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Black liquor is a by-product of wood digestion process in pulp and paper mills and it is composed by 

organic and inorganic products. After this digestion process, black liquor has a solid content of 15 wt/% 

and to be used as fuel in the recovery boiler it is necessary to be concentrated above 75 wt/% of solids. 

This concentration process is performed in an evaporation plant using multiple effect evaporators. Some 

black liquor physical properties, such as density, solids content, viscosity and sodium salts content, are 

strongly dependent on the kind of wood processed (hardwood or softwood) and on operating conditions 

during the digestion process. Knowledge and comprehension of the relationship between these physical 

properties of black liquor are essential for studies aiming at a greater energetic performance of the black 

liquor evaporation unit. When black liquor reaches higher solids content (above 50 wt/%), scaling 

formation is observed on the heat transfer surfaces of evaporators and concentrators, due to the 

precipitation of sodium salts, reducing the overall efficiency of this equipment. The aim of this work is to 

investigate and comprehend the mechanism of formation and precipitation of sodium salts in eucalyptus 

black liquor evaporators, through the study of the relationship between some physical properties (density, 

viscosity, total solids content) and the solubility of sodium salts, evaluating the influence of these variables. 

In this study industrial samples of black liquor taken from different process streams of the evaporation 

plant were used. A greater comprehension of the mechanism which is responsible for the reduction of the 

solubility of these salts is very important for the development of alternative methods to avoid or reduce 

scaling formation. Experimental data were used to develop a model based on chemical equilibrium of salts 

dissociation reactions, considering also temperature and pH of the system, which is capable of estimating 

sodium sulphate solubility limit and comprehend the process that causes the formation of the first scaling 

and the behaviour of the salts in the system. This model may be used to establish some operating 

parameters, trying to avoid or control scaling formation in industrial evaporators. 

1. Introduction  

In pulp and paper mills the aqueous solution extracted from the pulping process in the wood digester is 

named black liquor, which consists of organic and inorganic compounds. The organics fractions are 

basically lignin, polysaccharides, carboxylic acid and extractive. Inorganic compounds present in black 

liquor consist mainly of sodium salts and small amounts of potassium, calcium, magnesium, silicon and 

iron salts. When leaving the digester sector black liquor has about 15 wt/% of solids and to be used as a 

fuel in the recovery boiler it is necessary to raise this solids content to 75 wt/%, removing water in a battery 

of multiple effect evaporators (Rosier, 1997).  

Some black liquor physical properties, such as density solids content, viscosity and sodium salts content, 

are strongly dependent on the kind of wood processed (hardwood or softwood) and on operating 

conditions during the digestion process. Knowledge and comprehension of the relationship between these 
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physical properties of black liquor are essential for studies aiming at a greater energetic performance of 

the black liquor evaporation unit (Frederick et al., 2004). 

When black liquor reaches higher solids content (above 50 wt/%), scaling formation is observed on the 

heat transfer surfaces of evaporators and concentrators, due to precipitation of sodium salts, reducing the 

overall efficiency of this equipment (Adams, 2001). 

The aim of this work is to investigate and comprehend the mechanism of formation and precipitation of 

sodium salts in eucalyptus black liquor evaporators, through the study of the relationship between some 

physical proprieties (density, viscosity, total solids content) evaluating their influence over the solubility of 

sodium salts content in industrial black liquor samples. 

A greater comprehension and knowledge of the mechanism which is responsible for the reduction of the 

solubility of these salts is very important for the development of alternative methods to avoid or reduce 

scaling formation. The results have shown that it is possible to use a model to estimate sodium sulphate 

solubility limit and comprehend the formation mechanism of the first scaling and the behaviour of the salts 

in the system. 

2. Experimental 

2.1 Characterization of eucalyptus black liquor 

Data for solids and sodium sulphate content, density and viscosity of eucalyptus black liquor used in this 

working were presented by Andreuccetti et al. (2011). A detailed description of all techniques used may be 

found in the literature cited in Table 3 and in the work of Andreuccetti (2010). In this work, the industrial 

samples of eucalyptus black liquor were collected in three different process streams in the evaporation 

plant of a Brazilian Kraft mill. These process streams are identified as: evaporation plant input stream 

(EPI); 6th effect recirculation stream (6ER) and 2nd effect output stream (2EO). Industrial nominal values 

for solids content in each process stream are: 15 wt% for EPI, 30 wt% for 6ER and 45 wt% for 2EO. 

