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Abstract: Technologies for the isolation of lignin from pulping process streams are reviewed in
this article. Based on published data, the WestVaco process, the LignoBoost process, the LigoForce
SystemTM and the SLRP process are reviewed and discussed for the isolation of lignin from Kraft
black liquor. The three new processes that have now joined the WestVaco process are compared
from the perspective of product quality. Further, isolation processes of lignosulfonates from spent
sulfite liquor are reviewed. The limitation for this review is that data are only available from lab
scale and pilot scale experiments and not from industrial processes. Key output of this paper is a
technology summary of the state of the art processes for technical lignins, showing the pros and cons
of each process.
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1. Introduction

After cellulose, lignin is the second most abundant biopolymer worldwide. Lignins are
non-toxic and renewable, and hence may play an essential role during the change-over from
a fossil-based to a bio-based economy. The value-added application of technical lignin not
only protects the environment, but also makes use of the natural resource wood, and hence
promotes its utilization. Technical lignins can widely be used, e.g., for vanillin produc-
tion [1–3], as precursor for carbon fiber production [4–8] or as fertilizer [9–11]. Further, the
valorization in the formulation of wood adhesives is well a successful application [12–15].

The pulp and paper industry can serve as a backbone in the biorefinery concept and
can provide the market with both products and energy, where lignin is used as raw material.
In a state of the art integrated pulp and paper mill, the produced energy is first used for
covering internal demands. If available, power surpluses are fed to the electricity grid and
heat surpluses are used in district heating for the surroundings. However, worldwide is
the pulp and paper sector the fourth largest energy user [16], 2008 the energy demand in
the pulp and paper industry was 7 EJ [17].

The bottleneck in an integrated pulp and paper mill is often the recovery boiler.
An increase in the pulp production leads to an increase of the heat load which cannot
be handled by the installed recovery boilers. However, an increased production can be
realized without the need for investing in a new boiler by implementing a lignin isolation
from black or spent sulfite liquor to decrease the heat value thereof. In addition to the
decrease of the heating value of the black liquor, economic considerations are undoubtedly
a main driving force for lignin isolation [18]. While industrial applications for Kraft lignin
are rare at present, the market for lignosulfonates is well established; however, most of the
products and applications on the market are not high value products/applications.

Lignin isolation from spent or black liquor is a process that has been in operation since
the beginning of the 20th century. Driven by climate change, which requires a transition to
more sustainable production processes and products, an increasing interest in the use of
lignin as a raw material for products, fuel and energy led to a distinct increase of research
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in this field during the past 20 years. The development of new lignin isolation processes
from Kraft pulping is in the focus of the research community, which is mainly related to
the incentive of a large market share reaching approximately 80% [19]. At present, three
different isolation processes are used on an industrial scale for the isolation of lignin
from Kraft pulping: the WestVaco process, the LignoBoost process, and the LignoForce
SystemTM. Rising interest in lignin valorization leads to the necessity of an overview of
processes, which are on the marked or at least ready for the market.

The isolation of lignosulfonates from spent sulfite liquor is widely implemented, but
little research has been published dealing with process development for the isolation of
lignosulfonates during recent decades.

The present paper gives an overview of isolation technologies for technical lignin.
Solubility and appearance of technical lignin is highly influenced by the origin and the
dissolving method used for lignin disintegration. While during Kraft and sulfite cooking
lignin is already modified, and also lignin derived from organosolv processes appears not
in its natural form, but is not that highly influenced by the cooking process.

The three state of the art processes for Kraft lignin separation will be summarized to
provide a focus of the main part of the paper, and the similarities and differences, which
make each process unique are discussed. Kraft lignin precipitation and separation can be
understood by the principles of solubility and by the colloidal stability of precipitated lignin.
Process conditions during precipitation like pH, temperature, black liquor composition,
hydrodynamics and the acidifying agent used influence the resulting lignin. The operation
of the acidification step at higher pressures and temperatures leads to a liquid remnant
lignin, the Sequential Liquid-Lignin Recovery and Purification process (SLRP), proposes
and claims such operation conditions. In this review, the three new processes for Kraft
lignin isolation, LignoBoost, LignoForce SystemTM, and SLRP are compared based on
the product quality, i.e., the ash content which corresponds to the content of inorganic
impurities. Based on literature data the lignin quality was calculated assuming a constant
wash water demand.

While Kraft lignin is mainly used internally, lignosulfonates do have a market already.
From the annually 50–70 M tons produced lignin, just 1–2% are used for the production
of added-value products. Lignosulfonates have more sulfur groups than Kraft lignin and
thus are water soluble, which lead to a broad variety of products for lignosulfonates, like
animal feed, dust controlling agent, pesticides and more [20].

The isolation technologies for Kraft lignin are summarized in the first part and the
isolation of lignosulfonates are summarized in the second part of the present paper. Ligno-
sulfonates are soluble throughout the whole pH range, the isolation technologies are hence
different than those for Kraft lignin isolation. The state of the art processes are summarized
and the state of the research is discussed. Questions being addressed are how the high
product quality needed for higher value applications of lignosulfonates can be achieved.

