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Abstract: Black liquor (spent cooking liquor) is one of the major byproducts of pulp and paper
manufacturing. Black liquor contains 10-50% lignin, which is the main organic matter found within
that liquor. Different types of black liquors are obtained as per the type of feedstock, pulping process
and cooking method adopted by industries. In recent years, industries have been required to
accommodate newer varieties of feedstock such as non-wood and recycled fibers during the
delignification process, which can save plenty of trees and hence reduce their carbon footprint.
Therefore, the newer black liquors being generated differ in their physical characteristics, chemical
composition, and energy content from that of traditional processes.

Currently, black liquor is seen as a platform for the production of many renewable materials
for industrial applications that can be environmentally friendly with the potential to be used
substitute for fuel and commercial materials. However, most of the published review articles focus
on the kraft spent liquor and its derived kraft lignin that is obtained from kraft pulping process at
the pulp and paper as a source of bio-fuel and biomaterials. Meanwhile, several other black liquors
such as soda, and neutral sulfite spent (NSSC) liquor and their derived lignin are not highlighted as
sources of biofuel and biomaterials. Therefore, this review highlights all the types of black liquors
including soda, and neutral sulfite spent (NSSC) liquor in terms of their sources, physical and
chemical characterization, purification processes, and the potential applications of black liquor and
its derived lignin.
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1. Introduction

Climate change has urged researchers to discover green alternative fuel products to reduce fossil
fuel dependency and improve the efficiency and the quality of these products in order to tackle
environmental issues [1]. The world’s total energy consumption is expected to increase by 26%
between 2014 and 2040, therefore, the need to find a sustainable, reliable, environmentally friendly
and cost-effective clean energy source commercial applications have increased [2]. Also, using
green bio-base materials and bio-chemicals will effectively contribute in reducing environmental issues.

Biomass is one of the potential alternative resource to replace fossil fuel and petroleum-derived
materials as it is carbon neutral and sustainable [3]. However, using biomass for the production of
bio-energy and bio-base materials would perhaps create problems such as a competition with food
production and deforestation that may impact the environment negatively [4]. Furthermore, the
physical and chemical properties of biomass are another drawback for generating energy and
production of bio-base materials for its direct application. Additionally, the bulk density is
unfavorable for transportation, handling and storage, while high ash content, low alkali metals
content, high oxygen content, and low higher heating value are major barriers preventing its use as
an energy source [5]. Another drawback of using biomass as an energy source at existing power
generation facilities is the possible need to change the design of the equipment to enable them to use
biomass as an alternative fuel due to the major differences in the physicochemical properties between
fossil fuels and biomass [6].

Bio-fuels and bio-materials production from bio-waste such as agricultural residue, food
industry residue, and spent liquor from the pulp and paper industry are cheap and can add value to
the waste stream. Therefore, they have become an attractive alternative to fossil fuel and petroleum
chemicals. These exploited resources can attract more attention by pre-treating or converting them to
high quality and reliable bio-materials for various purposes [7], such as bio-char that can be used in
several applications such as carbon sequestration and soil amendment [8].

The pulp and paper industry uses forest biomass as a feedstock and produces a byproduct called
black (spent) liquor which is one of the biomass resources. Spent liquor can be further used for the
production of energy and bio-base materials [9]. Black liquor is composed mainly of water, organic, and
inorganic matters [10]. It contains about 65-85% solid content [11] and 10-50% lignin by weight [12].

Spent liquor and its derived lignin have been used for energy and bio-base material production
via bio-refinery technologies for an efficient biomass conversion. Kraft pulp mills are already
applying this technology for the production of cellulose fibers as a bio-material, some bio-chemicals
such as tall oil and turpentine, and bio-energy to become energy self-sufficient mills [13]. During this
process, the delignification (cooking) step is first carried out that significantly degrades lignin and
hemicellulose and produce black liquor as byproduct. This is followed by steps that include a
recovery boiler unit where liquor is concentrated by evaporation, and then burned for recovery of up
to 65.4% of the energy content of black liquor and 96.6% of its sodium [14].

