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ABSTRACT  
 
Scaling in black liquor evaporators has been studied for decades, yet the mechanisms governing scaling behaviour 
remain difficult to explain and predict. Current understanding of NaïCOϝïSOϞ scaling mainly focuses on three 
factors: crystal species, operating conditions, and wood extractives such as soap, tall oil, and spent acid (brine) from 
tall oil production. This study provides new experimental data addressing all three aspects. 
 
Laboratory- and pilot-scale evaporation experiments with black liquor were carried out to investigate the effects of 
various additives on NaïCOϝïSOϞ crystallisation. The additives included four tall oil brine fractions, three fatty and 
resin acids (oleic, linoleic, and abietic acid), calcium sources (CaClϜ and CaSOϞ), and three scaling inhibitors. Bulk 
crystals and deposited scales were characterised using SEM, XRD, light microscopy, and X-ray microtomography. 
 
The results showed that scales are heterogeneous, porous, and mechanically weak, leading to stochastic 
detachment. Tall oil rich brine increased extractives content in the scales by 15ï20 times, produced soft, flaky, 
layered structures, and significantly reduced scaling. A scaling inhibitor designed for the NaïCOϝïSOϞ systems was 
also effective. Multiple crystal species were identified, confirming greater system complexity than commonly 
assumed. Calcium incorporation increased with CaSOϞ addition but not with CaClϜ. 
 

 
Keywords : Black liquor evaporation, Sodium carbonate sulphate double salts, Tall oil brine, 

wood extractives, scaling inhibition. 
 
 

1. INTRODUCTION 
 
The first step in the chemical recovery cycle at Kraft mills is to evaporate black liquor to a high 
concentration to allow for combustion in the recovery boiler. In addition, several side streams are 
added to the evaporator train as a way of waste disposal or to recover valuable process 
chemicals. Scaling is a common problem during evaporation, and many mills have reported that 
the side streams can affect the scaling behaviour (both positively and negatively), where 
especially tall oil brine (TOB) has been extensively discussed as it can decrease Na-COϝ-SOϞ 
scaling. Some mills have reported that both soap and tall oil can reduce scaling similarly to tall oil 
brine. This is plausible, as soap is typically converted into tall oil by adding H2SO4, which produces 
tall oil brine as a byproduct. Therefore, they may contain the same active components. 
 
Several different components of the black liquor have been reported to cause scaling at varying 
degrees, e.g. fibres, lignin and different salts of Ca, Si and Na. This work focuses on scaling 
caused by the Na-COϝ-SOϞ system, as it is very common and can build up rapidly. Much of the 

basic understanding of the Na-COϝ-SOϞ system during black liquor evaporation was developed 
at the former Institute of Paper Science and Technology (IPST) in the United States (Frederick et 
al. 2004). There, for example, a new crystal species was identified, called dicarbonate, that was 
formed at a high ratio of COϝ to SOϞ in the solution and that appeared to have a higher scaling 
tendency than the well-known burkeite, formed at lower ratios. However, it was also discovered 
that black liquors appear to be more complicated and deviate from pure salt solutions that had 
mainly been studied. For example, there are results showing that there are additional crystal types 
when crystallization takes place in black liquor (DeMartini and Frederick 2008). Later studies at 
former RISE Innventia established that the commonly accepted theory describing the various 
crystal types formed as a function the ratio between COϝ and SOϞ content in the black liquor is 
insufficient and not always true (Bialik et al. 2017). Recent research at Chalmers University of 
Technology also shows that the established theory does not always apply and that there are 
probably additional unknown properties in black liquor that affect how the Na-COϝ-SOϞ system 
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behaves (Karlsson & Åkesjö 2021). For example, the sum of COϝ and SOϞ in the black liquor was 
found to play a greater role in scaling than the ratio between them. 
 
Historically, the dominating idea has been that soap in the black liquor increases the risk of scaling 
of the mentioned Na salts. A couple of older studies also show it, especially some studies that 
found soap in scale samples (e.g. Lamy, 1979) and then concluded that soap increases scaling; 
even a pilot study by Uloth & Wong (1986) showed a clear increase in scaling. On the other hand, 
Grace (1977) showed that there could be positive effects of soap (i.e. that scaling decreases). 
However, these studies refer to rising film evaporators, while today, mainly falling film evaporators 
are used, which are less sensitive to scaling. 
 
In the study from Chalmers (Karlsson & Åkesjö, 2021), it was shown in pilot experiments with 
several black liquors that both soap and alkalized TOB can reduce the Na-COϝ-SOϞ scaling under 
certain conditions. For example, the reduction of scaling was higher at higher content of TOB and 
lower content of COϝ and SOϞ in the liquor, but also dependent on the ratio between COϝ and 

SOϞ and on the timing for the TOB addition, as well as on unknown differences between the tested 
liquors. Furthermore, two different alkalized fractions of TOB from a centrifuge-based tall oil plant, 
spent acid fraction (mainly Na2SOϞ) and sludge fraction from cleaning of the centrifuge (also 

containing tall oil and precipitated inorganic salts as CaSOϞ), were compared to identify the part 
that is active in the scale inhibition. It was found that the sludge fraction contained the active 
components, and the acid fraction actually increased scaling for one tested liquor. The conclusion 
was that fatty or resin acids are probably the active components. This theory is also supported by 
laboratory experiments with pure salt solutions at the University of Toronto, which found that 
abietic and oleic acid in low concentrations could decrease scaling (Nwaeri & DeMartini, 2021, 
based on Nwaeri, 2021). Interestingly, however, the pilot experiments at Chalmers showed that 
the scaling increased with the addition of TOB to pure salt solutions, and the possible explanation 
was that there were too low concentrations of active substance in relation to the mass of crystals 
formed (i.e. more TOB should have been added). The results are thus contradictory and indicate 
complex interactions between active components and the crystallization process. The question 
that arises is how representative pure salt solutions are. Therefore, it is important to further study 
what happens in systems with black liquor. 
 
