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Abstract: Sodium salt scaling, i. e. the formation of dou-
bles salts comprised of sodium, carbonate and sulphate
on the heat transfer surfaces, is a common problem that
occurs during black liquor evaporation. In this study, ex-
perimental results are presented that provide new insights
into the formation and composition of such scales and
how they are influenced by the addition of tall oil brine.
It was found that increased content of sodium carbonate
and sodium sulphate in the black liquor increased scal-
ing, while the ratio between carbonate and sulphate had
a lesser influence than reported in other studies. Black
liquor created loose clay-like scales comprised of aggre-
gated crystals and black liquor, whereas salt solutions cre-
ated hard mineral-like scales. The scales formed by both
the black liquor and the salt solution showed a tendency
to fall off during formation after primary nucleation. It was
also found that both tall oil soap andalkalized tall oil brine
could inhibit the formation of scales. The inhibition effect
is stronger if adding the soap or brine just before scaling
starts, but also depends on the amount added, the sodium
carbonate and sodium sulphate content in the liquor as
well as other factors.

Keywords: black liquor evaporation; scaling; sodium car-
bonate; sodium sulphate; tall oil brine.

Introduction

The Kraft pulping process involves wood being treated
in the digester with sodium hydroxide and sodium sul-
phide. The spent cooking chemicals, together with dis-
solved wood components (mainly lignin and hemicellu-
lose), are separated from the liberated fibres during the
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washing step. This spent liquor, known as weak black
liquor, is treated in the chemical recovery cycle to regen-
erate the cooking chemicals, recover energy and generate
valuable byproducts. Thefirst step is to removemost of the
water from the weak black liquor in multiple-effect evapo-
rators: the concentration of the liquor is increased step by
step to produce a firing liquor that can be combusted in the
recovery boiler (Gullichsen and Fogelholm 1999).

Black liquor contains several components that can be
precipitated or deposited on the heat transfer surfaces in
the evaporator effects, a phenomenon known as fouling
or scaling. This is problematic because it decreases their
performance by creating an insulating layer on the heat
transfer surfaces (GullichsenandFogelholm 1999). Among
themost abundant compounds present in black liquor are
sodiumcarbonate and sodiumsulphate (hereafter referred
to as “salt”); the solubility limits of their double salts are
exceeded at around 50% dry solids content (DS) (Grace
1976). This means that evaporator effects operating at
higher concentrations need to be designed to handle vast
crystallization, often leading to scaling: sodium salt scal-
ing is one of the most common causes of process distur-
bances during black liquor evaporation (Grace 1975, Haag
and Stigson 2003, Schmidl and Frederick 1998). It creates
a need not only for an over-design with larger heat trans-
fer surfaces to allow operation also during scaled condi-
tions, but also the addition of an automated washing pro-
cess. However, even with these measures, scale formation
can be so fast that it creates severe process disturbances.

The solution of sodium, carbonate and sulphate can
form different double salts (or crystal species) depending
on temperature and the concentration ratio between car-
bonate and sulphate, where the latter is often expressed
as a mole fraction of sodium carbonate:

ϕ = [Na2CO3]
[Na2CO3] + [Na2SO4]

(1)

It has been shown that one of the most important
factors affecting the degree of sodium salt scaling is the
crystal species (Frederick et al. 2004, Verrill and Freder-
ick 2006, Gourdon et al. 2010b). According to Frederick
et al. (2004), burkeite crystallises at ϕ = 0.17–0.68 in the
solution and sodium sulphate dicarbonate (or just dicar-
bonate) at ϕ = 0.82–0.89, where the latter has been re-
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ported to cause more scaling. The intermediate region,
ϕ = 0.68–0.82, gives burkeite in pure aqueous solutions
and was previously claimed to produce a combination of
burkeite and dicarbonate in black liquor: a separate crys-
tal species named sodium carbonate sulphate was, how-
ever, found by DeMartini and Verrill (2007) in black liquor.
It has been reported that the compositions of the afore-
mentioned double salts are not so defined and the mole
fraction of sodium carbonate in the crystal, here defined
as φ to distinguish it from the fraction in the solution
(ϕ), can vary; DeMartini and Frederick (2008) report the
following range of compositions in the crystals: burkeite
1.6–2.6Na2SO4 ⋅ Na2CO3 (φ = 0.28–0.38), sodium carbon-
ate sulphate roughly 1.5Na2CO3 ⋅ Na2SO4 (φ ≈ 0.60) and
dicarbonate 1.6–3.0Na2CO3 ⋅ Na2SO4 (φ = 0.62–0.75).

Other factors that have been shown to affect scaling
are the concentration profile along the heat transfer sur-
face (Gourdon et al. 2010b), DS (Karlsson et al. 2013) and
size of the formed bulk crystals (Karlsson et al. 2017). In
addition, the solubility is important for when the crystal-
lization starts (Bialik et al. 2008).

Along with the sodium salts, black liquor contains
many other organic and inorganic compounds that may
have the potential to affect the crystallization of the
sodium salts. In addition, different side streams (e. g. re-
covery boiler ash, spent acids and bio-sludge) are added
to the evaporator plant as it is an efficient way of treating
residual streams and recovering valuable chemicals, and
thereby makes the situation even more complex (Gullich-
sen and Fogelholm 1999). The crystallisation behaviour of
the sodium salts may therefore differ, depending on the
prevailing chemical environment of the mill in question:
although this is something that is unknown today, the in-
dustry does have some practical experience.

Black liquor originating from the processing of soft-
wood contains tall oil soap. It is comprised of wood extrac-
tives, mainly fatty acids and resin acids, that become in-
soluble in the black liquor as the concentration increases
and therefore forms a separate phase (Dogaris et al. 2019).
As the soap has lower density than the liquor, it will float
to the top of the black liquor tanks where it can be sepa-
rated by skimming: this is normally done to improve the
operation of the evaporator but also because it is a valu-
able by-product (Frederick and DeMartini 2019). The gen-
eral experience is that soap can cause operational prob-
lems in the evaporator in that it increases liquor carryover
due to foaming or forms deposits: Gullichsen and Fogel-
holm (1999) recommend a crude tall oil (CTO) content be-
low 0.5–1% per dry mass black liquor. Soap is also be-
lieved to promote sodium salt scaling, but there are rela-
tively few studies showing this. The most comprehensive

studywasmadebyUloth andWong (1986),who found that
soap accelerated the formation of sodium scales in rising
film evaporators. Lamy (1979) found that soap caused foul-
ing, as it had accumulated in deposits that were analysed.
In contrast, Grace (1975) found, after analysing operation
at various mills, that some soap seemed to reduce prob-
lems with fouling in general. A common concern is also
that soap can promote calcium carbonate scaling due to
it high content of calcium, which was shown by Freder-
ick and Grace (1977). Nowadays, falling film is the domi-
nant technology used for evaporation but no studies were
found relating to this. The general recommendation, how-
ever, remains: high levels of soap should be avoided dur-
ing evaporation (Gullichsen and Fogelholm 1999), even
though somemills report fewer problemswith sodium salt
scaling when some soap is allowed in the liquor.