Kraft pulping is the most popular process for the production of pulp and paper around the world,
followed by soda pulping. However, many pulp and paper mills currently tend to use pulping
processes of smaller daily production capacity in order to reduce the quantities of chemical products
to obtain environmentally friendly products. Neutral Semi sulfite chemical (NSSC) pulping is one of
the traditional pulping processes that has survived and can achieve that target. Therefore, many pulp
and paper mills currently use that process for their production [15]. Using different processes for the

AIMS Energy Volume 6, Issue 5, 880-907.



882

production of pulp and paper can produce a variety of black liquors as byproduct with different
physicochemical characteristics that needs to be highlighted.

Most of the available literatures focus on Kraft spent liquor resulting from the Kraft pulping
process, while there is absence of published literatures that involves all the other types of spent
liquors, though in recent years, few other types of spent liquors from different processes have been
reported. Therefore, the aim of this manuscript is to give a comparative account of all the types of
spent liquors in terms of sources, physical and chemical characteristics, purification processes, and
potential applications of spent liquor and its derived lignin. Also it provides a comparative potential
application of these spent liquors. All types of spent liquors need an opportunity to be used as
environmentally friendly substitutes of petroleum fuel and materials.

2. Spent liquors
2.1. Sources and types of black (Spent) liquors

The pulp and paper industry is the main source of the spent liquor that results from different
chemical pulping process under different operational conditions. Pulping chemicals and operation
conditions vary depending on the feedstock used for the production. During the pulping, the
separation of cellulose, lignin (delignification), and hemicellulose from the wood or any feedstock
chips take place by treating them with chemicals. Several pulping processes are used in pulp and
paper mills. Kraft (sulfate) and soda are the two main alkaline chemical pulping processes that
have been used commercially [16], in addition to sulfite pulping processes such as neutral sulfite
semi chemical (NSSC) that has also been used widely nowadays [17]. Based on the pulping
processes spent liquors can be categorized into three main types. These types include kraft, soda,
and NSSC spent liquors.

2.1.1. Kraft spent liquor

Kraft (alkaline) pulping is the predominating procedure for the production of chemical pulp and
its byproduct named kraft black liquor. Only minute changes have been made in terms of the
practical performance of this process since its introduction in 1879 due to its simplicity, rapidity, and
high quality of the resultant pulp. However, this process possesses several drawbacks such as
incomplete delignification and high temperature requirements for sufficient and extensive
delignification needed in order to avoid exposing the carbohydrates to the pulping conditions for a
long time [18]. This process involves treating both hardwood and softwood with a sodium sulfide
and sodium hydroxide solution within the temperature range from 160 to 180 <C at pH 9-13.5 [19]
for the production of bleached-printing and writing papers, paperboard, unbleached-heavy packaging
papers, paperboard. It also involves dissolving pulp to produce viscose rayon, cellophane, acetate
fibers, and films [20] and the spent liquor resulting from this process has an alkaline pH value.

2.1.2.  Soda spent liquor

Soda pulping process was invented in 1851 in England by Burgess and Watts. It was used
industrially starting from 1853, and then was transferred to the United State of America in 1854. The
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first mill was started in 1866; however, many soda pulping mills were converted to kraft pulping
mills once the kraft pulping was invented [21]. It was used traditionally for non-woody materials,
and for obtaining high yields of hardwood pulps that are employed for the production of paper
packaging and boards [22].

Soda pulping process includes heating lignocellulosic biomass in a pressurized reactor
(140-170 <€) in the presence of 13-16 wt% sodium hydroxide (alkaline hydrolysis), to produce
lignin called Soda lignin. This process was replaced by kraft pulping, which now dominates the
chemical pulping industry. The Soda pulping process has limited use for feedstock such as some
hardwoods and straws that are easily pulped, therefore it only contributes to 5-10% of the total
pulp production in the world [23]. This process involves treating feedstock which is mainly
composed of agricultural wastes with sodium hydroxide (10-15 wt%) at a temperature range of
150-200 <€ [24] and pH of 9.5-10.0 [25]. The main advantages of this process are the absence of
sulfur [24] and the ability to be used for the production of pulp and paper from non-woody
feedstock. Therefore, it is an environmentally friendly process [26]. Spent liquor resulting from
this process is named soda spent liquor.