2.2 Understanding the mechanism of the precipitation of the sodium sulphate  

It is desirable that the salts contained in black liquor, in particular sodium salts should be completely 

dissolved, during black liquor concentration process. It is known that for black liquors with solids 

concentrations between 15 and 45 wt/% these salts are completely dissolved. At concentrations above 45 

wt/% solids, the precipitation of sodium sulphate salts begins (Euhus et al., 2002). 

Based in this information, this step has aimed to create a model for predicting the concentration of sodium 

sulphate salt from the following physical chemical properties: total solids content, sodium carbonate 

content, viscosity and density. 

To understand the precipitation mechanism of sodium sulphate (Na2SO4), it is necessary to analyse the 

solubility of sodium salt and the relationship of the constant of the solubility product (Kps) as a function of 

the common-ion effect (total sodium present in black liquor), the competitor ion (sodium from sodium 

carbonate), density, solids content and viscosity of black liquor eucalyptus were analysed in this work. It 

important to mention that the parameters considered in this equation were determined experimentally 

except sodium carbonate content which was obtained from the literature. 

3. Results and discussion 

As mentioned before, industrial samples of eucalyptus black liquor were collected in three different 

process streams: evaporation plant inlet stream (EPI); 6th effect recirculation stream (6ER) and 2nd effect 

outlet stream (2EO). These samples were collected when the industrial process was operating at steady 

state conditions. Experimental data used in this work were taken from Andreuccetti et al. (2011). Table 1 

shows the means and values of experimental values and their standard deviations for the physical 

properties of the selected black liquor samples.  

Table 1: Experimental values of the physical properties in black liquor samples with their respective 

standard deviations  

Process Stream 
Solids Content 

(wt%) 

Density 

(kg/m³) 

Viscosity* 

(mPa.s) 

Sodium Sulphate 

Content (kg/m³) 

EPI 15.14 ± 0.76 1,084.55 ± 4.87 2.92 ± 0.13 2.59 ± 0.19 

6ER 24.34 ± 1.05 1,144.83 ± 13.95 89.76 ± 9.35 4.56 ± 0.26 

2EO 39.56 ± 1.56 1,233.69 ± 11.53 1,187.46 ± 167.09 3.17 ± 0.52 

*for spindle rotation speed  set in 60 rpm 
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To determine the solubility of sodium sulphate in the liquor, we used the concept of solubility product (Kps) 

of a salt. This concept is based on the molar ratio of a given salt concentration studied and its molar 

concentrations of cations and anions in the solution. The solubility product determines the maximum 

solubility of this salt and its disassociated ions in equilibrium conditions.  

Eq(1) shows the dissociation of sodium sulphate to form 2 mol of sodium (cation) and 1 mol of the 

sulphate (anion). The solubility product of sodium sulphate is given by the ratio between molar 

concentrations of the dissociated ions, as shown in Eq(2).  

  2

4)(42 2Na  SOSONa S
 (1) 

   12

4

2
.  SONaKps  (2) 

To determine the solubility of sodium sulphate in black liquor it was necessary to consider some specific 

characteristics of the reaction medium, which are responsible for significant modifications over salt 

solubility.  

These characteristics are: the effect of common ion (sodium from other sources present in the black liquor) 

and competing anions (carbonate from dissociation of sodium carbonate); temperature; density; viscosity 

and solids content rising, caused by the evaporation of the solvent (Figure 1). 

 

 

Figure 1: Reactions used in the development of the model 

It is important to emphasize that initially all ions are dissociated and their concentration increases as black 

liquor  is concentrated; to achieve a new equilibrium state where the precipitation of sodium sulphate 

occurs. This new equilibrium state was caused by the presence of a high concentration of common ions 

(sodium) which tends to decrease the concentration of sulphate in solution. The solubility product 

considering the boundary conditions is given by Eq(3). 

    SulfateOSSScarbonate XNaTCKps .09.70006591.04825.617577.022
2

   (3) 

where Ccarbonate is the total concentration of the sodium carbonate salt (mol/L); Xsulphate is the total 

concentration of the sulphate anion (mol/L); NaOS concentration sodium cation from other sources (mol/L); 

TSS solids contents (wt%); ρ is the  density (kg/m
3
) and η is the viscosity (mPa.s). 

Table 2 shows experimental data for sodium sulphate content and at the solubility limit values obtained 

with the model given by Eq(3). 

Experimental data presented in Table 2 considers that the experimental procedure of acid degradation of 

organic matter reduces the complexation allowing the determination of the total mass of sodium sulphate 

present in the sample of black liquor. The column “Precipitate” represents the difference between sodium 

sulphate content in black liquor sample and the content at the solubility limit. 