After the soap is separated from the black liquor, it
is processed in the tall oil plant (Aro and Fatehi 2017).
There it is acidifiedwith sulphuric acid (or sometimeswith
other spent acid streams from the mill, e. g. from chlorine
dioxide production) to protonate the fatty acids and resin
acids, and crude tall oil can then be separated. The raw
soap consists of about 50% tall oil (Gullichsen and Fogel-
holm 1999). The spent acid or brine stream, hereafter de-
noted tall oil brine, is comprised of awater phase (contain-
ingmainlywater, sodiumand sulphate) and insoluble pre-
cipitates (mainly extractives and lignin). Moreover, it has
a relatively high content of calcium, which can promote
calcium scaling, as well as other different non-process el-
ements (Lindgren et al. 2018). The brine is normally fed to
the evaporator plant, but the recommendation is that it
is first alkalised to avoid decreasing the pH of the black
liquor which, in turn, can cause the lignin in it to pre-
cipitate (Gullichsen and Fogelholm 1999). Alkalisation of
the brine changes the chemistry: it dissolves lignin and,
above pH 10, unrecovered fatty acids and resin acids will
be fully saponified and precipitate as metal salts (Green
and Hough 1992). These precipitated salts contain about
80% of the fatty acids and resin acids and, according to
Green and Hough (1992), should not be added to the evap-
orators, at least not to the thin liquor due to its content of
fibres and calcium that can accelerate scaling.

Interestingly enough, mills have reported that sodium
salt scaling can be reduced by the addition of tall oil brine,
especially when fed in close to the scaling effect: feeding
it into the thin liquor gives no inhibition. The relationship
between sodium salt scaling and the addition of tall oil
brine is, however, relatively unknown. Söderhjelm et al.
(1985) found that scaling started at lower DS when tall oil
brine was added, which was explained by the increased
concentration of sodium sulphate in the black liquor. Eu-
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hus et al. (2003) studied the addition of brine produced
from dissolved electrostatic precipitator ash and observed
a decrease in scaling, but this brine is probably not fully
comparable to tall oil brine. There were no other studies
found in the literature on the topic. Therefore, the aim of
this study was to investigate sodium salt scaling during
black liquor evaporation and the influence of the addition
of tall oil brine. Different fractions of the tall oil brine were
tested individually, as well as raw tall oil soap, to evaluate
how different chemical components influence the scaling
behaviour.

Materials and methods
Scaling was measured in pilot experiments using both
black liquor and salt solution. Different fractions of tall oil
brine were added to the experiments to investigate the ef-
fect on scaling.

Equipment
The experiments were performed in Chalmers’ pilot evap-
orator, with Figure 1 showing the most important equip-
ment and sensors relevant to this study. The evaporator
itself was of the vertical falling film type, with the liquor
on the outer side of a vertical tube. It was designed to be
large enough to produce results relevant to industrial con-
ditions and simultaneously sufficiently flexible to be able
to simulate a high variety of operational conditions. The
evaporator tube was 4.5m long with an outer diameter of
60mm (do), which gave it an active outer heat transfer area
of 0.85m2.

The salt solution or black liquor was fed into the top
of the evaporator using a circulation pump: an overflow
distributor integrated in the top of the tube ensured that
a circumferentially uniform distribution of liquid, with a
variety of flow rates, was obtained. The vapour and the
concentrated liquid flowed from the evaporator tube into
a tank serving both as a buffer volume (about 50 l) and
vapour-liquid separator. The bottom of the tank was then
connected to the circulation pump as shown in Figure 1;
the vapour flowed into a condenser controlling the pres-
sure in the system.

The pilot evaporator was equipped with sensors to
monitor the operation and acquire data: the most impor-
tant sensors are shown in Figure 1. The flow rate and den-
sity were measured using Endress and Hauser Promass
Coriolis meters with a stated accuracy of 0.15% for flow
rate and 0.5 kg/m3 for density. PT100 meters were used to

Figure 1: Simplified flowsheet of the pilot falling film evaporator
used in the experiments. Sensors: CLD = chord length distribution,
D = density, F = flow rate, L = level, P = pressure, R = refractive in-
dex, T = temperature and V = viscosity.

measure temperaturewith a stated accuracy of 0.1 K. Yoko-
gawa EJA meters were used to measure pressure with a
stated accuracy of 0.20%. The refractive index was mea-
sured at 589 nm using K-Patent PR-23-SD with a stated ac-
curacy of 0.0002. The inner side of the tube was heated
with condensing saturated steam. Further details of the
pilot evaporator can be found elsewhere (Gourdon 2009,
Karlsson 2017, Åkesjö 2018).

Scaling measurements
Scaling was measured in three different ways:
1. Continuous measurement of the global heat transfer

coefficient from the condensate flow rate
2. Continuous measurement of local heat transfer coeffi-

cient in 7 different vertical positions from thermocou-
ple pairs installed in the tube wall

3. Local thickness in 1 or 2 positions from mechanical
measurementsmade at the end of the experiment (see
Figure 1)

The condensate flow rate was used to calculate the global
heat flux (qglobal), while the local heat fluxwas instead cal-
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culated from the paired thermocouples in the tube wall:

qlocal =
2ktubewall
do ln(

do
di
)
ΔTthermocouples, (2)

where di is the inner diameter of the tube and ktubewall is
the conductivity in the tube wall according to Johansson
(2008). The different heat fluxes (both qglobal and qlocal) are
thereafter used to calculate the overall heat transfer coef-
ficients (U):

U = q
(T∗Steam − TBL)

, (3)

which, in turn, is used to calculate the heat transfer coef-
ficients of the black liquor:

hBL =
1

Ai
UAo
− ( do−di

2ktubewallAm
+ 1

hcondAo
)Ai
. (4)

Ai and Ao are the inner and outer heat transfer areas of the
tube, respectively. hcond is the heat transfer coefficient of
the condensing steam, which was estimated using a cor-
relation for condensation on vertical surfaces by Numrich
and Müller (2010). Am is the logarithmic mean area:

Am =
Ao − Ai

ln (Ao/Ai)
. (5)

The measured heat transfer coefficients for black
liquor decreased during the experiment for two reasons:
scaling and increased viscosity (as the DS increased). The
measured values were therefore adjusted for the effect of
viscosity to isolate the effect of scaling using the following
expression:

hadj (t) = hBL (t) ⋅
μ (t = 0)−0.41

μ (t)−0.41
. (6)

Here, μ is the measured viscosity and the parameter −0.41
is as suggested by Johansson et al. (2007). The validity of
this formula was also checked by diluting the black liquor
at the end of the experiment (see Procedure).

Finally, hadj was recalculated to an apparent scale
thickness, δ, tomake it comparablewith the localmechan-
ical thickness measurements:

δ = ( 1
hscaled
−

1
hclean
) kscale. (7)

Here, kscale is the thermal conductivity of the scales, which
was estimated by Smith (2000) to 1.73W/mK (1.5–2W/mK)
from literature data. The average values of hadj just prior to
nucleation and at the end of the experiment were used to
find hclean and hscaled.

Materials

The chemical composition of each black liquor and salt so-
lution used in the experiments is presented in Table 1. The
parameter w denotes the content of salt (i. e. sodium car-
bonate and sodium sulphate) per dry mass black liquor.
The liquors usedwere sourced from twoSwedishmills that
process softwood black liquor: three liquors were received
from Mill 1 (Liquors 1.1, 1.2 and 1.3, sampled in May 2018,
November 2018 and February 2019) and one liquor from
Mill 2 (Liquor 2.1, sampled in June 2019). Three different
batches of salt solution were prepared by dissolving an-
hydrous sodium carbonate and sodium sulphate in deion-
ized water. The pH levels of the liquors or solutions were
not measured or adjusted since they were taken directly
from the evaporation plant at the mills.