2.1.3.  Neutral sulfite semi-chemical (NSSC) spent liquor

NSSC process is one of the sulfite pulping processes that is used currently for the production of
hardwood corrugating medium [15]. Generally, sulfite pulping involves treating the feedstock
species at temperatures between 120-180 <€ for 1-5 hours [24]. Sulfite pulping can be categorized
into three processes, which are acid sulfite, bisulfate, and neutral sulfite. The difference among these
processes is the level of acidity or alkalinity of the delignification solutions [16]; hence they produce
black liquors with pH that are identical to their corresponding pulping process. Acid sulfite pulping
takes place in the pH range of 2—4, bisulfate sulfite pulping takes place in the pH range of 5-6 [27],
and neutral semi-chemical sulfite (NSSC) process takes place in the pH range of 5-7 [19]. The
feedstock for NSSC pulping can be a mix of virgin wood chips with 20-35% of recycled or
re-pulped secondary fibers [17]. Current developments involve the use of NSSC as a partial kraft
pulp substitute in linerboard and bag grades [28,29] and the bleached NSSC can be used for the
production of printing and writing papers, cards and tissue paper [15] as it is more flexible than kraft
pulping in terms of variety cooking chemicals that can be used as pulping medium, bleaching of
NSSC pulp can be performed simply using less energy to be refined [30]. The main drawback of this
process is that NSSC spent liquor drain to the water resources as effluents if not used for the
production of energy and bio-materials. NSSC spent liquor contains high amounts of inorganic
content (ash) compared to its organic content.

2.2. Physico-chemical characteristics of spent liquors

The characteristics and composition of spent liquors are different depending on the type of
feedstock (such as softwood, hardwood, or fibrous plants), the type of pulping processes that
represent the operational conditions, and the chemicals used in the pulp and paper production mills.
However, for all the feedstock and pulping processes used, the spent liquor can be described as a
complex aqueous mix. This mix is composed of organic substances of wood and fibrous plants such
as lignin, polysaccharides and resinous compounds of low molar mass, as well as inorganic
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compounds that come from soluble salts ions [31]. The composition of kraft spent liquor was
assumed to be CioH12507Naz4Sp36 with a molar S/Na; ratio of 0.3 [32]. However, different kraft
liquor has different chemical formula based on their elemental analysis. Table 1 represents the
physico-chemical and the energy content in black liquors obtained from different type of feedstock
and different pulping processes.

Table 1. Physico-chemical and the energy content of spent liquors obtained from
different type of feedstock and different pulping processes.

Pulping Proximate analysis (%) Ultimate analysis (%) HHV
process Feedstock pH Ash \olatile  Fixed C H N S Na K (MJ/kg)  Refs.
matter Carbon

Kraft Pine & 118 3593 56.92 7.15 30.67 374 067 000 nd. nd. 1451 [33]
Spruce

Kraft Wood nd. 2285 n.d. n.d. 32.99 400 011 502 2187 081 13.09 [34]

Kraft Wood nd. 3911 nd. n.d. 36.7 33 011 54 183 09 nd [35]

Kraft Straw nd. 2063 65.98 13.39 39.05 454 100 078 8.83 410 nd. [35]

Kraft n.d. n.d. n.d. n.d. n.d. 36.40 350 0.14 440 18.60 2.02 nd. [11]

Kraft Reed nd. 2439 50.00 25.61 33.76 415 038 095 1764 192 1335 [36]

Not Spruce nd. nd. n.d. n.d. 34.2 4.1 0.2 4.0 18.6 0.07 nd. [37]

mentioned ~ wood

Kraft Not nd. 1658 n.d. n.d. 32.00 470 000 128 2666 nd. nd. [38]
mentioned

Soda Wheat straw  11.3  27.38  49.32 20.10 33.43 277 023 013 12.18 2.04 nd. [39]

Soda Wheat straw n.d. 26.74 54.43 11.65 39.84 303 031 064 nd. nd. 970 [40]

Soda Cotton 13.4  nd. n.d. n.d. n.d. nd. nd. nd nd nd. 114 [41]
Linter

Soda Wheat straw  n.d. 20.63  65.98 13.39 39.05 454 100 078 8.83 410 1443 [42]