2. State of the Art Isolation Processes for Kraft Lignin

The annual pulp production from the Kraft process worldwide amounts to ~180 M
tons, thereby ~55 M tons of lignin are dissolved into the black liquor [21]. The chemical
recovery cycle uses lignin as fuel for the recovery boiler, which makes it the most important
bio-fuel for the process. The generated heat is first used on site for steam production, which
is used, e.g., in the fiber line, and heat surpluses are used for electricity generation. Lignin
derived during Kraft cooking is soluble at pH > 10, by decreasing the pH lignin precipitates.
The isolation of lignin from black liquor can hence be easily done by acidification of
the highly alkaline black liquor with any acidifying agent and is most commonly used
in industrial lignin isolation [15]. In literature, H2SO4 and CO2 are mainly discussed as
acidifying agents because these two acids do not change the matrix of the black liquor [22].

Lignin molecules in the black liquor are assumed to be dissolved in a colloid-like
form and the phenolic OH groups are weakly acidic. Hence, their dissociation can be
described in dependence on the pH. At high pH, the negatively charged lignin molecules
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are associated with sodium as the counter ion. When the pH drops to the range of the pKa
of the phenolic OH groups (pKa—10), their degree of protonation increases, while at the
same time hydrophobic forces, such as the van der Waals forces, increase and the lignin
molecules partially precipitate [23,24]. In general, isolated lignin is acidified well below
the pKa of lignin. A pH below 2 ensures complete protonation of hydroxyl and carboxyl
groups to form sodium free hydrogen lignate. It is worth bearing in mind that acidified and
dried lignin is no longer soluble in aqueous solutions; hence, the process is irreversible [1].
In addition to precipitation, ultrafiltration and electrochemical methods can also be used to
separate lignin from black liquor, but they are at present not of industrial relevance [13].

Figure 1 gives an overview of the lignin isolation processes on industrial and pilot
scales. Blue indicates the longest running process, which is further called the WestVaco
process. The two processes in green are the LignoBoost process and the LignoForce Sys-
temTM, which both inserted one additional process step to enhance the filterability of
precipitated lignin and the processing to pure lignin is claimed too. Those two processes
are also operated on industrial scale. The fourth process is the SLRP process, where at
present no industrial size application is known.
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All four processes use a mean black liquor with a dry substance content of 20–40% as
a feed stream for the lignin precipitation. Furthermore, CO2 is used as acidifying agent in
a first acidification step. The key advantage of using CO2 as acidifying agent is that the
Na- and S-balance during chemical recovery is not disturbed [25]. The goal of a second
acidifying step is to exchange sodium, bound to the lignin, by hydrogen leading to a
high sodium recovery rate and to a lignin having a low ash content. SLRP, LignoBoost
and LignoForce use sulfuric acid for this secondary acidification. The first patent for the
WestVaco process does not make the washing procedure claim. In consecutive patents
different procedures are named.

Maturing of the precipitated lignin promotes coagulation what improves its filter-
ability and is implemented in all processes except the SLRP process. In the LignoBoost
and LignoForce process, the maturing is followed by a filtration step using filter press
equipment. The WestVaco process does not give any information about the filter equip-
ment installed.

Kraft pulping uses NaOH and Na2S as cooking chemicals, which leads to a high sulfur
load in the black liquor. One topic to be addressed when dealing with the lignin isolation
from Kraft pulping by acidification is the release of toxic H2S and other odorous sulfur
components, such as mercaptans, dimethyldisulfide, or dimethylsulfide.

2.1. The WestVaco Process—Indulin

Indulin lignin is the by-product of linerboard pulp. Kraft lignin was already derived
by acidification of soap-free mean black liquor for the precipitation since the late 1940s.
The process was patented by the West Virginia Pulp and Paper Company in 1949 and is
still in use. Figure 2 shows the flow chart of the main patent of the WestVaco process [26].
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Figure 2. Schematic drawing of the WestVaco process.

Black liquor is extracted from the evaporation train with a solids content of 20–30 wt%.
Tank 1 and 2 are operated alternatingly, either being used as tanks for the un-carbonated
or for the already carbonated black liquor. A tank is needed for the acidification, which is
performed with plant derived CO2 and more than one passing of the carbonating column
is needed to obtain a pH of 9. The carbonating column is set up as packed column. To
increase the filterability of the precipitated lignin, maturing is performed in tank 3 and the
temperature of the carbonated liquor is increased to 71–93 ◦C. The preferred temperature
mainly depends on the source of black liquor and the rate of heating. After heating,
the black liquor is allowed to cool down to improve the filterability once again. The
treated black liquor is then filtered and either dried or further processed [27]. Further
processing of the lignin can involve acid hydrolysis to remove both, the hemicellulose and
the sodium. The covalently bound sulfur originating from the digestion process remains
on the lignin [28]. In 1960, Keilen et al. claimed a process for improved coagulation of
the precipitated lignin and the transformation from the sodium-lignate into “free lignin”,
which describes an ash-free lignin. The intention of this development is to improve the
filtration properties and the recovery of sodium [29]. The further processing of either just
precipitated or also cleaned lignin by spray drying is the last step in the production process
of lignates and “free lignin” [30].