Bialik et al. (2020) investigated the influence of side streams on Na-COϝ-SOϞ scaling, and from a 
mill survey, they found that TOB and biosludge from the millôs wastewater treatment had the 
clearest influence. In the experimental study, they used both pure salt solution and black liquor 
and found that TOB increased the scaling when evaporating pure salt solution (similar to Karlsson 
& Åkesjö 2021). As there was no scaling for the reference experiments with black liquor, the 
results were not so clear in that case, but TOB seemed to give more SOϞ-rich crystals, while 

biosludge gave more COϝ-rich crystals. As concluded by Karlsson et al. (2022) and Karlsson & 

Åkesjö (2021), doping of black liquor (adding additional Na2COϝ and Na2SOϞ) is most often 
needed to have repeatable scaling in batch experiments normally used. 
 
In the study by Karlsson et al. (2022), the hypothesis that remaining tall oil in the TOB causes the 
inhibition of Na-COϝ-SOϞ scaling was tested. Then the addition of crude tall oil and TOB with a 
low level of remaining tall oil was compared. Surprisingly, both additives changed the 
crystallisation behaviour similarly leading to higher content of bulk crystals (indicating less scaling, 
even though this could not be confirmed) and formation of flat crystals. In addition, surface 
nucleation seemed to be inhibited. An explanation for the results could be that the TOB still 
contained some small amounts of tall oil, and that only low concentrations are needed to affect 
the crystallisation, which is in line with Nwaeri & DeMartini (2021). However, the question is how 
the addition of small amounts of something that the black liquor already contains could have an 
effect. Finally, the study also points out that the Ca in the TOB could also be an active component 
and that the remaining lignin in the TOB probably is not. Calcium has been known to interact with 
the crystallisation of Na-COϝ-SOϞ, for example, shown for burkeite in salt solution by Shi et al. 
(2003). In black liquor, however, the behaviour of Ca is very complex as it strongly interacts with 
the organic compounds as well. 
 
The literature review reveals that Na-COϝ-SOϞ scaling is not well understood. This experimental 
study investigates basic crystallisation behaviour and how it is influenced by the addition of TOB 
and similar components, using enhanced methods to analyse the crystals. The goal is to gain a 
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better understanding and develop improved strategies for controlling scaling during evaporator 
operation. 
 

2. METHODS 
 
The evaporation experiments were performed on the lab and pilot scales. The work was 
performed in two different experimental series, using two different black liquors (Liquor 1 and 
Liquor 2). The focus of the experiments was to identify components active in scaling inhibition by 
testing different additives according to Table 1. Four different samples of tall oil brine were tested, 
as further described in section 2.1. Scaling inhibitor 1 (SI1) is a general scaling inhibitor, widely 
used for CaCO3 in water systems, that can also be used as a dispersing agent. Scaling inhibitor 
2 (SI2) was used in the tall oil processes when TOB Centr was sampled to prevent calcium 
carbonate scaling from disturbing the operation of the centrifuge, which is a common solution in 
this type of tall oil plant. It was therefore interesting to investigate if the observed decrease in 
scaling, caused apparently by TOB, might in fact come from the presence of the scaling inhibitor 
residues instead. Scaling inhibitor 3 (SI3) was specially designed for the scaling investigated here 
and, therefore, very interesting to test. In addition to scaling measurements, it was also interesting 
to compare how the crystal structure was affected by scaling inhibitors compared to TOB.  
 

Table 1. Additives tested in the evaporation experiments. 

 

Amount added 
g/kg DS black liquor 

Specification Comments 

TOB Centr 66 From a centrifuge process  

TOB HDS 66 
Bottom fraction from HDS 

process 
More information in Karlsson et al. (2022) 

TOB Mix 66 From decanter process 
Mixing 90% acid fraction and 10% lignin 

slurry from decanter samples 

TOB Acid 66 From decanter process Bottom fraction  

Oleic acid 0.3/2 Technical grade (90%)  

Linoleic acid 2 Technical grade (85%)  

Abietic acid 0.3/2 Technical grade (85%)  

Scaling 
inhibitor 1 

0.14/0.56 
Commercial product 

 

Low molecular acrylic/maleic copolymer 
sodium salt fully neutralised used for 

CaCO3 

Scaling 
inhibitor 2 

2.8 
Commercial product 

 
Aqueous blend of polymers and phosphates 

designed for BaSO4, CaC2O4 & CaCO3  

Scaling 
inhibitor 3 

1.1/2.2 
Commercial product 

 

Low molecular weight polyacrylate with a 
specialised terminal group, improving its 

ability to chelate ions and metals, designed 
for Na-COϝ-SOϞ salts 

CaClϜ 0.08 (as g Ca) CaClϜ·2HϜO Mixed with water before feeding 

CaSOϞ 0.08 (as g Ca) CaSOϞ·2HϜO Dispersed in water before feeding 

 

2.1 Liquor and tall oil brine samples  
The two black liquor samples (Liquor 1 and Liquor 2) were taken at the same mill but on 
different occasions. The mill was a Swedish softwood mill with cross recovery of around 3% (dry 
base) NSSC liquor, where the NSSC liquor was first heat-treated to deactivate Ca (around 1 
g/kg DS). The mill was selected as they experienced strong Na-COϝ-SOϞ scaling around 60% 
DS when the tall oil plant was not operating (no tall oil brine addition to the evaporator), which 
was a common situation, especially when Liquor 1 was sampled, which coincided with the 
intake of a large fraction of beetle-damaged wood giving low soap production. Around 66 kg of 
TOB (inkl. water) per ton of black liquor solids was added in the mill to the intermediate thick 
liquor tank (after dilution and alkalisation with white liquor to pH 10).  
 
