-based Cl concentration with increased 
exposure time at lee, wind, top, and bottom side of the probe deposit. 

Fig. 5. Grey-scale SEM image and corresponding molar Cl/(Na + K) ratio of 1-week deposit (left), 5-week deposit (middle), and 8-week deposit (right).  
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initially deposited on the probe. 
The morphology and thickness of deposits from the bottom side of 

the probe differed significantly from the other analysis locations. Bottom 
side deposits were typically the thinnest and appeared less porous 
compared to the other locations along the probe’s circumference. The 
differences in morphology and deposit thickness were likely due to the 
bottom side directly facing a sootblower. Larger parts of the deposit 
were expected to have been removed during sootblowing, resulting in a 
thinner deposit on the bottom side. Furthermore, high water vapour 
concentrations possibly caused partial dissolution of the deposit fol-
lowed by rapid recrystallisation, resulting in the observed less-porous, 
dense morphology. 

Besides the general Cl enrichment with time, as shown in Fig. 4, local 
enrichment in K and S and concurrent depletion in Cl were observed 
within the analysed deposits. Regions of similar local composition have 
been analysed within deposit samples taken directly from the super-
heater tubes of the same boiler [15]. The enrichment in S and concurrent 
depletion in Cl in deposits obtained directly from the superheater tubes 
were reported to have formed when an initially alkali chloride-rich 
deposit was sulfated by SO2 present in the flue gas. However, the 
enrichment in K could not be explained via the proposed sulfation 
mechanism; thus, a second unidentified mechanism has been believed to 
result in the observed concurrent K enrichment [15]. 

The local K and S enrichment within the probe deposits was not 
exclusively identified within the region closest to the steel but also in 
regions further away from the steel surface. Examples of two probe 
cross-sections showing signs of local sulfation within the deposit are 
given in Fig. 7. 

An example of local depletion in Cl and concurrent enrichment in K 
and S, referred to as the sulfated region in the further discussion below, 
further away from the steel, is given in the top row of Fig. 7. The images 
in the bottom row give an example of a sulfated region directly above the 
steel surface. In further analyses of the probe deposit samples, similar 
sulfated regions were observed within the 5- and 8-week samples at 
other locations along the probe’s circumference. Analogous to the cross- 
sections shown in Fig. 7 for the 5-week sample, the sulfated region was 
consistently observed at some distance to the steel surface. In contrast, 
the sulfated region was located right above the steel surface in the 8- 
week sample. 

The sulfated regions analysed at different locations within the 5- and 
8-week deposit samples were assumed to depend on temporal fluctua-
tions in the flue gas’ SO2 concentration during boiler operation. 
Therefore, the measured SO2 concentration in the flue gas stack of the 

boiler was analysed in more detail. The SO2 measurement data was 
provided by the boiler operator. Each data point represented a one-hour 
average of the measured SO2 concentration. For both probe sampling 
periods, the overall measured SO2 concentration in the stack was low, 
averaging 0.1 mg/Nm3 SO2 during the 5-week sampling period and 0.6 
mg/Nm3 SO2 during the 8-week sampling period. However, the SO2 
concentration had been noticeably higher than the average during 12 h 
in both cases. For the 5-week exposure, this increased SO2 concentration 
was identified on the 11th day after starting the experiment. For the 8- 
week exposure, a similar time interval of increased SO2 concentration 
was seen on the 5th day. The increased SO2 concentrations in the flue 
gas at different times during the experiment may explain the differences 
in the location of the sulfated regions between the 5-week and 8-week 
probe deposit samples. 

Furthermore, the presence of a Cl-rich layer directly on the steel 
surface (Fig. 7) provided additional evidence for the sulfation of alkali 
chlorides to take place after the initial deposit formation. A sufficient 
amount of Cl within the inner region of the deposit is required for such a 
Cl layer to form directly on the steel surface via diffusional transport of 
alkali chloride vapours toward the steel. The results imply that the 
fraction of alkali chloride that remained within the initially deposited 
particles has subsequently been sulfated by reacting with SO2 from the 
flue gas after the Cl layer on the steel surface has been formed. 