In a consecutive patent Ball and Vardell claimed a continuous process using sulfuric
acid as acidifying agent in combination with a black liquor having a dry solids content
of ~50 wt%. The process is operated at elevated temperature and pressure to be able to
process the viscous black liquor. The main advantages of this development are the high
yield and the fast coagulation of precipitated lignin [31].

In the 1950s and 1960s, the West Virginia Pulp and Paper Company built a large patent
family claiming the whole process chain starting from black liquor to a washed, ash free
lignin. The corresponding products were developed and claimed at the same time.

2.2. LignoBoost

The LignoBoost process was jointly developed during a project involving the Chalmers
University of Technology and the Swedish research institute Innventia, which was launched
in 1996. Today, the Valmet Corporation of Finland commercializes the process. The first
full scale industrial LignoBoost plant was commissioned at Domtar’s pulp mill in North
Carolina with an annual capacity of 25,000 tons of isolated Kraft lignin. The second
LignoBoost plant was installed in the Stora Enso Sunila mill in 2015 in Finland with an
annual capacity of ~50,000 tons of isolated lignin [24].



Processes 2021, 9, 804 5 of 18

For the isolation of lignin, mean black liquor with a total solids content of 30–45%
is extracted from the evaporation train and cooled to the precipitation temperature of
60–80 ◦C [32]. The pH of the liquor is then lowered from ~13.5 to ~10 by addition of CO2;
the amount of CO2 needed is reported as being 150–300 kg CO2 per ton of isolated lignin.
The major part of lignin precipitates and the generated slurry is subsequently matured
at 50 ◦C for 30 min. Maturing increases the filterability of precipitated lignin because of
particle growth [33]. After maturing, the slurry is filtered in a chamber filter press and
the filtrate, now termed lignin lean liquor, is returned to the liquor cycle, where it is
reintroduced into the evaporation train at the stage after the point where the mean black
liquor has been removed for precipitation. This implementation point ensures that the
lignin lean liquor cannot be repeatedly cycled to the precipitation step, which would
decrease the precipitation yield. The filter cake, consisting of precipitated lignin, residual
lignin lean liquor, inorganic salts, and hemicellulose, is then re-dispersed in a sulfuric acid
solution at a pH of 2–4. Re-dispersion prevents blocking of the filter, which is a result of
acid washing of the filter cake due to further precipitation of lignin from the remaining
lignin lean liquor. By the ion exchange of sodium and hydrogen, an ash content of 0.2–1.4%
is obtained and at the same time the ion exchange ensures the recovery of sodium [34,35].
The slurry is then filtered again in a filter press and washed with a diluted sulfuric acid
solution. Pressing and blowing of the filter cake removes as much liquid as possible
before it is discharged and further processed depending on the final application [36–38].
Figure 3 shows a schematic drawing of the LignoBoost process and the most important
process parameters.
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Closed loops are a need in today‘s manufacturing processes, and hence the filtrate
and the wash water of the second filtration needs to be implemented in the water cycle.
Moreover the use of unbleached or oxygen de-lignified pulp is reported for washing of the
filter cake [39].

2.3. LignoForce

The LignoForce SystemTM was invented by FPInnovations and was commercialized
by NORAM engineering. The first commercial scale-up of the LignoForce SystemTM
was started up in 2016 in the company West Fraser in Canada [40]. In comparison to the
LignoBoost process, a filtration step and an oxidation step of the black liquor are introduced
prior to lignin precipitation. To decrease the totally reduced sulfur compounds (TRS) like
hydrogen sulfide, methyl mercaptan, dimethylsulfide, and dimethyldisulfides, during the
further processing, the oxidation thereof is performed using O2. Pure oxygen is thus added
to the filtered black liquor until a sulfide content of 0–0.5 g/L is reached. In addition to
the sulfur components, hemicellulose and lignin are also oxidized [41]. Oxidation of the
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hemicellulose leads to the formation of the corresponding isosaccharinic acids or shorter
organic acids, like acetic acid or lactic acid, which leads to a decrease in the pH. Alongside
with the oxidation of the hemicellulose, lignin is oxidized to carboxylated lignin, which has
a much higher solubility in water. The overall lignin yield of this process is hence expected
to be lower. However, by implementing the oxidation step better filtration properties
are reported and acid washing is realized already after the first acidification with CO2 to
ensure low ash content [42]. The CO2 demand for the acidification to a pH-value of ~9.5
corresponds to 300–400 kg CO2 per ton isolated lignin [43]. Figure 4 shows the flowchart
including the most important process parameters for the LignoForce SystemTM.
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2.4. Sequential Liquid-Lignin Recovery and Purification (SLRP)