Tall oil brine from a centrifuge-based process was sampled as a composite sample. A sample of 
the bottom fraction of the HDS process was left after the project described in Karlsson et al. 
(2022) and tested in this study. In addition, 17 samples were taken during the process of 
decanter emptying, yielding separate samples of the different phases/fractions of TOB, i.e. acid 
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fraction (inorganic water solution with the highest density), tall oil (lowest density) and the lignin 
slurry in between (emulsion of the two former fractions with lignin acting as an emulsifier). Of the 
17 samples from the tall oil decanter, samples 5-9 were combined to give a pure acid fraction, 
and samples 14-16 were combined to give a typical lignin slurry.  
 

2.2 Chemical characterisation  
Table 2 states the chemical analysis methods used for the collected samples. The basic 
chemical composition of the black liquors used in this study is presented in Table 3. The basic 
composition of the tall oil brines is presented in Table 4. The elemental composition of the 
liquors, including filtered liquor and tall oil brines, is presented in Table 5. 
 

Table 2. Methods used for chemical characterisation. 

Components Method 

Residual alkali SCAN-N 33:94 

Dry solids content (DS) SCAN-N 22:96 

Elements ICP-OESa 

Total organic carbon (TOC) and COϝ content (TIC) SS-EN 1484 

Sulphate content  SCAN-N 36:989 Ion chromatography  

Extractives Saltsman & Kuiken, Tappi 42:11 (1959)873 

Fatty and resin acids GC-MSb 

Acid soluble residue TAPPI UM 250 

Acid insoluble residue TAPPI T222 om-11 

Short-chained carboxylic acids Ion chromatography 

(a) - The samples were oxidized with hydrogen peroxide and subsequently wet-digested in a microwave oven with nitric acid. The 

metal contents were quantified by ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometry).   

(b) - Extractions were made similarly to Saltsman & Kuiken, Tappi 42:11 (1959)873 and identification and quantification of the 
individual compounds according to NSP report No 3 (2008). 

 

Table 3. Basic chemical composition of the black liquor used in this study. 

  
DS 

wt-% 
OH-          
g/L 

CO3              
g/kg DS 

SO4      
g/kg DS 

Na2CO3+Na2SO4  
wt-% of DS 

CO3/(CO3+ SO4)  
wt 

CO3/(CO3+ SO4)  
mol 

Liquor 1 33.4 23.4 41.2 25.8 11.1 0.62 0.72 

Liquor 2 36.4 16.9 51.1 20.7 12.1 0.71 0.80 

 

Table 4. Basic chemical composition of the tall oil brines used in this study. 

  

DS 
wt-% 

pH SO4      
g/kg DS 

Acid insoluble residue 
g/kg DS 

Acid soluble residue 
g/kg DS 

Totalt lignin 
g/kg DS 

TOB Centr 14.3 12.3  112 7 119 

TOB HDS 15.5   12 4 16 

TOB Acid 19.8 1.61 732 2 4 6 

TOB Lignin 69.2 2.08 30.7 373 16 389 

TOB Mix 21.8 1.61 582 118 7 125 

 
The overall results for extractives in the liquors and tall oil brines are presented in Table 6. The 
extraction was performed using the Saltsman & Kuiken method, and the mass of extract was 
gravimetrically determined. In the next step, the extract composition was analysed in the GC-
MS, also giving the total mass. The total mass of extractives obtained by GC-MS and 
gravimetric determination was similar. On the other hand, there were significant differences 
between the GC-MS and the gravimetric analysis regarding the tall oil brine samples (TOB 
Lignin and TOB Mix). However, tall oil brine is a difficult sample for the performed extraction 
method as the lignin acts as an emulsifier, hindering the separation, and a higher (and less 
relevant) value from gravimetric determination can be expected. The extractives content in TOB 
HDS was very low because it was a sample from the bottom fraction, containing mainly the 
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aqueous phase. The situation is the same for TOB Acid; however, a bit surprisingly, no 
extractives were detected at all in this case, either by GC-MS or gravimetrically. Therefore, the 
sample was also analysed for short-chained carboxylic acids by ion chromatography with a 
conductivity detector, as they are volatile and not detected by extraction. The results are shown 
in Table 7, and the level was definitely not negligible, with a total content of 10 g/kg DS. 
 

Table 5. Elemental analysis of the liquors, filtered liquor s (0.2 µm syringe filter), and the tall oil 

brines from the decanter process. 

(mg/kg DS) Al Ba Ca Cu Fe K Mg Mn Na P S Si Zn 

Liquor 1 35 4.1 144 0.9 12 21 200 92 40 223 000 63 60 200 180 7.1 

Liquor filtered 1 30 3.3 99 0.8 12 21 800 60 31 221 000 50 60 200 164 2.8 

Liquor 2 26 5.0 196 8.8 14 21 500 145 59 217 000 79 54 900 182 7.2 

Liquor filtered 2 22 4.0 132 13.1 13 22 400 91 50 224 000 59 55 900 186 3.3 

TOB Centr 29 69 8 290 4.0 16 18 800 532 842 218 000 666 155 000 234 261 

TOB HDS 20 30 5 000 n.d. 14 16 700 775 419 280 000 102 222 000 165 39 

TOB Acid 41 4 2 300 <15 23 22 400 1 130 830 320 000 784 251 000 143 129 

TOB Lignin 73 112 8 640 18 25 2 520 124 525 36 100 134 34 500 385 497 

TOB Mix 44 23 3 130 3 24 19 100 1 000 816 284 000 735 217 000 184 183 

 

Table 6. Analysis of extractives in the liquors and the tall oil brines using both GC/MS and 

gravimetric determination. 
 