NSSC Broadleaf nd. 2417 50.62 25.21 36.32 343 004 545 1835 1.03 14.98 [43]
wood

NSSC Recycled 71 2327 66.19 10.54 38.30 474 039 000 1271 061 1571 [33]
paper and
wood

Kraft Wood nd. 7.2 11.0 0.4 31.8 3.7 nd. nd 215 nd. 114 [44]

Kraft Softwood 134 7698 nd. n.d. n.d. nd. nd. nd 345 nd. nd. [45]

Kraft Softwood nd. 281 n.d. n.d. n.d. nd. nd. nd 181 nd. nd. [46]

Not Not nd. 407 41.0 18.3 59.4 5.3 0.2 5.7 32.1 n.d. n.d. [47]

mentioned  mentioned

Soda Wheat straw  12.1  25.41 51.07 17.56 34.43 312 086 084 nd. n.d. n.d. [48]

n.d= not done

2.3. Applications of spent liquors

Several processes are employed to use crude spent liquors for the production of a variety of
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bio-products. Spent liquors undergo several pretreatment methods to produce a number of products
that can be used industrially as potential environmentally friendly substitutions for their equivalent
petroleum-based products.

2.3.1. Thermo-chemical conversion of spent liquor
2.3.1.1. Combustion

In conventional processes at pulp and paper mills, spent liquor with solid content 60—70% is
burnt in the recovery boilers at temperature of 105-120 <C. With high solid firing, the solid
content may exceed 80% at firing temperature of 175 <C [49]. Spent liquor combustion is a
technique that has being used for energy generation. This is achieved by burning the organic
material in the spent liquor and makes the mills energy self sufficient, while eliminating the spent
liquor as a danger to the environment. Meanwhile, this combustion process was being used to
recover valuable pulping chemicals [50].

Spent liquor combustion involves three stages which are drying, devolatilization, and char
burning. Drying process is relatively slow where the water is evaporated and the droplets of the
spent liquor are slightly swelled at low temperatures of 150-300 <C. Drying is followed by
devolatilization that includes pyrolysis and gaseous combustion. Devolatilization is a rapid process
where a visible yellow flame is generated and the spent liquor droplets are rapidly swelled. Char
burning is the last stage of the combustion that is slow process controlled by the air rate, water
vapor, and carbon dioxide supply. This reaction takes place at the spent liquor droplets with no clear
flame generated [51].

Kraft pulping is the most popular chemical pulping method being used in the pulp and paper
mill. This method generates high amounts of produced kraft spent liquor [52], where producing one
ton of pulp is accompanied by about 10 tons of spent liquor [53]. Despite the common and wide used
of the recovery boiler technology, the spent liquor is burnt to generate small amounts of electricity
and steam and to recover the chemicals for reuse in the pulping unit [54,55]. However, it has several
drawbacks which include the sedimentation of inorganic alkali salt in the upper furnace causing
corrosion of materials and reduction of effectiveness of heat transfer, low electric power generation,
and smelt water explosions severity [56,57]. Therefore, separating lignin from the spent liquors
would reduce the load on the recovery boiler and generate valuable products [45].

It is worth mentioning that recovery boilers technology can only be used economically for
conventional kraft pulping process of hardwoods or softwoods. Therefore, it cannot be employed in
the other pulping processes where non-woody is used as a raw material [58]. Small pulp mills that
use non-woody feedstock cannot afford the capital-intensive system in order to process the black
liquor for energy production and recycling of pulping chemicals22. Therefore, many of these small
non-woody mills are forced to discharge their effluents with no treatments into the downstream.
Some of them try to treat these effluents with secondary biological treatment and then discharge
them downstream. However, this type of treatment would not prevent water stream pollution.
Furthermore, it leads to the loss of valuable chemicals that can be recovered with the use of an
appropriate recovery system [58].
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2.3.1.2. Pyrolysis

Pyrolysis refers to direct dry thermal degradation of organic matters in the absence of oxygen to
produce solid, liquid, and gas. Fuels, chemicals, and other matters have been commercially produced
by this process from biomass and other organic materials. Two categories of pyrolysis are classified
based on the thermal reaction residence time. Slow pyrolysis which has a long residence time has
been commercially used for the production of solid fuel which is char. On the other hand, short
residence time pyrolysis which are fast, flash, rapid, and ultrapyrolysis have been used for the
production of high yield liquid fuel at moderate temperatures [59].