The first provisional patent application was filed in 2009 by Michael Lake and John
Blackburn. They founded the liquid lignin company, which is currently trying to find
investors and industrial partners for commercialization of the SLRP process and the related
products [44]. Unlike the WestVaco process, the LignoBoost process and the LignoForce
SystemTM, the SLRP process operates at elevated pressure and temperature, which leads
to a remaining liquid lignin. The comparably low CO2 demand of 170 kg of pure CO2 per
ton lignin is mainly related to the highly efficient absorption of CO2 at high pressure [45].
Figure 5 shows the flowchart of the SLRP process and the most important process parame-
ters. The mixture of liquid lignin and lignin lean liquor is separated after the carbonization
step into the lighter lignin lean liquor, which is sent back to the evaporation train, and the
heavier liquid lignin, which is further processed in a manner similar to the LignoBoost
process and the LignoForce SystemTM.
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2.5. Factors Influencing the Precipitation and Filterability of Lignin from Black Liquor

The acidification of black liquor is not easily described, because alongside with the
chemical absorption of CO2 irreversible reactions take place in a relatively complex process
stream. The absorption of CO2 into NaOH is well described, but the model developed
for this test system cannot be fully applied to black liquor acidification [46]. The main
influencing factors on the lignin precipitation are the CO2 concentration, the process
conditions and the black liquor composition. Further, hydrodynamics in the reactor
influence the filterability.

2.5.1. Acid Type

Each acid type can be used for the lignin precipitation, no matter if weak or strong
acids are used. However, on industrial scale only CO2 and H2SO4 are of importance. By
using plant derived CO2 the carbon footprint of the mill can be decreased, and the matrix
of the black liquor is not changed; the same applies if sulfuric acid is used. The described
processes use both acids, the first acidification to a pH of 8–10 is realized with (plant
derived) CO2 and the second acidification step uses H2SO4 to decrease the pH to 1–2.

2.5.2. CO2 Concentration

All named processes claim the use of pure as well as dilute CO2 as acidifying agent,
however, at least the three newly invented processes LignoBoost, LignoForce and SLRP use
pure CO2 from the bomb for the precipitation. The use of dilute CO2 for the precipitation of
lignin suffers not only from longer precipitation time, but the precipitation is accompanied
by foaming. The use of pure CO2, however, does not result in foam formation [47]. Foaming
in pulping processes is well known and can be caused by lignin, resin, fatty acids, and
sulfate soap. Chao et al. performed a broad study on foaming using black liquor properties
and the black liquor composition for the description and prediction of foaming tendency
in pulping processes. They found out that the dynamic surface tension of black liquor can
be used to predict foaming and also helps to decide for a certain defoaming agent [48].
Process parameters influencing the foam formation are besides the concentration of the
black liquor and the temperature, the gas inlet, and the pH. By decreasing the gas inlet
velocity and the pH also foam formation decreases [49,50].

Apart from technical issues related to the use of dilute CO2, it needs to be taken into
account from an economic point of view. Off-gas from the mill is free of charge while pure
CO2 needs to be additionally purchased and stored.

2.5.3. Black Liquor Composition

The black liquor composition highly influences the process conditions during pre-
cipitation and, most importantly, the filterability. Black liquor composition summarizes
the influence of the wood source, the digestion process and the applied process condi-
tions on the hemicellulose content, the dry substance content, organic acids, and sulfidity.
Öhman et al. used black liquor from six different mills, where mainly softwood is pro-
cessed, and investigated the influence of a ultrafiltration step prior to lignin precipitation
from the resulting lignin rich retentate. Further, they subjected the black liquor to a heat
treatment before precipitation and compared the results with black liquor directly taken
from the evaporation train. They concluded that the filtration properties vary from eas-
ily filterable to very difficult to filter for different black liquors treated in the same way.
Lignin precipitates from ultrafiltrated black liquors, where the high molecular weight
lignin is concentrated, were in general more difficult to filter, but the precipitation yield
was higher [51]. By performing the precipitation at different pH values, a fractionation
of the lignin can be realized; high molecular mass lignin precipitates first [52]. Such an
operation is of interest especially when the product development is performed at the same
time. Product development using technical lignins requires lignin in a defined quality, and
in the best case with a narrow molecular weight distribution.
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In general, soap free mean black liquor is used for lignin precipitation. However,
soap removal is not complete and varies with the wood source and the season; with
increasing soap content the filtration resistance increases. Furthermore, the dry substance
content and the hemicellulose content influence the precipitation and the filterability of
precipitated lignin. While a higher solids content increases the lignin yield and improves
the filterability [41], a higher hemicellulose content decreases the filterability. Ball and
Vardell reported this finding already in the 1960s [31]. During lignin precipitation not only
lignin but also hemicellulose can precipitate. Howell et al. investigated the influence of
hemicellulose concentration on the lignin filterability. The hemicellulose content in the
black liquors was lowered prior to precipitation by heat treatment, ultrafiltration, and a
combination of ultra- and nanofiltration. The filtration properties were compared to a
reference sample. The results show that the specific lignin filtration resistance for a black
liquor containing 5 g·L−1 hemicelluloses was 1010 m·kg−1 and for a black liquor containing
14 g·L−1 hemicellulose 1013 m·kg−1 [53].