Thus negative values for precipitate indicates that the system did not reach sodium sulphate solubility limit 

and that at this concentration the salt is completely dissociated in the solution. On the other hand, the 

positive sign indicates that the solubility limit of the salt has been reached and that sodium sulphate has 

precipitated. This behaviour is consistent with the studies presented by Adams et al (1997) and Adams 

(2001) regarding to the inversion of sodium sulphate solubility limit in black liquor  at concentrations  near 

or above 50 wt/% and the ones presented by Mullin (2001) and Leite et al. (2012). 
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Table 2: Experimental sodium sulphate content and theoretical data for the solubility limit in black liquor 

samples 

Samples 
Solids Content 

(wt/%) 

Sodium Sulphate  Content (mol/L) 

Experimental 
Solubility Limit 

(model) 
Precipitate 

1 40.54 0.0522 0.0693 -0.0172 

2 40.32 0.0505 0.0692 -0.0187 

3 39.42 0.0489 0.0760 -0.0271 

4 41.27 0.0611 0.0403  0.0208 

5 37.97 0.0474 0.0783 -0.0309 

6 37.52 0.0485 0.0809 -0.0324 

7 39.05 0.0504 0.0744 -0.0240 

8 49.27 0.0985 0.0580  0.0405 

9 49.93 0.1044 0.0519  0.0525 

10 49.12 0.0980 0.0533  0.0448 

 

Scaling formation in evaporators is observed only at higher values of black liquor solids content (about 41 

wt/%),and this phenomenon requires that sodium salts are dissociated no more in the solution. And while 

the system state constantly changes (solids concentration increases, temperature rises, salts precipitate) 

continuous changes occur in equilibrium conditions. The displacement of the equilibrium is based on the 

Le Chatelier's principle, the salts dissolved in the liquor assumed to have new equilibrium condition in 

order to minimize effects on the system and this new condition promotes the initiation of the precipitation 

process and scale formation. Mechanism and steps of the formation of the first scales (burkite) are shown 

in Figure 2. The mechanism was divided in three steps: 

  

 

Figure 2: Step of the precipitation/incrustation formation 

1st Step: Due to the presence of common and competing ion it happens the reduction of sodium sulphate 

solubility and then its precipitation; 
2nd Step: the disturbance in the chemical equilibrium on the first step shifts the equilibrium state of the 

system. To balance this perturbation, the system performs a reduction of the anion sulphate dissolved 

(sodium sulphate salt precipitation) causing the sodium carbonate salt precipitation;  
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3rd Step: the Na2CO3 and Na2SO4 after precipitation combine to form the double salt burkite 

(2Na2SO4.Na2CO3) which consists in the scaling deposit found on the surface of the equipment walls. A 

continuous increasing of the production rate of pulp and paper mills also causes an increase of black liquor 

production and then the concentration process of this liquor may represent a bottlenecking problem when 

operating problems arise from scaling formation in evaporators. 

Some studies were performed attempting to simulate and predict scale formation in evaporators. In 1998, 

Golike et al., have used NAELS (Non-ideal Aqueous ELectrolyte Simulator) to obtain the solubility of 

inorganic compounds in black liquor, particularly sodium sulphate and sodium carbonate). Schmidl et al. 

(2003) have presented solubility data for these same salts in aqueous solutions and in black liquor using 

batch evaporators, comparing these results to predicted solubility behaviour using a proprietary chemical 

equilibrium model. Soemardji et al. (2004) developed a study trying to understand crystallization process 

during black liquor evaporation, predicting crystal species transition in aqueous solution of Na2CO3 and 

Na2SO4 and in black liquor samples. 

Bialik et al. (2007) have applied a thermodynamically-based model for predicting the solubility and solid-

phase composition for burkeite precipitates and this model was also used in an attempt to represent the 

solubility behaviour in high-temperature Na2CO3-Na2SO4 solutions containing an additional anion.  

These studies have contributed for a better understanding of scaling formation process at multiple 

evaporators in the recovery unit of pulp and paper mills.  

4. Conclusion 

This work is important to understand the process of scaling formation in black liquor evaporators.  A model 

for predicting the solubility limit of sodium sulphate in black liquor eucalyptus was developed. The 

determination of solubility limit is fundamental to understand the process scaling formation, avoiding or 

reducing this operating problem. Another important contribution of this work is that there is still a lack in the 

literature involving studies that deal with eucalyptus black liquor. The great majority of works found in the 

literature deals with black liquors from pine wood.  
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