A few studies have reported the behavior of black liquor during pyrolysis. Gea et al. [35]
studied the behavior of alkaline black liquor during pyrolysis. Also, Fletcher et al. [60] developed a
model which is chemical percolation devolatilization (CPD) to predict the light gas and tar yields
from black liquor as a fuel. Furthermore, several studies were performed for the production of not
only solid, liquid, and gas fuel but also, activated carbon. The alkali metals (Na, K, etc.) which exist
in black liquor react as an activating agent in the process of activation [47]. Also, a few studies for
the production of green chemicals from the black liquors using pyrolysis were performed as depicted
in Table 2.

Table 2. Production of fuel and matters from spent liquors by pyrolysis.

Spent liquor type  feedstock Reactor Products Objectives Refs.

Kraft Not Batch Activated carbon Adsorbents [47]
mentioned

Kraft Coir pith Batch (slow pyrolysis)  Biochar Energy [61]

Soda Wheat straw  Fixed bed aromatic chemicals Feedstock for [40]

chemical industry

Kraft Not Fixed-bed Gas, liquid, solid Energy [38]
mentioned

Kraft Not Batch Soild, liquid, gas Energy [62]
mentioned

Kraft Reed fluidized bed Gas, liquid, solid Energy [63]

2.3.1.3. Hydrothermal conversion

Hydrothermal conversion process is employed to produce high quality solid, liquid and gaseous
fuel and volatile matters with different characteristics from wet low grade agricultural and biomass
waste. This process occurs in liquid water media at elevated temperatures and pressures above
saturated pressure [64]. Hydrothermal carbonization (HTC) can be used for the production of a solid
product, hydrochar. HTC requires low temperatures ranging from 160 to 250 <C [65] to increase the
solid yield of the char [66,67]. A variety of feedstock can be converted to around 35-60% solid fuel
mass yield with carbon content similar to lignite [68,69]. Temperature is the prominent factor in
addition to the reaction residence time and solid to liquid load that determines the mass yield, carbon
content, and energy content of the solid product (hydrochar) [70]. On the other hand, hydrothermal
liquefaction (HTL) can be used for the production of liquid (biocrude). HTL requires 300-350 <C
temperature range and 15-20 MPa of pressure. A particular application of hydrothermal liquefaction
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is at the pulp and paper industry for separating lignin from lignocellulosic biomass under 400 <C
during the pulping process. In addition to HTC and HTL, hydrothermal gasification (HTG) can be
used for the production of methane or hydrogen from biomass-based feedstock [64].

Several studies on hydrothermal conversion of black liquor have been performed for the
production of solid bio-fuel and gas adsorbents using hydrothermal carbonization. Also,
hydrothermal liquefaction processes were performed for the production of phenolic molecules from
the lignin inherent in spent liquor as depicted in Table 3.

Table 3. Hydrothermal conversion of black liquor for the production of energy and matter.

Spent liquor  reactors HT type Catalysts with the product objective Refs.
type HT media

Spent liqguor  Batch HT carbonization Formaldehyde Soild Energy or matter  [7]
solids solution as a hydrochar

polymerization agent

Reed spent Batch HT carbonization n.d. Solid Adsorption for [71]
liquor followed by fast adsorbent CO,, CH4 and N,
carbonization at
350 <T in fluidized
bed reactor

NSSC Red Batch HT carbonization Acetic acid Solid Energy [72]
Liquor hydrochar

Cotton linter ~ Batch HT carbonization No addition Solid Energy or matter  [41]
Kraft liquor hydrochar

Caustic Soda  Batch HT liquefaction No addition Liquid and Phenolic [13]
sulfur free biocrude molecules and

spent energy

n.d.= not done
2.3.1.4. Gasification

Spent liquor gasification technology is one of the main methods to avoid the challenges associated
with the traditional recovery boilers in pulp and paper mills [73]. It has been proposed to convert the
organic content of the spent liquor into clean gas fuel for gas turbine utilization to more value-added
bath for spent liquor uses [74]. Several reports about spent liquor gasification using pyrolysis
gasification [75,76], supercritical gasification [44,77], and steam gasification [3,42] are available.