2.5.4. Process Conditions during Precipitation

The summarized processes use different process conditions, where temperatures
above and below the boiling point of water are used. For precipitation above the boiling
point of water, high pressure is applied and the lignin remains in a liquid state. Oper-
ation at ambient pressure uses a precipitation temperature between 60 and 80 ◦C. The
variation of the precipitation temperature is related to the wood species processed in the
digester [39]. The filterability of precipitated lignin increases with increasing precipitation
temperature; a precipitation temperature of 70 ◦C resulted in a specific filter cake resistance
of 2.4–4 × 1012 m−2. By decreasing the precipitation temperature to 50 ◦C, the specific filter
cake resistance increased to 1.3 × 1013 m−2 [54]. These findings are in line with literature
published in the last eight decades. However, a temperature higher than 80 ◦C results in a
soft, tar-like substance that is difficult to filter. This appearance and behavior are related to
the glass transition temperature of lignin, which is between 80 and 120 ◦C [55].

The pH after the first acidification step is the same for all state of the art processes and
is related to the dissociation behavior of CO2. Figure 6 shows the dissociation of CO2 in
dependence on the pH value.
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The pH-dependent yield for lignin precipitation from softwood lies in the range of
30–80% at a precipitation temperature of 65 ◦C and a precipitation pH of 11 and 9.5, respec-
tively. A decrease of filtration resistance with decreasing precipitation pH is reported [53].
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2.5.5. Resource Structure

Lignin, dissolved during Kraft cooking is a complex, irregular phenolic bio-polymer,
which varies in the molecular weight as well as functional groups. By sequential precip-
itation a fractionation of lignin depending on the molecular weight can be done. Here
different methods were investigated. The precipitation using different organic solvents, like
aceton/methanol, acetate/petroleum ether, and petroleum ether lead to a fractionation of
lignin in three insoluble fractions having different molecular weight., as well as the lignin
structure, meaning the mono lignols and the aliphatic, phenolic hydroxyl, and carboxylic
content differed in the three fractions [56]. Fractions of lignin were tested to produce lignin
based polyurethane films. Increasing the molecular weight of lignin improved the resis-
tance to deformation of the lignin based polyurethanes [57]. A fractionation by sequential
ultrafiltration was investigated in combination with the use in blends for low density
polyethylene. It was shown that fractionation is possible; however, the black liquor needed
to be diluted to be able to process the liquor, and depending on the fraction of lignin that
was used, the tensile strength of the low density polyethylene was reduced when high
molecular lignin was used, but when using low molecular weight, the tensile strength
was even increased [58]. Araujo et al. investigated the heating value of Kraft lignin in
dependence on the molecular weight, by fractionation with organic solvents defined classes
of molecular weight were prepared. It was shown that the higher the molecular mass of
lignin, the higher the heating value [59].

2.5.6. Hydrodynamics

Hydrodynamics in the reactor influence the particle growth and subsequently the
filterability of the precipitated lignin. Keilen et al. investigated the influence of agitation
during maturing on the particle size, and concluded that the particle size increases with
decreasing Reynolds number (Re). A Re of 700 is given as the lower limit for processability,
resulting in a particle size of 10–100 µm. The upper limit is given with a Re of 2100 and
corresponds to a particle size of 1 µm. Reynolds numbers > 2000 led to an impracticable low
filtration [29]. Similar results were obtained by Howell and Thring, They used the spent
acid from a Mathieson chlorine dioxide generator for the precipitation and proposed a
stirring rate as low as possible. However, a certain stirring level must be given to uniformly
mix the acid and the black liquor [60]. Kannangara et al. conducted a comprehensive
study investigating the influence of the turbulent shear rate during precipitation as well
as during maturing on the filtration properties. The lowest filter resistance was found at
2 × 109 m·kg−1, which corresponds to process parameter having high shear at the precipi-
tation and low shear during maturing [33]. There is no comprehensive study available that
investigates the influence of different impeller types and speeds on the lignin particles size
and hence appearance during lignin filtration.

2.5.7. Other Influencing Factors

The heat treatment of black liquor prior to precipitation is reported to increase the
filterability of precipitated lignin. Therefore, Black liquor was cooked for 3 h at 170 ◦C. This
procedure led to increased filterability for all treated black liquors, which can be connected
to the lower viscosity of the black liquor [32] and to the degradation of hemicellulose [53].
Heat treatment not only increases the filterability, but the functional groups also change as
a result of this procedure [61].

In addition to factors influencing the filterability, the precipitation yield can be in-
creased by salting out. In order to foster lignin precipitation, sulfate ions, like Na2SO4 or
CaSO4, are added to the black liquor. The addition of 50 g/L Na2SO4 to a black liquor with
a dry substance content of 30% led to an increase of the precipitation yield from 60.5% to
66.8% at 80 ◦C [51].
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2.5.8. Economics

The utilization of precipitated lignin as biofuel in the lime kiln is implemented, but it
is a low value application [36]. The development of the pulp and paper industry towards
an integrated biorefinery uses lignin as raw material for high value products, however, the
product development for high value applications still is on an TRL level of 4 and 6 [62].