Soap and different fractions of tall oil brine fromMill 1
were used as additives in the experiments (sampled inMay
2018). The mill uses a continuous tall oil process with a
centrifugal separator (PINOLA TOPP fromHEADEngineer-
ing AB), from which the following streams or fractions
were sampled:
– Soap: the tall oil soap skimmed from the black liquor

and fed to the tail oil plant.
– Acid: the brine from the centrifuge, excluding residues

from cleaning.
– Sludge: the liquid produced when the centrifuge has

been washed out with hot water.
– Mix: the tall oil sent to the evaporator plant, including

cleaning residues. Itwas sampled after being alkalised
with sodium hydroxide to pH 12.9.

The pH levels of the Acid and Sludge fractions were ad-
justed in the lab to 12.9 using sodium hydroxide (to be
equivalent with theMix). No anti-fouling agentswere used
in the tall oil process. The visual appearance of the soap
and three brine fractions after 2 months of sedimenta-
tion is shown in Figure 2. The Acid, Sludge and Mix con-
tained precipitates that sedimented, and Mix also had a
floating phase. Moreover, the Sludge sediments also con-
tained some soft flake-like particles with sizes of up to
about 5mm.

The chemical composition of the additives is shown
in Table 2. The Sludge had significantly higher contents of
magnesium and calcium. The Mix corresponds to a com-
bination of Acid and Sludge, but it also contained some
additional cleaning liquids from the tall oil plant (in ad-
dition to wash water from the centrifuge). The chemical
composition here is comparable to the brine analysed by
Lindgren et al. (2018), even though they used another tall
oil process (HDS).
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Table 1: Chemical composition of the liquors and salt solutions. All mass fractions are given per dry mass, DM (where applicable).

Liquor 1.1 Liquor 1.2 Liquor 1.3 Liquor 2.1 Salt solutions* Analytical method

DS [wt%] 34.6% 37.4% 37.1% 30.5% 25% SCAN-N 22
Ca [mg/kg DM] 112 132 125 120 T 211 om-02
K [g/kg DM] 20.0 16.3 17.9 20.0 ICP-OES
Na [g/kg DM] 210 201 199 204 ICP-OES
Na2CO3 [g/kg DM] 110.4 94.6 90.7 92.7 TIC, SCAN-N 32
Na2SO4 [g/kg DM] 45.6 43.3 44.7 44.1 SCAN-N 36
w [wt%] 15.6% 13.8% 13.5% 13.7% 100%
ϕ [mol/mol] 0.76 0.75 0.73 0.74 0.75 and 0.85
*Prepared by mixing anhydrous Na2CO3 (Ph. Eur. grade > 99.5%) and anhydrous Na2SO4 (technical grade > 98%) with deionized water.

Figure 2: Appearance of the four additives used in the experiments after 2 months of sedimentation.

Table 2: Chemical analyses of the brine fractions. All mass fractions are given per dry mass (DM) where applicable.

Acid Sludge Mix Analytical method

DS [wt%] 13.2% 20.2% 14.3% TAPPI T 650 om-09
Ash [wt% DM] 87.5% 57.8% 75.4% T 211 om-02
Ca [g/kg DM] 2.1 46.6 4.6 ICP-OES
Mg [g/kg DM] 2.4 7.4 1.4 ICP-OES
K [g/kg DM] 22 6 16 ICP-OES
Na [g/kg DM] 271 127 247 ICP-OES
Na2CO3 [g/kg DM] 54* 25* 49 TIC, SCAN-N 32
Na2SO4 [g/kg DM] 579* 272* 528 Ion chromatography
w [wt% DM] 63.3% 29.7% 57.7%
ϕ [mol/mol] 0.11 0.11 0.11
Interesting components [wt% DM]** 30.7% 67.5% 37.6%
Organic content [wt% DM]*** 12.5% 42.2% 24.6%
*Estimated from values of Mix using Na content for allocation, assuming the same ϕ.
**Content of interesting components calculated as: Total DM − (Na + CO3 + SO4).
***Organic content calculated as: Total DM − Ash.

As can be seen in Table 2, the Acid, Sludge and Mix
are comprised of components that are already present
in large amounts in the black liquor, i. e. water, sodium,
carbonate and sulphate. The table also includes the to-
tal amounts of other, more interesting, components con-

tained in the additives to provide a more comprehensive
comparison.

The Acid and Sludge were also analysed for organic
composition using pyrolysis gas chromatography mass
spectrometry (Py-GC/MS). The liquid water phase was
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found to be comprised mainly of dissolved lignin, while
the sedimented solid phase (seen in Figure 2) was consti-
tuted of fatty acids and resin acids. Although this was true
for both the Acid and Sludge, the latter contained a larger
proportion of solid phase and its water phase also con-
tained fatty acids and resin acids. This means that most
of the unseparated tall oil (or extractives) are found in the
Sludge.

Procedure

The study started with 13 pre-experiments with the aim
of developing the experimental method and discovering
whether or not a change in scaling due to the addition
of brine could be detected. Liquor 1.1 was used in the
pre-experiments. The main experiments were comprised
of 104 experiments using Liquors 1.2, 1.3, 2.1 and three
batches of salt solution of two different compositions (see
Table 1). Additional sodium carbonate and/or sodium sul-
phate were added to the black liquor in the main experi-
ments to be able to change chemical composition and crys-
tallizing species: the salts were first dissolved in deionised
water and added to the liquor before the experiment be-
gan.

Fresh liquor was used in each pre-experiment, which
limited the number of experiments that could be per-
formed. In the main experiments, however, the same
liquor was used several times when appropriate (being
discarded after the addition of an additive) to allow more
experiments to be undertaken. The fresh liquor had rela-
tively lowDS, <40% (see Table 1), andwas carefullymixed
before pumped into the system to minimize inhomogene-
ity due to precipitated salt. The only inhomogeneity that
could be visually observed was some soap floating on the
surface in the liquor storage container, but it disappeared
after the mixing. Each experiment used around 60 kg of
black liquor, which was first heated to the operational
temperature of 120 °C for at least 1 h to dissolve any pre-
cipitated salt. Evaporation was initiated and the conden-
sate was returned to keep a constant DS: when stable op-
eration was reached, the condensate was removed to in-
crease the DS and the experimentwas started. The temper-
ature difference between the steam and liquor was kept at
15 °C, which is higher than industrial conditions in order
to maintain a similar heat flux since the tube in the pilot is
thicker (5mm instead of 1.2mm). The circulating flow rate
was 500 l/(h⋅tube), which corresponds to a wetting rate of
0.8 l/(m⋅s).

At 40–45%DS, 1.2 kg (in the base case) of the additive
to be tested was fed into the system using a dosage pump.

Nucleation normally occurred at 52–54%DS and evapora-
tion continued to 70–75% DS. When the experiment had
ended, the thickness of the scale was measured at 1.8 (for
some experiments) and 3.8m from the inlet (see Figure 1).
The liquor was then diluted with condensate to around
55% DS while the evaporation was still ongoing: when
the heat transfer remained lower than the same DS be-
fore nucleation, scaling was confirmed. Samples of scales
were collected from the evaporator tube at 1.9m (for some
experiments) and 3.9m from the inlet. Finally, the black
liquor was ejected before the system was washed at 120 °C
with condensate overnight. When the same liquor was to
be reused in the following experiment, it was diluted to
around 40% DS and then recirculated at 120 °C overnight
to dissolve all crystalline material.

Scale samples were taken at the end of an experiment
and someof themwere analysedusing the followingmeth-
ods:
– Qualitative chemical composition of dried samples us-

ing attenuated total reflection Fourier transform in-
frared spectroscopy (ATR-FTIR).

– Quantitative chemical composition of dissolved sam-
ples using the same methods as for black liquors (Ta-
ble 1).

– Physical structure and elemental composition using
a scanning electron microscope (SEM) with energy-
dispersive X-ray spectroscopy (EDX).