GC/MS Gravimetric  
Fatty acids [%] Resin acids 

[%] 
Neutrals 

[%] 
Extractives 
[g/kg DS] 

Extractives  
[g/kg DS] 

Liquor 1     1.7 
Liquor 2 10.4 89.6 0 2.2 2 

Liquor filtered 2 2.6 97.4 0 1.1 0.9 
TOB Centr 54 40 5.7  237 
TOB HDS     6 
TOB Acid    0 0 

TOB Lignin 53.9 43.5 2.6 226 771 
TOB Mix 58.4 38.9 2.8 101 398 

 

Table 7. Analysis of short-chained carboxylic acids by ion chromatography with a conductivity 

detector.  

[g/kg DS] Glycolic acid Lactic acid Formic acid Acetic acid 

TOB Acid 0.86 3.64 3.33 2.63 

 

2.3 Experimental plan  
For Liquor 1, a total of 9 experiments were conducted, both on lab and pilot scale, using the 
following additives: TOB Centr (referred to as TOB in the result section), oleic acid (OLA), 
abietic acid (ABA), CaClϜ and CaSOϞ, according to the lower dose in Table 1. The liquor was 
doped to 17% and 23% salt content (wt% Na2CO3 and Na2SO4) by the addition of anhydrous 
Na2CO3 and Na2SO4, which was first dissolved in deionised water to ensure full dissolution, 
and the solution was added into the preheated black liquor at 60°C before starting the 
experiment. The tested additives were usually added at 45% DS by injecting them into the 
reactor under nitrogen gas pressure via a metal cylinder. As relatively small amounts of the 
organic acids were added, they were mixed with the original black liquor. In the pilot trials, a 
dosage pump was used instead. 
 
For Liquor 2, a total of 23 lab experiments were conducted, specified in Table 8. In all of the 
experiments (except Exp 1 with pure liquor), the black liquor was doped to 17% salt content. 
The tested additives were added in a similar way to Liquor 1, but here, ethanol was also tested 
as a carrier that dispersed the additives prior to injection. In some experiments, the additive was 
added at the start (35% DS), and then mixing with black liquor or ethanol was unnecessary. 
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Furthermore, TOB Mix and TOB Acid were pre-heated to 40°C in a shaking water bath before 
being fed into the reactor.  

Table 8. List of the evaporation experiments with Liquor 2 . The salt solution to adjust the salt 

content was added before starting (35% DS), while the other additives were added at 45% DS if 

nothing else is stated. Ethanol was tested as a solvent to simplify feeding. 

Exp 
Salt 

content 

Tested additives (g/kg DS black liquor) Solvent 

TOB 
Centr 

TOB 
Mix 

TOB 
Acid 

TOB 
Old 

Oleic 
acid 

Linoleic 
acid 

Abietic 
acid SI1 SI2 SI3 

Etha-
nol BL 

1 
Original 
(12%)             

2 17%             

3 17%  66           

4 17%   66          

5 17%     2       20 

6 17%     
2 @ 
35%a 

       

7 17%     2      4  

8 17%     0.3      5  

9 17%           5  

10 17%      2      100 

11 17%        
0.14@ 
35%a 

    

12 17%       2     100 

13 17%   66          

14 17%             

15 17%        
0,55@ 
35%a 

    

16 17%  
66 @ 
35%a 

          

17 17%     2       20 

18 17%   66b          

19 17%         2.8   20 

20 17%    66         

21 17% 66            

22 17%          1.1   

23 17%          2.2   
(a) - The tested additive was added just before starting the experiment, i.e. at DS 35% after mixing the liquor with the solution of 

additional salt. 

(b) - Extensive cleaning of the equipment and vessel before the experiment. 

 

2.4 Experimental procedure  
This lab-scale setup originally consisted of a reactor from Parr Instruments that had been 
rebuilt. It includes a 3.8 L pressurised vessel, an electric heater with a capacity of 2 kW, and an 
impeller set to 130 rpm. For the experiments with Liquor 1, the same setup and procedure as 
described in Bialik et al. (2017) and Karlsson et al. (2022) were used. For Liquor 2, however, the 
equipment was upgraded for better performance using a condenser operating under vacuum, 
allowing evaporation under vacuum and better collection of the condensate, as well as 
automatic control to enable evaporation at constant temperature or pressure and online 
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monitoring. This means that evaporation could be conducted at a constant temperature of 
120°C, which was impossible with Liquor 1, where atmospheric conditions were used. The 
equipment after the upgrade is shown in Figure 1.  
 

 

Figure 1. Picture of the equipment used for the evaporation experiments with Liquor 2 . In the 

middle, the reactor itself with the heater around and the typical appearance of scales on the inside; 

on the left side, the glass condenser with the scale for condensate, and on the right side, the 

connection of the sampling equipment with the associated filter. 