Besides differences in the location of the sulfated region in the probe 
deposit cross-sections, differences in the degree of sulfation were iden-
tified when comparing the probe samples to the deposits collected 
directly from the superheater tubes of the same boiler [15]. The sulfa-
tion appeared to have advanced to a greater extent within the super-
heater deposits, resulting in a higher molar S/(Na + K) ratio. For better 
comparison, the molar S/(Na + K) ratios of the sulfated deposit regions 
and the remaining unsulfated regions of the two probe samples shown in 
Fig. 7 were calculated. The calculated ratios are summarised in Table 1 
and compared to the equivalent ratios from an actual superheater 
deposit. 

Table 1 shows that the difference in the molar S/(Na + K) ratio be-
tween the sulfated and non-sulfated regions of the probe deposits was 
less significant than in the superheater deposit sample. The higher de-
gree of sulfation within the superheater deposit sample was likely due to 
the probe samples being collected during regular boiler operation. No 
major fluctuations in the flue gas composition were expected to occur 
during the probe sampling periods. In contrast, the superheater deposit 
samples started to build up during the start-up phase of the boiler, 
during which heavy fuel oil was used, causing significantly higher SO2 

Fig. 6. 8-week wind side probe deposit and corresponding molar Cl/(Na + K) ratio and 5-week bottom side probe deposit and corresponding molar Cl/(Na +
K) ratio. 
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Fig. 7. Top row: SEM cross-sectional image and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios from the lee side of the 5- week deposit; bottom row: SEM 
cross-sectional image and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios from the top side of the 8-week deposit. 
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concentrations in the flue gas. Thus, higher sulfation rates can be ex-
pected during the start-up phase of the boiler [20], and sulfation of the 
innermost layer in the superheater deposits was more pronounced than 
in the probe deposit samples. However, the probe deposits suggest that 
sulfation of alkali chlorides within superheater deposits does not 
exclusively occur during the start-up phase of the boiler when SO2 flue 
gas concentrations are significantly higher but might take place during 
regular boiler operation as well. 

A more detailed analysis of the molar Cl/(Na + K) and K/(Na + K) 
ratios of the two probe deposit samples shown in Fig. 7 suggests dif-
ferences in the composition of the Cl layer that had formed directly on 
the steel surface. As mentioned above, the Cl layers form because of 
temperature gradient-induced transport of alkali chloride vapours to-
ward the steel. The most significant difference between the Cl layers of 
the two deposit samples was the lack of K within the Cl layer of the 8- 
week sample. In contrast, the 5-week sample was enriched in Cl and K 
in the layer adjacent to the steel surface. 

The lack of K in the Cl-rich layer right above the steel surface after an 
exposure time of 8 weeks was attributed to alkali chloride-induced 
corrosion, often referred to as active oxidation. The Cl-rich layer 
formed directly on the steel surface due to deposit ageing contained 
initially NaCl and KCl. A similar layer of alkali chlorides was also formed 
in laboratory experiments studying deposit ageing mechanisms using 
synthetic ash deposits [9,14]. Alkali chlorides then initiated the corro-
sion reaction by adsorbing on the oxide layer of the steel, forming alkali 
hydroxides while releasing Cl ions [21,22]. The formed Cl ions diffuse 
through the oxide layer toward the steel surface, where FeCl2, stable 
under reducing conditions, forms at the steel-oxide-scale interface. Of 
the formed alkali hydroxides, a large share volatises, while smaller 
amounts, predominantly NaOH, react with the oxide layer to form 
Na2Fe2O4. In contrast, only small amounts of potassium ferrates are 
expected to form [23]. Thus, as the corrosion reactions proceed with 
time, K volatises from the steel surface in the form of KOH, resulting in 
the observed depletion in K of the Cl-rich layer attached to the steel 
surface shown in the 8-week deposit in Fig. 7. 

3.2. Impact of observed enrichment patterns on local T0 

The impact of local enrichment patterns in the probe deposit samples 
on boiler operation was evaluated from the local first melting temper-
ature profiles of selected deposit cross-sections in Fig. 8. The figure also 
shows the molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios. 