Results

This section is divided into three main parts: pre-
experiments,main experiments and appearance and anal-
ysis of the scales. Some motivation for the selected exper-
iment and brief discussions of the results found are in-
cluded to make them easier to understand.

Pre-experiments

The results from the 13 pre-experiments with Liquor 1.1 are
presented in Figure 3. Scaling was detected in several ex-
periment and all the three different scale thickness mea-
surements showed the same trend. The mechanical thick-
ness and local heat transfer measurements were generally
higher and, as they were obtained mainly from the lower
part of the tube, therefore indicated a conical scale distri-
butionwith thicker scales in thebottom. Thiswas also con-
firmed visually and represents the normal situation as re-
portedbyGourdonet al. (2007). These localmeasurements
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Figure 3: Experimental results obtained for Liquor 1.1 during the pre-experiments with and without additives. The thickness of the scales
from the three methods are shown for all experiments except Exps. 1.1 and 1.2, in which the local heat transfer measurements were unsuc-
cessful.

also showed larger variations as they become more sensi-
tive for local variations in the thickness of the scales.

The first two reference (Ref.) experiments (Exps. 1.1
and 1.2) showed significant scaling (Figure 3). Interest-
ingly enough, scaling was fully reduced in Exps. 1.3 and
1.4 when Mix was added, meaning that the experimen-
tal method seems to be able to detect scale inhibition
caused by the addition of tall oil brine. Comparing Exps.
1.5 and 1.6, it seems that Soap had no effect on scaling,
while Sludge reduced it in Exp. 1.7. It is, however, surpris-
ing to see that Acid increased scaling in Exps. 1.8, 1.11 and
1.13. Unfortunately, the reference experiments were not re-
peatable as the scaling decreased in Exp. 1.5 to none in
Exp. 1.9, thus making it difficult for any definite conclu-
sions to be drawn from the pre-experiments. As the scaling
was strong in Exp. 1.8, the absence of scaling in Exp. 1.9 is
probably not related to insufficient cleaning of the equip-
ment, and all experiments were run within a few weeks so
aging effects of the black liquor are also unlikely. No ad-
ditional experiments could be performed with Liquor 1.1
since it was all consumed during the pre-experiments.

Conditions with predictable scaling in the reference
case were necessary in order to improve the repeatability
of the main experiments. The solution, as shown in the
following section, was to add extra salt to the liquors to
increase scaling. Otherwise the experimental method was
found successful: scale inhibition could be detected and
no additional changes were needed. However, to avoid po-
tential inhomogeneity of the liquor to cause unrepeatable

behaviour, extra care was put into ensuring sufficient mix-
ing of the liquor before feeding the evaporator in the main
experiments.

Main experiments
The first part of this section shows the results obtained
from the main experiments without any additive. The sec-
ond and third parts report the results obtained with addi-
tives, where the latter also includes the results from the
pre-experiments.

The influence of carbonate and sulphate contents

Liquors 1.2, 1.3 and 2.1 did not scale at all during the ref-
erence experiments but, when additional salt was added,
scaling was initiated during nucleation. The weight frac-
tion of salt, w, at which scaling started is summarized
in Table 3: it differed for the various liquors and was de-
pendent on ϕ in the liquor. The underlying experimental
points are shown in Figure 4. During carbonate-rich con-
ditions (ϕ > 0.68), i. e. in the dicarbonate and sodium car-
bonate sulphate regions, scaling started at w ≈ 23% for
Liquor 1.2, at w ≈ 21% for Liquor 1.3 and at w ≥ 28% for
Liquor 2.1. The results were similar in both the dicarbonate
and sodium carbonate sulphate regions, suggesting that
there is no difference in scaling behaviour between the two
regions.
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Figure 4: Experimental results from the main experiment without additives, but with sodium carbonate and sodium sulphate added to
increase scaling. The colour of the points represents the amount of scaling. The horizontal lines represents the divisions of crystalizing
species according to Frederick et al. (2004) and DeMartini and Frederick (2008).

Table 3: Salt content required to achieve repeatable scaling de-
pending on the mole fraction of carbonate, ϕ, for the investigated
liquors. Liquor 1.1 is included even though it could not be examined
by addition of salt.

Burkeite Sodium carbonate sulphate Dicarbonate
ϕ < 0.68 0.68 < ϕ < 0.82 ϕ > 0.82

Liquor 1.1 > 15.6%
Liquor 1.2 19.5% 23% 23%
Liquor 1.3 17% 21% 21%
Liquor 2.1 23–24% ≥ 28%

During sulphate-rich conditions, ϕ < 0.68, i. e. the
burkeite region, scaling started at lower contents of salt:
Liquor 1.2 scaled at w ≈ 19.5%, Liquor 1.3 at w ≈ 17%
and Liquor 2.1 at w ≈ 23% (Table 3). Since all liquors
scaled easier during sulphate-rich conditions, they con-
tradict previous reports, i. e. that the dicarbonate region
scales more than the burkeite region. Liquor 2.1 required
very high levels of salt to form scales, higher than what is
normal in industry. Since all liquors required different lev-
els of salt, it seems that the scaling behaviour cannot be
described by ratio and content of carbonate and sulphate
alone.

The influence of additives

Experimental results for black liquors with and without
additives are shown in Figure 5, where the experiments

without additives are the same as those presented in Fig-
ure 4. Under sulphate-rich conditions, ϕ < 0.68, (Figure 5
left), scaling could be inhibited by adding Mix, Sludge or
Soap to both Liquors 1.2 and 1.3 if w ≤ 20%: higher salt
contents could not be inhibited. The same behaviour at
high salt contents was shown by Liquor 2.1, which could
not be inhibited at w ≈ 23%. One explanation might be
thatmore additive is needed for inhibition at high salt con-
tents: high salt contents (w ≈ 24.5%) and three timesmore
Sludge than standard (Sludge high) were therefore tested
for Liquor 2.1 and resulted in a clear inhibition of scaling.
However, high sludge addition to Liquor 1.3 (w ≈ 24%)
gave no clear inhibition even though the scalingwas lower
than without additive at the same w.

At carbonate rich conditions, ϕ > 0.68, (Figure 5
right), scaling was clearly inhibited by the addition of Mix
and Soap in the experiments with Liquor 1.3 at w ≈ 22%.
For Liquor 1.2, neither Mix nor Sludge additions inhibited
scaling but, as described previously (Table 3), it required
a higher content of salt (w ≥ 23%) than Liquor 1.3 to scale.
The point with the addition of Sludge at w ≈ 20% for the
same liquor is below this limit, so the low scaling rate is
therefore not caused by the additive. Adding Acid to pure
Liquor 1.2 was also tested, but it did not increase the scal-
ing as for Liquor 1.1 in the pre-experiments. Addition of
Mix to pure Liquor 2.1 gave no effect either. High Sludge
addition was tested for Liquor 2.1 at very high salt content
(w ≈ 28%)using similar procedure as during sulphate rich
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Figure 5: Experimental results for black liquors, with and without additives, at sulphate rich conditions (left), where ϕ < 0.68, and carbonate
rich conditions (right), where ϕ > 0.68. The points that are labelled have the additive stated. The colour of the point is related to ϕ.

conditions: no inhibition, instead the scaling slightly in-
creased.