 
In each experiment, 2.6 kg of black liquor was concentrated from the original 33 or 36% DS to 
around 65%. The final DS content was limited by the fact that the sampling, including the 
filtration of the black liquor, would be impossible to perform due to too high viscosity. When a 
filtered sample was taken, a 1 µm pore size filter was used. The crystals were sampled and 
washed using a similar procedure to that of Bialik et al. (2008) and Bayuadri et al. (2006). The 
scales on the inside of the reactor wall were examined and sampled after opening the system, 
and for Liquor 2, they were all collected to quantify the total mass. 
 
The study also used the falling film pilot evaporator at Chalmers University of Technology, 
consisting of a 4.5 m long vertical tube with the liquor on the outside. The evaporator tube was 
heated on the inside with condensing saturated steam. The pilot experiments were prepared by 
first filling the system with the black liquor, and then heating and evaporating it to the desired 
conditions. When the liquor was doped, the salt was first dissolved in deionized water and then 
fed to the system. The batch experiments were conducted in a similar way to those on the lab-
scale, but here the liquor was evaporated at a constant temperature of 120°C from 33% to 
around 70% DS. The pilot is also equipped with a Lasentech D600L FBRM instrument from 
Mettler-Toledo to monitor bulk crystal population. A dosage pump was used to feed the 
additives at around 45% DS. The scaling was evaluated as an apparent scale thickness 
calculated from the global heat transfer coefficient. More information can be found in Karlsson & 
Åkesjö (2021) and Karlsson (2020). 
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2.5 Analysis of crystal samples  
Bulk crystal samples from the evaporation experiments were analysed by scanning electron 
microscopy (SEM). SEM images revealed the structure and appearance of the crystals. Gold 
plating of the samples was used to be able to run a high vacuum and get better images at high 
magnification. For some samples, the EDS detector (connected to the SEM) was also used to 
reveal the elemental composition. Scale samples were analysed with X-ray microtomography to 
study the internal structure and porosity. 
 

3. RESULTS AND DISCUSSION 
 

3.1 Scaling results for  Liquor 1  
The scaling results for Liquor 1 are summarized in Table 9. The doping significantly increased 
the scaling from none for pure liquor, and TOB Centr clearly decreased the scaling: this means 
that the experimental method worked well for studying the scaling inhibition observed in 
industry. It was interesting to see that oleic acid (OLA) and CaSO4 also decreased scaling, but, 
unfortunately, this could only be observed visually, as the more objective measurement of scale 
thickness could not be performed as the scales deformed during sampling. It was also observed 
that more crystals were sedimenting in the bottom of the reactor with doping, and that the 
additives generally decreased this behaviour. It should be noted that the sedimentation was 
observed when opening after finishing the experiments; the relatively strong mixing during the 
experiment (and sampling) might have prevented sedimentation during the experiment. 
 

Table 9. Scaling results for Liquor 1. 

 Sedimentation of crystals in the bottom 
of the reactor 

Amount of scaling 
(visual inspection) 

Scale thickness 

Ref None None 0 
Ref 17% Medium Medium 1.0 
Ref 23% High High 1.1 

TOB Centr 17% Low Low 0.5 
TOB Centr 23% High Low 0.8 

OLA 17% Low Low (a) 
ABA 17% Low Medium (a) 
CaClϜ 17% Low Medium (a) 

CaSOϞ 17% Low Low (a) 
(a) - Thickness was not representable as scales were softer and deformed during sampling, and they also had considerable amounts 

of dried liquor foam on the surface. 

 
The apparent scale thickness calculated from global heat transfer in the pilot experiments is 
presented in Figure 2. In contrast to the lab experiments, scales were also formed for the pure 
black liquor (Ref), which is relatively uncommon also in pilot experiments of this type (batch). 
For Ref 23%, the scaling increased with higher doping. Ref 17% can be expected to give more 
scaling than Ref. but this was not the case here. Tall oil brine from the centrifuge inhibited the 
scaling clearly, as in the lab experiments. If only small spots of scales are produced, they can 
actually increase the heat transfer due to increased turbulence, giving the negative thickness 
seen in experiment TOB 17%.  
 
Both oleic and abietic acid were difficult to feed to the process with the dosage pump because 
they could not be dispersed in black liquor as planned, but instead, precipitated and gave lumps 
blocking the pump. Still, most of the abietic acid could be fed as planned, but in Exp 8, oleic acid 
failed more or less completely. This is the reason why it is labelled as Ref 17% instead. In Exp 
9, concentrated oleic acid was pumped instead, which worked, but as it was in very small 
amounts, it was difficult to know that it was well fed and mixed with the black liquor in the 
system. In contrast to the lab experiments, abietic acid seemed to decrease scaling, and Ca 
seemed to increase it, at least for CaSO4.  
 
The particle counter had difficulties seeing the crystals in the dark liquor. As can be seen in 
Figure 2 (lower, max chord counts), however, particles were still detected with the addition of 
TOB, indicating more or different bulk crystals in this case. Interestingly, crystals were also 
detected with the addition of oleic acid, indicating a change in bulk crystals even though scaling 
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was not affected. Crystals were also detected in Ref 23%, which is not surprising, as more 
crystals should have been created. Figure 2 (lower) also shows the estimated DS for nucleation 
(observed from the trend in density), and here only Ref showed a significant difference, as it 
was higher due to less salt (no doping).  
 

 

Figure 2. Calculated apparent mean scale thickness (upper) and maximum chord counts from 

FBRM (lower), indicating the number of bulk crystals after nucleation, as well as estimated DS 

when nucleation started (observed from the trend in density).  

 

 

Figure 3. Picture of the evaporator tube at 3.9 m from the top after finishing Exp 1 (Ref). Scales are 

missing to the left due to sampling, and the black particles on the shell in the background are pieces 

of scales that fell off during formation. 