Researchers are interested in designing an integrated system to combine the production of pulp
and paper as main products, and use the black liquor to produce hydrogen by supercritical water
gasification in addition to a low amount of carbohydrates and carbon dioxide [78]. This integrated
system was designed for the potential production of pulp and paper and hydrogen for the mill energy
purposes in a study by Cao et al. [48] to design an energy self-sufficient manufacturing mills.
Therefore, spent liquor gasification can be a promising alternative or a complement to traditional
recovery boilers as integrated gasification-combined-cycle power at pulp and paper industry.
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Different gasification studies were performed for the production of gases for energy and materials
using kraft and soda spent liquors as depicted in Table 4, while, no NSSC spent liquor gasification
reports are available as the NSSC pulping process has only been in use as of recent times.

Table 4. Spent liquors gasification for the production of energy and matters.

Spent liquor L

type Feed feedstock  Reactor Products Objective Refs.
Soda Wheat straw Continuous reactor H,, CO, CO,, low hydrocarbons  energy [39]
Kraft Not mentioned Gas turbine H,S, CH,4 matter [79]
Kraft Not mentioned Fluidized bed H,, CO, CO,, low hydrocarbons  energy [80]
Kraft Not mentioned Combined process Methanol from syngas matter [81]
Kraft Wood Gasifier CO,, CO, and H, energy [82]
Kraft Not mentioned Continuous reactor H,, CO, CO,, low hydrocarbons  energy [44]

2.4. Spent liquors purification processes

Purification is one of the necessary steps for beneficiation of the liquors and mainly refers to the
ash removal process and lignin recovery from the spent liquors. Lignin is one of the most abundant
aromatic materials in the world and pulp and paper manufacturing is the main source of the industrial
lignin which is spent liquor lignin [83].

The amount of biomass derivatives such as lignin has attracted researchers to focus on how to
purify the kraft spent liquor for the production of high value bio-fuel and bio-chemicals
applications in addition to the pulp and paper production. This process is called integrated products
biorefinery [58]. Several approaches have been used to purify the spent liquor for production of pure
lignin. Acidification is the most prominent approach, but, lignoboost, lignoforce approaches have
recently been commercialized [84]. Sequential liquid-lignin recovery and purification (SLPR) also
has being used in a few mills [85].

2.4.1. Acidification

Acidification is the main efficient and economical approach that is being used for the kraft spent
liquor purification to produce pure lignin [86]. Acidification relies on the precipitation of pure lignin
using either CO, or sulfuric acid or a combination of both to reduce the pH of the spent liquor from
more than 13 to around 9, filtering it using a filter belt, and then washing it with the water to obtain
lignin, minimal amounts of carbohydrate and ash with trace of sulfur as shown in Figure 1 [87].
However, several drawbacks that can affect the efficiency of the process and the quality of the
produced lignin were reported when using acidification for the purification of lignin. The first
drawback is filtration problem that might be caused by rising temperatures during the acidification
process hence, large particles of lignin can be generated and consequently impact the filtration rate
negatively [88] by causing bulging in the filtration area. In addition, the impurities can accumulate
within the precipitated lignin [89]. The second drawback is related to sulfur that may be released as
a by-product at the low pH during the acidification hence, increasing the sulfur content of the
resulting lignin [90]. The third drawback is that during the washing process of the precipitated
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lignin, ionic strength gradients are created at pH of 9 in the lignin filter cake affecting the filtration
process negatively [89].

Precipitation Coagulation Filtration and
Stage Stage washing Stage

H2504 Water
Spent
Liquor

Lignin

Filter belt

CO2 or H2504 Back to the Evaporation
Plant

Figure 1. Acidification system for spent liquor lignin purification.
2.4.2. LignoBoost technology