The recovery boiler is the heart of a pulping and paper mill, it is operated at the
maximum thermal efficiency, but by extracting lignin from black liquor, the heat load is
affected negatively. This impact leads to a reduced steam generation of up to 6% [62].

From an economic point of view the integration of a lignin isolation can boost the
profitability of a pulp and paper mill, but at the same time as the lignin isolation plant is
implemented the pulp production needs to be increased accompanied by a an advanced
process integration. Savings, just if at the same time the pulp production is increased, the
integration of lignin isolation in an existing plant without an increase in pulp production
leads to much higher payback periods. Reason for that is that lignin isolation leads to a
higher energy demand for the pulping [63].

Economics of the integration of lignin isolation are for sure depending on the price for
the chemical needed as well as on the product price for pulp and lignin itself. Different
scenarios were investigated by Olsson et al. and Benali et al. [62–64].

2.6. Comparison of Lignin Washing in the LignoBoost Process, the LignoForce SystemTM and the
SLRP Process

The exact operation procedure of the washing step in the WestVaco process was not
clearly found in the patents and literature studied. Combining the different patents, the
first acidification is done with CO2 from the lime kiln followed by a washing procedure,
which includes a second acidification step. Because of a lack of available data for the
washing procedure of the WestVaco process, only the three newly developed processes, the
LignoBoost process, the LignoForce SystemTM and the SLRP process are compared with
each other.

The three processes follow different washing procedures and the published ash con-
tents differ between the processes. The comparison of the three processes is done based
on a defined wash water demand, applying the attempt published by Tosun [65]. This
model uses a series of non-equilibrium mixing cells to model displacement washing. To
produce equivalent and hence comparable results for the three processes, the following
assumptions and simplifications are made:

• The lignin formed has the same properties in terms of filterability, filter cake porosity
etc. for all three processes.

• The amount of produced lignin is defined with 0.83 m3 of dry lignin, all streams and
parameters are defined accordingly.

• Input black liquor has the same solids content and ash content for all three processes.
• The lignin content in the filter cake remains stable during washing.
• Pure water is used for the washing with a density of 1 kg·L−1.
• The acidification with CO2 (1st acidification step) does not influence the overall ash

content of the model.
• The acidification with H2SO4 (2nd acidification step) is taken into account in the

overall ash balance.
• Based on washing data published by Öhman et al. three theoretical mixing cells are

assumed [34].
• The ratio of wash liquid to pore volume in the filter cake equals 1.1.
• Dilution effects by addition of CO2, H2SO4 or O2 and concentration effects for example

by the evaporation or the liberation of H2S and CO2 are neglected.
• Black liquor, lignin, and lignin lean liquor densities are equal.
• Inorganics are treated as a single substance.
• Values for H2SO4 demand for the second acidification are the average values from

published data.
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Table 1 summarizes the basic data for the performed calculation of the resulting
product quality using a water demand of 1.7 m3 for the three processes.

Table 1. Basic data for calculation of the washing efficiency for the LignoForce, LignoBoost, and
SLRP process.

Basic Data Unit

Total lignin volume 0.83 m3

Lignin cake porosity during washing 65%
% dry substance feed black liquor 40%

% ash in dry substance of feed black liquor 40%
Final lignin cake porosity after washing 35%

Total volume of clean wash water 1.7 m3

The calculation of the lignin product quality leads to an ash content of 1.41% for
the LigoForce lignin, which is similar to the LignoBoost lignin with 1.52%. The SLRP
lignin shows an ash content of 2.18%. The comparison of the processes using the above
mentioned approach is however rather shaky, as the input black liquor is not characterized
and published properly for all three processes.

Figure 7 shows titration curves for two different black liquors, BL 1 was observed from
a local pulp and paper mill, and the red data set “Theliander” is taken from literature [47].
One can see that the neutralization for the Theliander black liquor and BL 1 differs a lot, the
differences can be attributed to different input material and different cooking conditions
leading to lignin with different molecular weight and a different structure. The calculation
of the lignin quality cannot cover these differences in the feed black liquor. This simple
measurement shows how different two black liquors behave and hence make process
simulations and direct comparisons difficult.
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lignin isolation costs must be ensured. Since most pulp mills are limited by the capacity of
the recovery boiler, the main reason for lignin isolation is debottlenecking [66].

In the 1950s and 60s the West Virginian Pulp and Paper company built up a com-
prehensive patent family around lignin isolation, purification, and modification thereof.
The products based on the modification are based on water soluble Kraft-lignin, which
is in competition with lignosulfonates. Patents from the West Virginian Pulp and Paper
Company are very broad in extent and already cover most of the topics addressed today.

In the past 20 years, research on the topics of lignin isolation, purification and the
products derived from these processes has received new impetus. In the course of this
drive three new lignin isolation processes were developed bringing in some significant
advantages, but suffer, except for the SLRP process, from batch operation and from the
reported use of CO2 from the bomb.