An important observation during the pilot experiment was that scales detached and fell off 
during formation, a behaviour also reported by Karlsson & Åkesjö (2021). The behaviour was 
observed in all experiments here; however, the formation was still stronger than detachment to 
create a permanent scaling layer, except for the experiment with TOB addition (where almost no 
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scales were left in the end). In Figure 3, pieces of detached scales can be seen on the shell in 
the background as black particles. 
 

3.2 Scaling results for  Liquor 2  
The scaling results for Liquor 2 are presented in Figure 4. It is remarkable that Experiments 4 
and 5, the first experiments with TOB Acid and oleic acid (OLA), had no scaling, which was 
significantly different from all other experiments. Except for these two experiments, SI3 gave the 
strongest scaling inhibition. Experiments with ethanol, TOB Centr, TOB Mix, and linoleic acid 
(LIA) gave around half the scale mass, so also significant. TOB HDS, ABA, and SI2 gave just 
slightly lower scaling. Oleic acid dissolved in ethanol and a low dose of SI1, on the other hand, 
gave higher scaling. Experiment 13 with TOB Acid also gave higher scaling, giving large 
variations with this additive. 

 

Figure 4. Quantification of scaling on the inside of the reactor after each experiment. Comments 

are given for experiments deviating from the basic procedure for each additive. 

 
Due to the inconsistency in the results, particularly involving the addition of TOB Acid and oleic 
acid, where the (desired) strong scaling inhibition could not be repeated, efforts were 
undertaken to identify the sources of these variations. First of all, it was challenging to get the 
relatively small amounts of resin and fatty acids into the system during the experiments (fatty 
acids are sticky and viscous, and abietic acid is a powder). Dispersing in different amounts of 
black liquor was tested as the first choice, but they produced a separate sticky phase, making a 
controlled addition impossible. In contrast, dissolution in ethanol made feeding easy, but it was 
not a good solution as the ethanol as such seemed to affect the results. TOB Acid showed large 
variations despite being simple to feed, indicating the presence of other influencing factors. 
 
Adding the additive into the black liquor at start (@35%) was an easy solution and therefore 
also tested. However, it has been shown that it might be important, at least for TOB, to add it 
just before crystallisation starts to have a good inhibition effect. In this study, no significant 
difference was seen for either TOB Mix or OLA when comparing the two methods. OLA was 
also tested with the same lower dose as for Liquor 1 without any significant scaling inhibition 
(but the ethanol might have played a role). Prior to experiment 18 with TOB Acid, additional 
substantial cleaning was performed to rule out the effect of contamination. The scaling was then 
lower than Exp 13, but did not give the complete inhibition as in Exp 4. It was noticed that the 
cleaning could have affected the heat transfer surface (reactor wall) to some extent, as 
corrosion products of the stainless steel (316) were removed. Finally, data was analysed to see 
if the operation of the experiments could have influenced the results, but no evidence was found 
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that could explain the different scaling behaviours. The most obvious explanation for the low 
repeatability was the general stochastic scaling behaviour. In all experiments, it was observed 
that scales had been formed and then partly fallen off. The low strength or weak attachment 
probably leads to a (partly) random scaling behaviour. 
 
The results for how the scaling behaviour of Liquor 2 was influenced by the different additives 
are summarised in Table 10. The most significant scaling inhibition was achieved by SI3, but 
also TOB Centr, TOB Mix and LIA seemed efficient. On the other hand, TOB Acid and oleic acid 
showed the largest potential with almost complete inhibition in one experiment each as already 
mentioned. However, as the results could not be repeated, the true effect can be questioned. It 
is clear that scaling inhibitors 1 and 2 were not designed for this type of scaling, as they were 
not efficient. This result is interesting as it indicates that the scaling inhibition caused by TOB 
cannot be due to scaling inhibitors used in the tall oil production.  
 
It was found that the physical appearance and structure of the scales were affected by the 
additives, as presented in Table 10. Generally, the higher the content of extractives (or fatty and 
resin acids), the softer and stickier the scales become. Without these components, the scales 
were harder and more brittle. One important thing to note here is that TOB Acid did not have 
any content of extractives (i.e. residual tall oil). However, as already mentioned, it still gave high 
scaling inhibition, and the scale structure was slightly softer (semi-hard). Therefore, TOB Acid 
was also analysed for short-chained carboxylic acids, and significant amounts were found (a 
total of 1% of DS). Hence, they can possibly constitute the active components. 
 

Table 10. Summarising results for how the scaling of Liquor 2 was affected by the tested additives. 

Additive (Exp #) Effect on scaling Scale structure Comment 

No additive (2, 13) Clear scaling Hard, brittle  

Ethanol (9) Overall decrease Hard, brittle 
Surprising result that needs further 

investigation 

TOB Centr (21) Overall decrease Soft 
Similar behaviour as experiments with 

Liquor 1 

TOB Mix (3,16) Overall decrease Soft, sticky 
No significant difference adding at 35 

or 45% DS 

TOB Acid (4, 13 18) 
Strong decrease in 1 of 3 

exp. 
Semi-hard 

Extensive cleaning before Exp 18 no 
clear effect 

TOB HDS (20) No significant effect Soft 
Decreased scaling with another liquor 

in pre-experiments 

Oleic acid (5, 6, 7, 
8, 17)a 

Strong decrease, but also 
clear increase if dissolved in 

ethanol 

Soft, sticky at high 
dose 

Stronger scaling if added at 35% 
instead of 45% 

Showed decrease in Part 1 

Linoleic acid (10)a Potential decrease Semi-hard 
Similar to oleic acid so similar results 

can be expected 

Abietic acid (12)a Potential decrease Semi-hard Showed decrease in Part 1 

SI1 (11, 15) Increase at low dose Hard, brittle 
Probably not efficient for Na-CO3-SO4-

scaling 

SI2 (19) Potentially a little decrease Hard 
Probably not efficient for Na-CO3-SO4-

scaling 

SI3 (22, 23) Overall decrease Soft 
Seems efficient for Na-CO3-SO4-

scaling 
(a) - When mixing oleic acid (OLA), linoleic acid (LIA) and abietic acid (ABA) with black liquor prior to feeding, the solution 

became thick, inhomogeneous and difficult to feed, resulting in a lower dosage than planned. 