Soap is often considered to cause scaling, and there-
fore two levels of Soap additionwere tested for pure Liquor
1.2 (Soap and Soap high in Figure 5 right at w ≈ 14%,
corresponding to an addition of 47 and 94 g raw soap/kg
DM), but no increase in scaling was detected. Uloth and
Wong (1986) reported that sodium salt scaling increased
at higher soap contents (up to 46 g/kg black liquor solids
were tested, corresponding tounskimmed liquor): thiswas
detected after 8 h of continuous operation in a rising film
pilot evaporator, however, so the experimentsmight not be
fully comparable (e. g. falling film evaporators are known
to be less sensitive to scaling in comparison to rising film
evaporators). Instead, Soap addition showed clear inhibi-
tion of scaling atw ≈ 20% for Liquor 1.3 (58 g raw soap/kg
DM). On the other hand, Liquor 1.2 just showed minor re-
duction at w ≈ 20% (54 g raw soap/kg DM added) and
in the pre-experiments the effect of Soap was unclear: it
seems that Soap can inhibit scaling, but possibly less ef-
ficient than brine. Two experiments with Soap were also
repeated after dilution to DS ≈ 40% and recirculation
overnight to dissolve all crystals: these points, denoted
“dissolved” in Figure 5, showed less inhibition of scaling
for some reason.

The results of the three batches of salt solution with
and without additives are presented in Figure 6. The scale
thickness without an additive was in the same range as, or
lower than, that of black liquor under scaling conditions.
The scale thickness in Batch 3 in particular was very low,
which was caused by the scales falling off, and Batch 2

was amilder case where some scales fell off. As with black
liquor, scaling was not significantly stronger in the dicar-
bonate region (Batch 1, ϕ = 0.85), even though this was
observed by Gourdon et al. (2010a). It is interesting to note
that additions of both Mix and Sludge increased scaling,
which appeared to be connected to a lower tendency for
the scales to fall off. The points denoted “dissolved” were
repetitions of a previous experiment with an additive in
the same manner as for Soap in Figure 5 (i. e. dilution and
dissolution overnight to dissolve all crystals): then the
scaling increased even more, and it also started at a lower
concentration. Again, it is clear that also other factors than
the crystallizing species can have a strong influence on the
scaling.

The influence of the content and dissolution of the brine

The brine contains large amounts of water, sodium, car-
bonate and sulphate, all of which cannot be active in scale
inhibition since they are already present in large amounts
in the black liquor. However, when evaluating the brine
addition, only components that are potentially active in
the inhibition is of interest, which can be quantified as the
addition of interesting components or as organics accord-
ing to the recalculation in Table 2. Furthermore, as the salt
content in the liquor seems to be important, the amount of
additive can be calculated per total mass of salt in the sys-
tem. This way of treating the data also takes into account
the fact that the content of interesting components varies
between the different additives (Table 2): Acid naturally
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Figure 6: Experimental results of the three batches of salt solutions
with and without additives.

contains more spent acid (not active) whereas Sludge con-
tainsmore of other, potentially active, components. The re-
sults can be seen in Figure 7, which shows all experiments
with additives (except Soap) performed under scaling con-
ditions, with the scaling rate as a function of both added
interesting component (A) and organics (B). Both figures
are very similar: the only clear difference is that the three
experiments with Liquor 1.1 and lowest amount of addi-
tion (the pre-experiments with Acid) show lower addition
relatively the other points in Figure 7B.

It appears to be some relationship between scaling
and the amount of additive used: bellow around 7 g organ-
ics per kg salt, inhibition is unsuccessful (Figure 7B). This
means that the reason for the unsuccessful inhibition in
the salt experiments, aswell aswith the addition of Acid in
the pre-experiments (Liquor 1.1), can be interpreted as the
addition of active component was not enough. From 8g of
organics per kg salt and above, several experiments show
a trend of decreased scaling with the addition of more ad-
ditive. Liquor 1.1 shows a fully consistent trend. Liquors
1.2 and 2.1 show consistent inhibition in the burkeite re-
gion, while no clear inhibition in the carbonate rich re-
gions. Liquor 1.3 shows a strange behaviour with more in-
hibition at lower amounts of additives.

Figures 7C and D also includes the “Dissolved” salt
experiments previously seen Figure 6, along with some
liquor experiments which were repeated after dilution
to <40% DS and dissolution overnight (same procedure
as the dissolved Soap experiments shown in Figure 5).
Only two of these liquor experiments that had previously
showed clear inhibition, did so the day after, which is
in agreement with the results for Soap in Figure 5. This

behaviour was investigated further: two of these “Dis-
solved” experiments, one with inhibition and one with-
out, were diluted and dissolved overnight again with fresh
Mix then added according to the normal method, shown
as “Reused” in Figures 7C and D. In this case, the dis-
solved experiment with the higher content of additive and
successful inhibition showed no inhibition when it was
“reused”, while the opposite applied to the other reused
experiment. In addition, one of the “Dissolved” experi-
ments with Liquor 1.3 showed increased scaling. It is clear
that the inhibition effect decreases (and, in some cases,
even increases) after dissolution and kept hot overnight
(120 °C according to the normal procedure). The form or
state of the active component appears to be important, or
it can degrade in some way. The behaviour is probably the
same effect as seen with to low amount of addition (<7 g
organics per kg salt).

In the experiments with Soap addition (Figure 5),
substantially higher amounts of interesting components
and organics were added per mass salt, corresponding to
140–150 g/kg (using the value by Gullichsen and Fogel-
holm (1999) that half of the Soap is black liquor, imply-
ing the other half to be interesting components): the ac-
tive components are likely to be the same, but the addi-
tives might be too different to allow this kind of compari-
son. The higher amounts can also be interpreted as Soap
is less efficient, and as it is also a valuable by-product,
Soap might be less attractive as an agent to prevent scal-
ing.

Appearance and behaviour of the scales

Typical appearances of scales, once experiments had
ended, are shown in Figure 8. The appearance of the scales
was the same, regardless of crystallizing species: they
were soft and clay-like for all the liquors tested and eas-
ily removed by scraping the surface, so perhaps fouling
is a more appropriate term. The salt solutions produced
mineral-like scales (i. e. hard and brittle) that had to be
cracked during sampling. Mineral-like scales have also
been found for black liquor, e. g. by Gourdon et al. (2008)
and Karlsson et al. (2017) using the same pilot evapora-
tor.

As mentioned previously, scales fell off at varying de-
grees for the reference experiments with salt solution.
When Mix and Sludge were added to the salt solutions,
however, this behaviour ceased: the scales appeared to be
stronger and the overall degree of scaling become more
severe. It was common that scales also fell off during the
black liquor experiments, and especially so immediately
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Figure 7: Scaling as a function of the amount of additive (excluding Soap) for all experiments under scaling conditions, i.e. w according
to Table 3 or higher. The amount of Acid, Sludge or Mix added were recalculated (according to Table 2) to the addition of interesting com-
ponents (A and C) and organics (B and D) per total mass of salt in the system. The pre-experiments (Liquor 1.1) and experiments with salt
solution are included as well. C and D are the same as A and B, but experiments that were repeated after dilution and dissolving overnight
(Dissolved) and experiments where new additive was added the day after overnight dissolution (Reused) are also included.

after being formed during the primary nucleation phase.
This was detected by the local heat transfer measure-
ments, which first decreased strongly and then suddenly
returned to the nonscaled value. If the scaling was strong,
new scales were formed and the heat transfer decreased
again, sometimes causing an uneven distribution. This is
exemplified in Figures 8A (black liquor) and 8C (salt solu-
tion), where parts of the tube are free from scales or have
significantly thinner scales. Liquor 1.1, however, showed
low tendency to fall off, so this was not the reason for the
low repeatability in the pre-experiments.