Two 1-week deposit samples are shown in the upper row of Fig. 8. 
The lee side deposit (top left in Fig. 8) had a uniform composition 
throughout the cross-section; thus, no variations were observed in the 
calculated T0 profile. The 1-week top side deposit (top right in Fig. 8) 
contained several larger particles surrounded by a Cl layer within the 
region close to the steel, causing a decrease in the local T0 values. The Cl 
layers surrounding these larger agglomerates were assumed to be due to 
some other mechanism than temperature gradient-induced diffusion of 
alkali chlorides. Therefore, the lee-side deposit of uniform composition 
and its corresponding linear T0 profile were more representative of 
short-term deposits. Additional probe deposit samples of shorter expo-
sure times (30 min to 3 h) had a similar uniform composition throughout 
the cross-section. Also, the calculated T0 profiles were linear within the 

same temperature range as those of the 1-week lee side deposit. 
It should be noted that small variations of up to 5 ◦C in the calculated 

local T0 values are insufficient to conclude whether the variations are 
due to compositional changes. The accuracy of SEM composition anal-
ysis might give variations of up to 5 ◦C in the calculated local T0. 
However, the T0 values in Fig. 8 provide a reasonable estimate of how 
specific enrichment patterns affect the local first melting temperature 
within a deposit. 

The 5-week top side deposit (bottom left of Fig. 8) had a Cl and K-rich 
layer directly on the steel surface, followed by a region enriched in Cl 
and K when compared to the regions of the deposit further away from 
the steel. The calculated local T0 reached values as low as 505 ◦C within 
the Cl and K-rich layer adjacent to the steel surface, corresponding to the 
global minimum of the system [17]. Throughout the inner deposit re-
gion, concurrently enriched in Cl and K, the local first melting temper-
ature was lower compared to the outer regions of the deposit. When 
moving further away from the steel surface, the Cl and K content of the 
deposit was lower on average, while the S content was higher. There-
fore, the local first melting temperature of the outermost regions of the 
deposit was the highest throughout the cross-section and did not show 
any significant variations. 

Reeve et al. [12] have shown that an increase in the deposit Cl up to 
molar Cl/(Na + K) ratios of 5 % results in a decrease in T0. As described 
above, alkali chloride from the flue gas was assumed to diffuse into the 
deposit, causing the overall deposit Cl content to increase over time. 
Thus, the lower local T0 of the outer deposit region of the 5-week deposit 
sample compared to the 1-week samples is also due to an increase in the 
overall Cl content of the deposit (see Fig. 4), due to temperature 
gradient-induced deposit ageing. Besides higher Cl concentrations, the 
5-week deposit sample contained also higher amounts of CO3, further 
decreasing the first melting temperature [13] and thus contributing to 
the observed lower T0 values in the outer region of the 5-week sample 
than the 1-week samples. 

The deposit sample on the right of Fig. 8 consisted of a Cl-rich layer 
directly on the steel surface with no further enrichment in K. The Cl-rich 
layer was followed by a sulfated region depleted in Cl while concur-
rently enriched in K and S. The local T0 of the Cl-rich layer adjacent to 
the steel surface was not significantly lower than the T0 of the remaining 
parts of the deposit due to the lack of K. An increase in the Cl content 
lowers the deposit T0, but not to the same extent as concurrent enrich-
ment in Cl and K [12,13]. 

However, already small amounts of corrosion products, well below 
the detection limit of the SEM analysis, can significantly impact the 
deposit’s first melting temperature and lower the local T0 well below 
steam temperatures typical for kraft recovery boilers. For example, iron 
chlorides and KCl form a eutectic melt at 355 ◦C [22]. The calculated T0 
values in Fig. 8 were based on the deposits’ Na, K, Cl, S, C, and O con-
tents. The impact of corrosion products or other impurities on the local 
first melting temperature was not taken into account in the calculations. 