 

3.3 Analysis of bulk crystal structure  from Liquor 2  
In the study by Karlsson et al. (2022), it was observed that the addition of tall oil and tall oil brine 
resulted in the formation of flat or flaky bulk crystals, causing a noticeable change in the crystal 
structure. In this work, the method for determining and classifying the structure of the bulk 
crystals has been refined. In addition to the flaky (flat) crystals, two other types, named blocky 
and rounded layer, were identified. It should be clarified that this classification is not based on 
the science of crystallography but rather a way to clarify the structural differences observed 
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between the experiments, which, in turn, give information relating to differences in crystallisation 
behaviour.  
 
A typical example of grainy agglomerates is shown in Figure 5A, originating from Exp 2 with no 
additives. This type of crystal structure had the least crystalline appearance and was probably 
formed relatively fast by the agglomeration of small crystals produced after primary nucleation. 
The blocky structure, shown in Figure 5B, had a more crystalline appearance with sharp angles 
and was the most common structure throughout the samples. There are loose blocks to the left 
in Figure 5B, which was normal, but with TOB Acid, a more compact blocky structure was 
observed, as shown in the rest of the image. As the blocky structure is more organised with 
larger crystals, more time would have been needed during formation compared to the grainy 
structure.  
 
In comparison, the rounded layer type was significantly larger with no sharp angles and a 
layered structure, as shown in Figure 5C from Exp 2 with no additives. As seen in the middle of 
the image, these crystals could also be relatively thin and, therefore, resemble the flaky 
structure. With the addition of SI1, a rounded layer type with a different circular structure was 
found, indicating disturbed crystal growth by the additive (Figure 5H). Sometimes, the difference 
between flakes and rounded layers was not very clear, but the flaky structure was much thinner, 
with sharper angles and often stacked in parallel, as shown in Figure 5D-F. The flaky structure 
was mainly found with the addition of TOB Centr and TOB Mix, but to some extent also with 
oleic acid (clear at the higher dose with ethanol) and SI1. It should be noted that TOB Acid did 
not give any flakes, and for TOB HDS, there was just some indication of flakes, both containing 
none or only a low content of extractives. It appears that it is fatty acids that cause the formation 
of flakes, where SI1 probably contains similar components, but it is not clear if they, in turn, lead 
to lower scaling. 
 
Both the blocky and flaky structures often had hexagonal structures. In Figure 5F, one can 
clearly see that the flakes are growing as individual crystals (a stair-like structure is common 
when a crystal grows) with a hexagonal structure. This means two things: 1) that they are true 
monocrystals, and 2) they belong to the hexagonal crystal family. What this implies is further 
discussed in section 3.6, with a focus on identifying crystal species. Monocrystals take time to 
build, meaning they are probably not formed at high supersaturation levels directly after primary 
nucleation.  
 
The bulk crystal samples had quite a large spread in the crystal or particle sizes, and they could 
often be divided into either ñlargeò or ñsmallò, with a clear difference in structure. This is 
exemplified in Figure 5G, where the large grainy agglomerates (potentially also rounded layers) 
have a flat surface, indicating that they are scales that have fallen off. As observed both on lab 
and pilot scale, as well as by Karlsson & Åkesjö (2021), a substantial mass of scales fell off 
during the experiments, meaning that these crystals should also be found in the bulk phase. It is 
also likely that bulk crystals, at least the smallest, which easily agglomerate, are attached to the 
heat transfer surface. Hence, it is difficult to say which crystals (and type of structures) originate 
from scales and which from crystals formed in the bulk.  
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Figure 5. SEM images showing (A) grainy agglomerates in the middle and lower left (Ref Exp 2), 

(B) blocky crystal structure (TOB Acid Exp 4), (C) rounded layer type (Ref Exp 2), (D-F) flaky 

crystals partly stacked in parallel (E) having a hexagonal structure (F) ( TOB Mix Exp 3 &  16), (G) 

large grainy agglomerates (potentially also rounded layer type) and blocky crystals probably 

originating  from scales that have fell off (due to the large size and partly flat surface) (OLA  Exp 5) 

and (H) large structures of rounded layer type having a different circular structure , indicating 

disturbed crystal growth ( SI1 Exp 15).  

A 

C D 

B 

E 

G H 

F 
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How the crystal structure was affected by the tested additives is summarised in Table 11. In 
contrast to the scaling results, the results for the bulk crystals were repeatable and not sensitive 
to when and how feeding was performed. However, there was still a dependency on the dose.  
 

Table 11. Bulk crystal structure and its influence of the different additives. 