In the case of the pure black liquors, no scaling was
formed at all (except for Liquor 1.1, which had the high-
est content of natural salt). However, at intermediate lev-
els of w (still below the values required to achieve repeat-
able scaling, as shown in Table 3) scales were actually

formed, although most either fell off directly after forma-
tion or were just formed locally and were therefore not de-
tected in the final scale thicknessmeasurements. These re-
sults imply that, as the salt concentration increased, the
systembecamemore prone to form scales and, as they also
attach more strongly, the behaviour changed quite drasti-
cally from non-scaling to scaling conditions.

Composition and structure of the scales

A total of ten scale samples were analysed: six from black
liquor experiments and four from salt solution experi-
ments. They were first analysed by ATR-FTIR, which con-
firmed that theywere comprisedmainly of sodium carbon-
ate and sodium sulphate. Two of the four scales from the
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Figure 8: The pilot evaporator tube after experiments with Liquor 1.2 (A before and B after taking scale samples) and salt solution Batch 3,
ϕ = 0.75, (C and D). C shows an experiment when scales fell off, giving an uneven scaling layer. D shows the result after the addition of
Sludge, where thick and even scales were formed (some had been removed on the right-hand side during sampling).

salt solution experiments also contained traces of sodium
bicarbonate (NaHCO3). All of the black liquor scales also
contained additional components, but they weremore dif-
ficult to identify: probably lignin andpotentially also other
organics were present, which is not surprising consider-
ing their physical appearance. The samples taken from
Liquor 1.2 seemed to contain more lignin than those from
the other liquors. The scales from experiments with addi-
tives did not show any notable difference.

The chemical composition of these ten samples of
scales were also analysed quantitatively; the results are re-
ported in Table 4 together with general experimental con-
ditions. Although the level of calcium was significantly
higher in the samples from experiments with additives
(Samples 1, 5 and 10), it was still not more than by a fac-
tor of 2–3. The amounts of sodium carbonate and sodium
sulphate (w) were above 94% in the scales from salt solu-
tion (Samples 7–10) while around 60–70% in those from
black liquor (Samples 1–6): this relates to the mineral-like
verses clay-like appearance discussed in the previous sec-
tion. In addition to the results in Table 4, the ash content of
another sample of scales from black liquor was measured
to 80.8%, confirming the presence of significant amounts
of organics.

For the salt solution experiments, ϕ in the scales and
solution generally agrees with the literature: a solution
withϕ = 0.85 (Sample 7) gave dicarbonate (φ = 0.62–0.75)
andϕ = 0.75 (Samples 8 and9) gave sodiumcarbonate sul-

phate (φ ≈ 0.60). The latter crystal species, however, has
only been reported previously for black liquor and not for
salt solutions. An interesting observation that canbemade
here is that the experiment with an addition of sludge
(Sample 10), which hade stronger scaling, had scales with
a lowerφ (0.53). In the case of black liquor scales, the rela-
tionship between ϕ (solution) and φ (scales) showed less
agreementwith the literature but, since the scaleswerenot
pure crystals, such a comparison is less relevant.

In the case of Batch 3 (Sample 9) in the salt solution
experiments, most of the scales fell off when there was
no additive, as mentioned previously. The data in Table 4,
however, shows no significant difference to Batch 2 (Sam-
ple 7), where only minor parts of the scales fell off, that
can explain the difference in behaviour. It is not known
if the higher calcium content or lower ϕ in Sample 10 is
connected to the strong scaling of Batch 3 with addition of
Sludge.

More insight into the structural differences between
scales fromblack liquor and salt solutionwas obtained us-
ing SEM (Scanning Electron Microscopy). Figure 9 shows
the different appearances at 100 and 1000×magnification:
the black liquor scales (Sample 2) were crumbly and fell
apart easily, whereas the salt solution scales (Sample 10)
were hard and dense. The large voids in the black liquor
scale were probably created when it was fragmented dur-
ing sample preparation and does not reflect its true struc-
ture.
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Table 4: Compositions of ten scale samples collected at the end of the experiments.

Sample 1 2* 3* 4 5 6 7 8* 9* 10*

Experimental conditions
Liquor/fluid L. 1.1 L. 1.2 L. 1.2 L. 1.2 L. 1.2 L. 1.3 Salt B1 Salt B2 Salt B3 Salt B3
Additive Acid Sludge dissolved Sludge
w [wt%] 15.9% 24.8% 22.5% 19.5% 19.7% 21.0% 100.0% 100.0% 100.0% 98.9%
ϕ [mol/mol] 0.75 0.85 0.45 0.52 0.52 0.74 0.85 0.75 0.75 0.75
K [g/kg DM] 19.9 14.2 14.6 15.2 15.1 16.4 0.0 0.0 0.0 0.0

Composition of the scales
DS [wt%] 92.0% 82.3% 88.9% 84.5% 85.8% 85.0% 98.5% 96.9% 95.3% 99.7%
Ca [mg/kg DM] 713 371 549 467 861 224 592 376 388 999
K [g/kg DM] 6.3 6.3 6.1 6.2 7.1 6.1 0 0 0 0
Na [g/kg DM] 336 320 308 289 287 316 403 382 382 365
Na2CO3 [g/kg DM] 480 494 199 251 247 436 646 510 538 443
Na2SO4 [g/kg DM] 251 132 456 364 333 216 299 452 428 532
w [wt%] 73.1% 62.6% 65.4% 61.5% 58.0% 65.2% 94.4% 96.2% 96.6% 97.5%
φ [mol/mol] 0.72 0.83 0.37 0.48 0.50 0.73 0.74 0.60 0.63 0.53
*Analysed also by SEM.

Figure 9: SEM secondary electrons images at 100 and 1000×magnification, of a fragment of black liquor scale from Sample 2 (A and C) and
a fracture surface of salt solution scale from Sample 10 (B and D). The large voids in the black liquor scale fragment were probably formed
when the fragment was broken.
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Figure 10: SEM images of black liquor scale from Sample 3 at 1000 and 3000×magnification. A and C show the surface structure by de-
tecting the secondary electrons, while B and D show the contrast in atomic number (larger atoms are brighter) by detecting backscattered
electrons.

Figure 10 shows the SEM images of the black liquor
scales (Sample 3). As for Sample 2 (Figure 9), the scales
seem to be comprised of particles in themicrometre range,
partly attached to each other in some form of aggregates.
The images from the backscattered electrons (Figures 10B
and D), in combination with EDX (Energy-Dispersive X-
ray spectroscopy), show that the sample is not homoge-
nous: brighter areas contained mainly sodium, sulphur
and oxygen (i. e. Na2SO4), while the darker areas also had
high concentrations of carbon, some potassiumand traces
of chlorine (probably a higher content of black liquor
residues). Although the composition was similar to Sam-
ple 2, the EDX spectra showed a lower content of carbon
and higher content of sulphur. This agrees with the chem-
ical composition reported in Table 4; the same agreement
was also seen for salt solution scales.

The structure of the salt solution scales was depen-
dent on the surface being investigated. The fracture sur-

face perpendicular to the evaporator tube had a layered
structure (Figure 9); the surface towards the evaporator
tube, Figure 11 (left), was smooth but had a few cavities
(especially in the left and right part of the left image). At
3000× magnification (right image), however, the surface
is no longer smooth and appears instead to consist of ag-
glomerated particles in the range of 1 μm upwards. This
is likely related to how the crystals adhere to the tube
steel surface and, during sampling, it was clear that this
adhesion was weaker than the strength of the scale it-
self.