The sulfated region in the deposit on the right of Fig. 8 showed no 
significant increase in the local T0. The local enrichment in S compared 
to the outer deposit region was not pronounced, as the sulfation of the 
deposit had not progressed far enough to significantly affect the local 
first melting temperature. Increased calculated T0 values have been re-
ported for sulfated regions of superheater deposit samples taken from 
the same boiler [15]. Thus, further progress of the sulfation likely results 
in a local increase in T0 with time, reducing the risk for melt formation 
close to the steel, and therefore, melt-induced corrosion. However, as a 
Cl and K-rich layer was analysed on the steel surface of the 5-week de-
posit sample, the sulfation reaction is not likely to prevent active 
oxidation of the superheater steel. In contrast, Cl-induced corrosion 
mechanisms initiate almost instantaneously after the alkali chlorides 
deposit on the steel surface [22]. In this work, a Cl-rich layer on the steel 
surface provided a source for alkali chloride-induced corrosion still after 
8 weeks. 

Table 1 
Molar S/(Na + K) ratios of sulfated and non-sulfated probe deposit regions and 
actual superheater deposit [15] as reference.  

Sample name S/(Na + K) [mol/mol] 

Probe 5-week lee sulfated  0.37 
Probe 5-week lee non-sulfated  0.33 
Probe 8-week wind sulfated  0.39 
Probe 8-week wind non-sulfated  0.37 
Superheater deposit sulfated  0.44 
Superheater deposit non-sulfated  0.33  
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4. Conclusions 

A novel probe design was used to obtain ash deposit samples of 1-, 5-, 
and 8-week exposures from the superheater region of a Finnish kraft 
recovery boiler. The three probe deposit samples showed similarities in 
shape and morphology, indicating the suitability of the probe to study 
time-dependent changes within ash deposits and providing results of 
good reproducibility. Furthermore, the probe deposits showed similar 
morphological characteristics as deposits obtained directly from the 

superheater tubes of the same boiler. Morphological differences along 
the probe’s circumference likely depended on differences in locally 
prevailing deposition mechanisms and external influences such as 
sootblowing. 

The Cl concentration in the deposit increased with exposure time. 
The analysed Cl-enrichment with time was assumed to be due to alkali 
chloride vapours from the flue gas diffusing into the initially formed 
porous deposit. Subsequently, Cl condensed within the deposit, resulting 
in an overall enrichment in deposit chlorine. Cl enriched locally as alkali 

Fig. 8. Local T0 profiles and molar B) Cl/(Na + K), C) K/(Na + K), and D) S/(Na + K) ratios of: 1-week lee side (top left); 1-week top side (top right); 5-week top side 
(bottom left); and 8-week top side deposit (bottom right). 
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chloride layers on the furnace-facing side of particles through temper-
ature gradient-induced concentration diffusion. 

Additionally, a Cl-rich layer developed with time onto the steel 
surface of the 5-week and 8-week samples, but not the 1-week sample. 
Overall, the temperature gradient-induced deposit ageing mechanism 
resulted in the local enrichment of Cl and K of the deposits toward the 
steel. 

Sulfation of alkali chlorides was observed within the 5 and 8-week 
deposit samples. Sulfation was limited to distinct regions within the 
deposits, most likely being formed as a result of temporarily elevated 
SO2 concentrations in the flue gas. For deposits with sulfation, 12 h of 
elevated flue gas SO2 were identified from process data at different 
points in time. 

Within regions concurrently enriched in Cl and K, a decrease in the 
local T0 was seen. A minimum in the local T0 of 505 ◦C was reached 
within the Cl and K-rich layer adjacent to the steel surface, about 35 ◦C 
lower compared to T0 at the outer deposit region. Furthermore, a 
decrease in the deposit T0 due to the overall enrichment in alkali chlo-
ride caused by temperature gradient-induced diffusion of alkali chloride 
vapours from the flue gas into the deposits was seen. The local T0 was 
typically 15–20 ◦C lower toward the steel as compared to the outer parts 
of the deposit. No major changes in the local T0 were seen due to sul-
fation. The degree of sulfation within the probe deposit samples was too 
low for it to affect the local T0 significantly. However, more extensive 
sulfation would result in locally increased T0 values. 
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