 

Characteristic bulk crystal 
structure 

Other bulk crystal 
structures 

Comments 

Ref pure liquor Blocky 
Grainy + rounded 

layer 
 

Ref 17%  Blocky 
Grainy + rounded 

layer 
 

TOB Centr Flaky Grainy + blocky Tendency for rounded layers as well  

TOB Mix Flaky Grainy + blocky 
Tendency for rounded layers as well, 
but looks like they instead become 

stacked flakes 

TOB Acid Blocky 
Grainy + rounded 

layer 
 

TOB HDS Blocky 
Grainy + rounded 

layer 
Potentially a few flakes as well but not 

significant 

Oleic acid Blocky 
Grainy + rounded 
layers + flakesa 

Larger particles that might come from 
the reactor wall (scales) observed 

Linoleic acid Blocky 
Grainy + rounded 

layer 
Crystals not fully clean, making 
detailed inspection impossible 

Abietic acid Blocky  Cleaning of crystals failed 

SI1 Rounded layer  Grainy + Flakes 
Rounded layered type with circular 

structure found 

SI2 Blocky 
Grainy + rounded 

layer 
Potentially a few flakes as well but not 

significant 

SI3 Blocky Grainy   
a - Flakes were mainly observed in the experiments with the highest dose (actually entered the system), i.e. Exp 6 and 7 with high 

scaling, and not Exp 5 with the strong scaling inhibition. 

 

3.4 Analysis of scale  structure from Liquor 2  
As already mentioned, the macroscopic structure of the scales changed with some additives 
(e.g. they became softer). To get an understanding of the microscopic scale structure and relate 
it to the bulk crystals, SEM was first used. However, it was found that X-ray microtomography 
was a much better tool as it revealed the internal structure without mechanical pre-treatment 
that would affect the results. Sample from the reference experiment (Exp 2) with hard and brittle 
structures, shown in Figure 6, was compared with soft and sticky structures from the addition of 
TOB Mix (Exp 3), shown in Figure 7, as well as semi-hard structures from the addition of TOB 
Acid (Exp 13), shown in Figure 9. The samples were found to be heterogeneous in terms of 
structure, so two scale samples were scanned from each experiment to better understand the 
variations (except for Exp 13 where the first scan failed). Naturally, it would have been very 
interesting to examine Exp 4 and 5, where the strongest scaling inhibition was achieved. Still, it 
was not possible as there were almost no scales to sample.  
 
The reference experiment (Exp 2) with hard and brittle structures, shown in Figure 6, where the 
left image is the most characteristic, had a spiky structure and high porosity. As can be seen in 
the right image in Figure 6, there were also more grainy structures present, but still with a sharp 
touch. This type of structure appeared closer to the edges, so a higher content of black liquor 
can potentially play a role. The internal structure of the soft and sticky scales from the addition 
of TOB Mix, shown in Figure 7 (left), was very interesting as the most characteristic structure 
was large flakes or needles, and, as shown in Figure 8 (right), they could be strongly stacked 
together. They also appeared larger and less broken than in the bulk crystal samples, indicating 
that they were formed in the scales originally. Obviously, scales are falling off and getting mixed 
with the black liquor, and bulk crystals likely get incorporated into the scales; hence, one can 
expect the crystal structure to be at least to some extent similar. It would be interesting to know 
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how these large crystals could be formed and how they affected the mechanical properties of 
the scales. As for the sample from the experiment with no additives, a grainy structure was also 
present with TOB Mix, as shown in Figure 7 (right).  
 
The internal structure of the semi-hard scales from the addition of TOB Acid was similar to the 
grainy structure observed for both TOB Mix and no additives, as seen in Figure 8. No other 
types of structures were observed, but unfortunately, only one successful scan could be 
performed of this sample due to instrument failure. The dense structures observed in the lower 
part of both images in Figure 8 were seen in several samples close to the surface and are 
probably dried black liquor, as already mentioned. 
 

 

Figure 6.  X-ray microtomography image of scale samples with no additive (Exp 2). The scale 

structure was found hard and brittle during sampling. 

 

Figure 7.  X-ray microtomography image of scale samples with the addition of TOB Mix (Exp 4). 

The scale structure was found soft and sticky during sampling. 

 
The high porosity observed in all scale samples was not expected; however, it is potentially 
important; it might explain the scaleôs low strength and tendency to fall off. It will also affect the 
thermal conductivity of the scales, meaning that the insulating effect of the scales on the heat 
transfer surface cannot be modelled as a solid layer of Na-COϝ-SOϞ crystals. It is important to 
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remember that the scale sample was dried after sampling to preserve the crystal structure 
during storage, which might affect the porosity and structure. Still, the pores must have been 
there from the beginning, and it was observed that scales that were dropped in the black liquor 
during sampling were floating, indicating that they were filled with gas (vapour) at the end of the 
experiment. The scale samples from the lab experiments were formed above the liquor surface, 
probably due to liquor being thrown up on the heated walls by the stirrer, and the obvious 
question is how representative this formation is for falling film evaporators. Still, the pilot 
experiments showed similar mechanical behaviour and the habit of detaching. 
 

 

Figure 8.  Supplementary X-ray microtomography image of scale samples with the addition of TOB 

Mix (Exp 4).  

 

Figure 9.  X-ray microtomography image of scale samples with the addition of TOB Acid (Exp 13). 

The scale structure was found semi-hard during sampling. 

  

3.5 Analysis of crystal composition  from Liquor 1  
Analysis of elemental composition with the EDS detector connected to the electron microscope 
(SEM) mainly discovered C, O, Na and S, so it was clear that the crystals consisted of double 
salts of Na-CO3-SO4. In addition, the crystals contained relatively little of other components, 
mainly small amounts of K and Ca. As all S should be in the form of SO4 and all Na should be 
allocated to CO3 and SO4, the content of CO3 could be calculated (calculating it from C and O is 