Calcium carbonate deposits

Insoluble scales built up slowly on the evaporator tube
during the course of the experiments. Figure 12 shows
the appearance after the 13 pre-experiments: the tube
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Figure 11: SEM secondary electrons images of salt solution scale Sample 10, showing the surface facing towards the evaporator tube at 50×
(left) and 3000× (right) magnification.

was dotted with fur-like deposits (needle crystals) that
XRD analysis confirmed to be calcium carbonate (calcite)
scales. This type of deposit has not been observed be-
fore on the pilot evaporator tube and must be caused by
the high calcium content of the tall oil brine. Calcium
carbonate scales were also formed during the main ex-
periments: however, they did not seem to affect the scal-
ing behaviour of the sodium salts. The tube was still
cleaned three times, using sulphamic acid solution, over
the course of the experimental campaign to avoid inter-
ference. The acid washing effectively removed all calcium
carbonate scales.

The risk of calcium carbonate scaling occurring when
tall oil brine is introduced is already known (e. g. as re-
ported by Gullichsen and Fogelholm 1999), but whether or
not it leads to actual problems probably depends on the
situation at each mill. The two mills that were contacted
in connection to this study did not reported any particu-
lar problemswith calciumcarbonate scaling causedby tall
oil brine. It should be mentioned that the type of crystal
species affects the scalingbehaviour of calciumcarbonate,
and it has been shown that lignin can have a pronounced
inhibiting effect on the calcium carbonate crystallisation
(Wikander et al. 2006).

Discussion

The results are discussed in this section not only to sum-
marise and generalise all the findings of this study but also
to highlight their industrial significance.

Formation of scales

The results obtained for both black liquor and salt solu-
tions are interesting in that they show a behaviour that
differs to what has been reported previously, i. e. that di-
carbonate scales much more than burkeite. Euhus et al.
(2002) detected strong scaling of dicarbonate at around
70% DS (burkeite started to crystallize at around 55% DS,
leading to the depletion of sulphate and a shift in ϕ to the
dicarbonate region), but no such second nucleation event
was observed in the present study. Gourdon et al. (2008)
reported strong dicarbonate scaling with black liquor at
55% DS but they used additional salt, giving ϕ = 0.85 and
w = 28–29% (burkeite was not tested), which is an even
higher w than that used in the present study. In another
study by the same authors (Gourdon et al. 2010a), dicar-
bonate was shown to give stronger scaling than burkeite
with salt solutions. Strong dicarbonate scaling has also
been reported in mill studies, for example by Verrill et al.
(2004). In the present study, it is shown that the amount
of salt is important, and can be an alternative explanation
for the strong scaling reported by Gourdon et al. (2008). It
cannot, however, explain the results of Euhus et al. (2002)
and Gourdon et al. (2010a). There seems to be additional
factors affecting scaling that are not yet understood, re-
quiring further research to be undertaken.

The reason for strong scaling in the dicarbonate re-
gion given by Frederick et al. (2004) is that finer crystals
are produced there leading to agglomerate on the heat
transfer surface, whereas burkeite gives rise to larger crys-
tals that remain in the bulk phase. It was also shown
by Karlsson et al. (2017) that larger crystals (>40 μm for
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Figure 12: Traces of calcium carbonate scaling found on the evaporator tube after the pre-experiments. The scales were subsequently dis-
solved and removed using a sulphamic acid solution.

salt solution) were necessary to avoid strong scaling. All
black liquor scales in the current study had the same
appearance; the SEM images show that they were loose
aggregates with crystals sizes down to a mere few mi-
crometres, but other components from the black liquor
were also incorporated. This means that adhesion by
weak intermolecular forces (in contrast to the strong
ionic bonds in mineral-like scales) was the mechanism of
scale formation for both dicarbonate and burkeite in this
study.

The solubility is important for when crystallization
starts, but it is not known if it also influences the scal-
ing behaviour (i. e. crystallization kinetics). The additional
sodium carbonate and sodium sulphate added in the ex-
periments in this study influenced the solubility, which
is also connected to the residual alkali (the concentra-
tion of sodium ions) due to the common ion effect. It is,
however, unlikely that these changes are the reason for
the deviation between the results here and previous stud-
ies.

The present study shows that scales can actually fall
off the surface of the tube: this can be considered a new
finding, as it does not seem to have been reported previ-
ously. In the case of black liquor, there was some kind of
transition region where lower additions of salt triggered
the initiation of scaling, but scales fell off the tube due to
weak adhesion. When the salt content was increased even
further, scaling was stronger and became permanent. Al-
though a tempting explanation for this behaviour is the

soft and loose appearance of the black liquor scales, the
scales from salt solutions also fell off despite their be-
ing hard and mineral-like. Again, there must be an addi-
tional unknown factor that affects the crystallization pro-
cess and alters the strength of the scales. It is also un-
known why the black liquor scales in this study were clay-
like whilst they were mineral-like in other experiments
performed in the same pilot evaporator. Scales in indus-
try, however, are often more clay-like (Lagerberg-Nilsson
2012).

When the metastable concentration limit is passed,
crystallization is initiated due to primary nucleation. The
liquor is then supersaturated, and the scaling is usually
the fastest (Karlsson et al. 2013). This means that the scal-
ing rate is not constant, which is especially true during
batch evaporation as in the current study, and, in addition,
if scales are also falling of the rate will fluctuate consid-
erably. These are the reasons for why the scaling is pre-
sented as the accumulated thickness after the whole ex-
periment in the result section: it was found more robust
than a rate (e. g. mm/h) often used in previous studies.
The experimental runtime under crystallizing conditions
was 30–60min without scaling and 70–100min with scal-
ing (more scales gave lower evaporation rate), butwas also
dependent on the solubility limit (i. e. at which DS scaling
started). This means that the avarage scaling rate in this
study for the experiments with high scaling are was in the
order of 1mm/h, which can be used for comparisions with
other studies. Under industrial conditions, the startuppro-
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cedure after washing implies operation at increasing DS
with potentially no seed crystals and resembles the oper-
ation procedure in the current study. However, when op-
erational steady state conditions have been resched, the
scaling rate can be expected to be lower.

Inhibition of scaling

It is clear in the present study that tall oil brine and soap
has the potential of inhibiting sodium salt scaling, al-
though it seems as a minimum concentration is neces-
sary in relation to the amount of salt crystalizing out.
The inhibition is more efficient at the lowest ϕ, but there
are still two experiments in the burkeite region without
inhibition despite high amount of additive. The inhibit-
ing effect also varies between different liquors, meaning
that there are also other factors affecting the behaviour.
As the mechanism of scale formation seems to be aggre-
gation, the active component(s) in the tall oil brine or
soap probably cause a weakening of the bonds between
the crystals or prevent aggregation completely. It seems
important that the active component(s) has the correct
form as shown by the fact that the inhibition effect de-
creases when brine is added to the black liquor in ad-
vance: the active component(s) probably then dissolve or
change form in another way. Taking all the results into
consideration, the most likely active component appears
to be one or several fatty acids or resin acids, and they
should maybe not be dissolved if they are to have the
ability to inhibit scaling. Sodium soaps are more solu-
ble than calcium and magnesium soaps (which is a com-
mon problem when using hand soap in hard water) and,
as tall oil brine generally contains less magnesium, cal-
cium soaps are the most likely to precipitate. These re-
sults might seem, at first, to contradict Green and Hough
(1992), who believed that the precipitates in brine increase
scaling, but they discussed mainly calcium scaling (and
fibres), which is actually in agreement with the present
study.

An alternative active component that should be men-
tioned is calcium ions: calcium is abundant in tall oil brine
and soap, but its solubility is complex as the ions interact
with organic material. Shi et al. (2003) showed that cal-
cium can inhibit the crystallization of burkeite, and Eu-
hus et al. (2003) found that the addition of lime mud (cal-
ciumcarbonate) reduced scaling. Further research is, how-
ever, needed to isolate the active component(s) and to gain
an understanding of the mechanisms which, in turn, will
provide a great opportunity for finding new, effective mea-
sures for controlling scaling.