All processes use CO2 for the acidification to a pH between 8 and 10, and also claim
the application of plant derived, dilute CO2. However, in the literature the costs for CO2
from the bomb are discussed as a cost driving factor for lignin precipitation. By using plant
derived CO2, e.g., from the lime kiln, operational cost saving for CO2 of up to 50% are
reported [36].

The utilization of plant derived CO2 is technically challenging due to foaming of the
black liquor [43]. When a CO2 neutral integrated biorefinery is the objective; however,
it is necessary to use plant derived CO2. The CO2 demand for the LignoBoost process is
given with 150–300 kg CO2/t isolated lignin; surprisingly the CO2 demand for LignoForce
SystemTM is reported to be slightly higher with 300–400 kg CO2/t isolated lignin. Because
of the oxidation step prior to lignin precipitation, hemicelluloses are degraded to carboxylic
acids leading to a decreased pH value. The pH decrease is expected to lower the CO2
demand compared to that in the LignoBoost process, but oxidized lignin has a higher water
solubility compared to non-oxidized and may lower hence the precipitation yield. For the
SLRP processes, the CO2 demand is reported as 170 kg CO2/t isolated lignin. The lower
demand compared to LignoBoost and LignoForce is attributed to the higher operation
temperature and pressure, which leads to higher CO2 solubility in the black liquor. Even
when the reported CO2 demand for the three process can be attributed to the oxidation
step in case of the LignoForce process or to the operation conditions in case of the SLRP
process, comparison is difficult as the treated black liquor was not the same for the three
processes, but the composition thereof highly influences the CO2 demand.

Foaming during lignin precipitation is an issue in the state of the art processes. There
are two ways to reduce or prevent foaming. On the one hand an equipment design similar
to an Airlift reactor can help to decrease or even prevent foaming. On the other hand,
de-foaming agents like alcohols or other technically used de-foaming agents proved to be
effective in this respect (unpublished results). In addition to apparatus design and hence
changed hydrodynamics in the reactor, the processing itself may also help to overcome the
foaming issue. It is well known that the soap content and the pH influence the stability
of foams through a continuously operated precipitation process, meaning that foaming
can be decreased by processing at the targeted precipitation pH of 8–10. Because of the
phase contact between a gaseous phase and a liquid phase and the formation of a solid
phase, special attention needs to be drawn to the hydrodynamics and the gas inlet in the
equipment used. In general, solid particles are able to stabilize foams, which most probably
also happens at the interface during lignin precipitation with dilute CO2.

Lignin precipitation is in general possible for all black liquors; however, it turns out
in practice that each black liquor requires slightly different process conditions in terms of
precipitation pH, maturing time, and temperature to ensure practicable properties for a
subsequent filtration. A specific optimum operation pH and temperature with respect to
the highest yields needs to be investigated separately for each black liquor. Hence, the
available “ready-made technologies” need adaptations if implemented in a pulping process
for the treated black liquor. Öhman et al. performed a broad study on the precipitation and
filtration of black liquors from different pulping sites and different wood sources as well as



Processes 2021, 9, 804 13 of 18

digestion technologies. Some black liquors were not further treated in the course of this
study, because filtration of the precipitated lignin was not possible [32].

It has emerged that the most crucial point in lignin manufacturing is the filtration of
precipitated lignin [32]. The unique selling point of both the LignoBoost process and Lig-
noForce SystemTM is improved filtration properties. LignoBoost overcomes filter blocking
by introducing an acidic re-slurry step after the first filtration step, followed by a second
filtration step in which displacement washing using acidified washing water is applied. In
contrast, the LignoForce SystemTM introduced a filtration and an oxidation step prior to
precipitation, which improves the filtration properties. A reason for the increased filtra-
tion properties may be the decreased hemicellulose content. However, problems during
filtration or more precisely during displacement washing of the filter cake after the first
acidification, are related among others to further precipitation of lignin in the residual black
liquor in the pores of the filter cake. Therefore, it is expected that the LignoForce SystemTM
will address filter blocking by some means, but there is no information available yet on
how this topic is treated. Published data provides the information that only one filter press
is needed in which both the filtration of the precipitated lignin and the cake washing with
acidified water are performed.

The SLRP process operates at an elevated temperature and pressure. As a result,
higher operation costs are assumed. The unique selling point is the continuous operation
of this process, which should bring the advantage of constant product quality.

The Kraft process uses Na2S as cooking chemical, which leads in the further processing
to the formation of odorous totally reduced sulfur compounds such as methyl mercaptane,
H2S, dimethyl sulfide or alike. It is reported that the use of anthraquinone is able to
reduce the formation of reduce sulfur compounds and increased the pulp yield [67]. By
reducing the pH value of the black liquor at least H2S is liberated to the environment. The
LignoBoost process implemented an oxidation step prior to lignin precipitation the oxidize
these compounds and hence reduce the odorous compounds. However, at the moment
the lignin filter cake is washed and by washing these substances are removed, leading to a
precipitated lignin without the smell of reduced sulfuric compounds [63]. Furthermore,
the production of sulfuric compounds from the incineration of non-condensable gases in
the paper mill is already offered [68].