Industrial significance

This study has shown that the amount of salt in the liquor
(w) seems to bemore important than the ratio between car-
bonate and sulphate (ϕ). In industry, it is common that
ash from the recovery boiler, which consists mainly of the
same salts but with a low fraction of sodium carbonate
(ϕ ≈ 0.3), is added to the evaporator by first mixing it with
black liquor. If the concentration of the liquor is below the
solubility limit of these salts, which is common, they will
dissolve and increase the concentrations of sodium car-
bonate and sodium sulphate in the liquid phase. The ash
typically accounts for at least 5% of the black liquor dry
solids, but can vary from 4 to 15% according to Guimaraes
et al. (2014), which is in the same range as the amount
of salt added here (0–14%). An important consequence
of this is, therefore, that adding and dissolving ash can
cause a shift from non-scaling to scaling conditions, even
if a shift is made simultaneously from the dicarbonate to
the burkeite region. From this perspective, it is muchmore
beneficial that the ash is added to the liquorwell above the
solubility limit (e. g. to the firing liquor).

The amount of additive used in the experiments cor-
responds to the amount of brine added to the evaporator
in Mill 1; depending on the salt content of the liquor, the
amount of ash added and the crystallizing species, itmight
then be close to the limit required to achieve inhibition.
The scaling in Effect 1C in this mill, operating at around
60%DS,was investigated by Karlsson (2020): scaling gen-
erally disappeared when brine was added, but there were
also periods when there was no inhibiting effect. There
seems to be a potential for improving the situation in the
mill by increasing the addition of brine and reducing the
amount of salt. This is, nevertheless, not an easy task: the
production of brine is dependent on the amount of soap,
and the amount of salt in the liquor is controlled by other
parts of themill. Positive action that canbe taken is to have
a high degree of soap separation as possible (i. e. have a
high production of tall oil) and operate the tall oil plant as
smoothly as possible. Another,more unconventional idea,
would be to add soap to Effect 1C. Adding ash above the
solubility limit can also be considered, as mentioned pre-
viously.

The results also show that theway inwhich thebrine is
added is important if the inhibiting effect is to be retained:
it should be added as close as possible to the scaling evap-
orator. This has also been confirmed in industry by per-
sonnel in several mills, interviewed by the authors of this
study, who reported a clear decrease in scaling when the
addition of brine was changed from the thin liquor to Ef-
fect 1. There is also apotential for reducingproblemsof cal-



18 | E. Karlsson and A. Åkesjö: Sodium salt scaling in black liquor evaporators

cium carbonate scalingwhen the brine is added to Effect 1:
fewer effects are exposed to the high levels of calcium, and
because Effect 1 is often less sensitive to scaling.

Conclusions

Themethodused in thisworkhas shown toprovide repeat-
able scaling after adding additional salt to the black liquor.
It can therefore be used to evaluate scaling behaviour and
how it is affected by the addition of tall oil brine.

The following conclusions can be drawn regarding
scaling behaviour:
– Increased total concentrations of sodium carbonate

and sodium sulphate in black liquor increase scaling.
Adding ash from the recovery boiler can therefore in-
crease scaling if it is dissolved in the liquor.

– Under the conditions investigated, scaling was more
prone in the burkeite region than in the dicarbonate
region: this is in direct contrast to previous reports.

– The sodium carbonate sulphate and dicarbonate re-
gions showed similar scaling behaviours.

– The black liquor scales can be soft and clay-like aggre-
gates of micrometre-sized crystals, with dried black
liquor in between. Salt solution scales, on the other
hand, are hard and mineral-like.

– Scales can fall off during their formation, making the
scaling process more unpredictable.

– The scalingbehaviour cannot be explainedbyonly the
ratio between and content of sodium carbonate and
sodium sulphate: other unknown factors in the liquor
composition have strong influence as well.

The following conclusions can be drawn regarding the use
of tall oil brine as a scaling inhibitor:
– Tall oil brine can inhibit sodium salt scaling, but the

inhibition effect is dependent on the amount of active
component added, as well as the salt content and its
ratio in the liquor. The liquors tested behaved differ-
ently, so there are probably also other chemical prop-
erties that affect inhibition.

– Sodium sulphate is not the active component in the
brine, since this increases scaling. The likely candi-
dates are fatty acids and resin acids.

– Soap shows similar inhibition effect as brine, which
also indicates that some fatty acids or resin acids are
the active components, but it might be less efficient
considering the amounts of these acids added. The
results contradict the general believe that soap in-
creases scaling.

– The form of the active component is important: the in-
hibition effect seems todecrease after thebrineor soap
is dissolved in hot black liquor overnight, indicating
dissolution or degradation of active component. Un-
der some conditions, scaling might even increase by
addition of brine.

– Tall oil brine can increase calcium carbonate scaling.
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Nomenclature

Abbreviations

DS Dry solids content
DM Dry mass
HT Heat transfer

Definitions

Acid Spent acid fraction of the tall oil brine, i. e.
brine excluding cleaning residues

Agglomerate Structure consistingof smaller crystals ce-
mented by crystalline bridges (according
to the definition by Mersmann (2001), but
there is inconsistency on how the term is
defined in the literature)

Aggregate Structure consisting of smaller crystals
bound together by lose intermolecular
forces

Brine Tall oil brine, residual stream from the
production of tall oil

Dissolved Repetitions of a previous experiment with
an additive after dilution and dissolution
overnight to dissolve all crystals

Mix The specific tall oil brine taken at Mill 1,
incl. all cleaning residues

Reused A “dissolved” experiment, diluted and
dissolved overnight again and fresh Mix
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added according to the normal method
day three

Salt Sodium carbonate and sodium sulphate
Sludge Cleaning liquid, resulting from cleaning

the centrifuge in the tall oil plant with hot
water

Soap Tall oil soap separated from the black
liquor

Symbols

A Area [m2]
Ai Inner area of the evaporator tube [m2]
Am Logarithmic mean area [m2]
Ao Outer area of the evaporator tube [m2]
di Inner diameter of the evaporator tube [m]
do Outer diameter of the evaporator tube [m]
hadj Adjusted heat transfer coefficient of the

black liquor falling film [Wm−2 K−1]
hBL Heat transfer coefficient of the black

liquor falling film [Wm−2 K−1]
hclean Heat transfer coefficient of the black

liquor falling film under clean conditions
[Wm−2 K−1]

hcond Heat transfer coefficient of the condens-
ing steam [Wm−2 K−1]

hscaled Heat transfer coefficient of the black
liquor falling filmunder scaled conditions
[Wm−2 K−1]

kscale Thermal conductivity of the scales
[Wm−1 K−1]

ktubewall Thermal conductivity of the tube wall
[Wm−1 K−1]

qglobal Heat flux measured from condensate flow
rate [Wm−2]

qlocal Local heat flux measured from thermo-
couples [W/m−2]

t Time [s]
TBL Mixed cup temperature of the black liquor

[°C]
T∗Steam Temperature of the saturated steam heat-

ing the evaporator [°C]
U Overall heat transfer coefficient

[Wm−2 K−1]
w Mass fraction of sodium carbonate and

sodium sulphate in the black liquor DM
[%]

ΔTthermocouples Temperature difference between the pairs
of thermocouples in the tube wall [°C]

δ Apparent scale thickness [mm]

μ Viscosity [Pas]
ϕ Molar ratio of sodium carbonate in solu-

tion, Equation (1)
φ Molar ratio of sodium carbonate in crys-

tals, equivalent to Equation (1)
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