The color and appearance of lignin differs with the wooden material used for pulp
production. Lignin utilization in color-dependent fields is limited. Zhang et al. found
out that the dark color of lignin is related to the agglomeration of lignin. Lignin that
is precipitated at pH values > 6 has a higher degree of agglomeration leading to a dark
color, whereas lignin precipitated a lower pH values has a lighter color. But, for some
applications color does not play an essential role and hence these applications are ahead.
Huge effort was made in the development of implementing lignin in the paper board
production, where it is implemented already today. Lignin is able to enhance the barrier
properties of paper board, but the development of carbon fibers of various dimensions and
for different applications based on lignin seems to be not only of academic interest, but
also for commercial utilization [69,70].

3. State of the Art Isolation Processes for Lignosulfonates

Direct precipitation followed by filtration is not possible for spent sulfite liquor,
because of the solubility of lignosulfonates over the entire pH-range. Hence, other process
routes need to be used for the isolation. Reviewing the mass transfer unit operations
based on their functional principles, drying, extraction, reactive extraction, adsorption,
or membrane unit operations can be used for the (selective) isolation of lignosulfonates.
The unit operations absorption, distillation, and crystallization are not applicable for the
isolation of lignosulfonates, which is also reflected in the relevant literature.

The isolation of lignosulfonates and the market for them has been well established
since the early 20th century. The isolation and production of them has been carried out
since then by spray drying the spent sulfite liquor. The drawback of spray drying is the
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low product quality, as the end-product not only consists of lignosulfonates but also
contains process chemicals, hemicellulose and other wood degradation products of the
cooking process, such as organic acids. In Norway, lignosulfonates have been isolated
by ultrafiltration since 1981. Even with the drawbacks of a pressure-driven filtration
process and an overlap of molecular weight with hemicellulose, ultrafiltration is the
most economic process for lignosulfonate isolation at present [71]. Ringena et al. compare
reactive lignosulfonate extraction using amines with membrane ultrafiltration in order to
achieve fractionated lignosulfonate. While the reactive extraction led to three fractions,
with ultrafiltration five fractions were observed. Membrane processes for the isolation and
purification of lignosulfonates are commercially applied and it turns out that fractionation
of the lignosulfonates enables the development of products with high quality [20].

The Howard process, which combines precipitation and washing in a four-step process,
is also commercially used. The first step ensures the recovery of process chemicals by
adding CaO to precipitate CaSO4. The second precipitation process aims at the Calcium-
lignosulfonates, which are insoluble at pH-values > 12. The so precipitated lignosulfonates
can then be washed and filtered. This procedure leads to a lignosulfonate yield of up
to 95%.

Lui et al. investigated the separation of xylo-oligosaccharides and lignosulfonates
using ion exchange resins. They selected the resin D354 because of its high selectivity and
capacity for magnesium lignosulfonate. Around 93% of the xylo-oligosaccharides and 98%
of the lignosulfonates were recovered from treated spent sulfite liquor in a fixed bed [72].

The extraction of lignosulfonates is in theory possible, however, in a technical applica-
tion the emulsion formation of spent sulfite liquor cannot be neglected. This leads to the
conclusion that lignosulfonate extraction in commercially available extraction equipment is
not possible. There is a strong demand for new technologies and/or equipment for treating
process streams from the biobased industry, especially from the consideration that with an
appropriate design of the extractant phase a selective separation as well as a fractionation
of the lignosulfonates is possible [73,74].

The valorization of Kraft lignin and lignosulfonates for high-value products requires
high product quality. In terms of Kraft lignin after isolation and washing further modifi-
cation is needed in order to tune the solubility thereof. The modification is mainly done
chemically, via oxidation; sulfonation, acetylation, and simliar, and also the solubility in
different solvents is investigated to broaden the area of potential applications for Kraft
lignin. Applications for Kraft lignin vary from the replacement of Phenol in phenol resins,
to the use as surfactant in the oil industry, as nylon precursor, for structural materials and
composites to high value products like vanillin [75–82].

4. Conclusions

Lignin as the second most abundant bio-polymer can serve as an essential raw material
for many different purposes in a future bio-economy. The energy balance of the chemical
recovery must be considered carefully, when isolating lignin from black or spent sulfite
liquor. In terms of economy, lignin isolation needs to be accompanied with an increased
pulp production. At present, three lignin isolation processes from black liquor are operated
on industrial scale, where the WestVaco process is by far the oldest and the two newly
developed ones, the LignoBoost process and the LignoForce SystemTM were commissioned
in 2015 and 2016, respectively.

Kraft lignin isolation by acidification is state of the art and is ahead of the respective
applications. Kraft lignin has to compete with water soluble lignosulfonates, which are on
the market since the 1920s and hence the market therefore is well established. In the last
decades’ huge effort has been made to boost applications for Kraft lignin and to work on
its solubility. There are already some applications for Kraft lignin, e.g., the substitution of
phenol in resins, established, but still lots of research is needed to give credit to the unique
structure of lignin.
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