Purification of lignin from kraft spent liquor can be performed using LignoBoost technology
which was invented to develop the acidification process. Nowadays this technology is used on a
commercial scale by Domtar Inc. in North Carolina, USA [91]. In this technology, kraft spent liquor
that comes from evaporators of the recovery section of kraft pulping process would be acidified with
carbon dioxide to reach a pH of 9 in order to precipitate lignin and then filter it. After this stage
filtered lignin is re-dispersed and acidified again with sulfuric acid and then filtered and washed to
obtain pure lignin as shown in Figure 2. The major advantage of this technology is that the pH and
temperature of the liquid media of re-dispersed lignin are nearly equal to those of final washing
liquid, leading to a reduced concentration gradient. Change in pH level, ionic strength, and lignin
solubility occurs in the slurry during the washing stage. Also, the yield of lignin is higher [92]
because of the low pH of the re-slurring water during this stage, which leads to an extra precipitation
of extracted lignin. Moreover, the filtration area and the volume of the acid water can be reduced.
These factors make this technology cost effective for pure lignin recovery [89].

Precipitation Filtration 1 Re-suspending Filtration 2
Stage Stage Stage And displacement
washing Stage

H2504 H2504 Water
Spent

Liquor \I/ \I/ Lignin

COs Back .to the Back to the
Evaporation Plant Evaporation Plant

Figure 2. LignoBoost system for spent liquor lignin purification.
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2.4.3. LignoForce technology

LignoForce technology is another process developed to obtain high quality lignin from the kraft
spent liquor by FP Innovations. This technology was commercialized by West Fraser Inc. in Alberta,
Canada in 2016. It includes several steps to purify the lignin as shown in Figure 3. The first step is the
oxidation of black liquor by oxygen. The second step is the acidification of the oxidized spent liquor by
spraying carbon dioxide into the spent liquor solution at temperature ranging from 70-75 <C to reach a
pH of 9.5-10.0. The third step is the precipitation and filtration of the acidified spent liquor. This is
followed by the washing of the filtered precipitated spent liquor cake with sulfuric acid and water.
The fifth step is pressing, followed by the final step which is air drying of the produced lignin [88].

Oxidation Acidification Coagulation Filtration
Stage Stage Stage And displacement
washing Stage

H250a Water

Spent
Liquor l l Lignin
Filter Press I

T l

o co2 Back to the
2 Evaporation Plant

Figure 3. LignoForce system for spent liquor lignin purification.
2.4.4. Sequential liquid-lignin recovery and purification (SLPR) process

SLPR process involves three main stages which are carbonation, acidification, and filtration as
shown in Figure 4 [93]. Carbonation is the process where carbon dioxide is bubbled near the bottom
of spent liquor to reduce its pH to 9.5. This process leads to precipitation of lignin to a form of a
highly solvated liquid at elevated temperature that can be over 90 <C [94]. Acidification process takes
place where highly solvated liquid of lignin is pumped to a sulfuric acid reactor. After this process,
precipitated lignin at pH of 2.5 would be in solid form. Solid lignin slurry will then be filtered by a
filter press for the production of pure lignin with a solid content of 65% and 1% ash [24].

Carbonation and Acidification
precipitation Stage Stage
at elevated Filtration
temperatures >90 <C Stage

H2504

z‘c'li';‘r Sulfuric
acid Lignin

rencer
co2 Back to the Evaporation

Plant

Figure 4. Sequential liquid-lignin recovery and purification (SLPR) system.
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3. Spent liquor lignin derived from the pulp and paper industry

Industrial lignin is mainly obtained through paper and pulp industry from spent liquors resulted
from the kraft process to produce a small percentage of energy [54]. In pulp and paper industry there
are three main kinds of lignin which are kraft, soda, and sulfite (mainly NSSC) lignin.

3.1. Types of spent liquor lignin
3.1.1. Kiraft lignin

Kraft lignin is one of the most predominant pulping operations which convert wood or
non-wood material into pulp within paper industries around the world. Kraft pulp mills have evolved
to integrate with the system requirements of high engineering to become large facilities in order to
recover pulping chemicals and energy that rely on burning of the pulping liquor, which is spent
liquor. Thus, the strategy of extraction and separation of lignin is to expand pulp capacity, as well as
to find an economical and environmental balance within the paper manufacturing facilities to be
exploited in the production of energy and chemicals [22].

Kraft or sulfate process is now the major traditional procedure for pulping to produce large
amounts of lignin [95]. This process requires breaking down the linkage between lignin and cellulose
by the treatment of wood chips with a mixture of sodium hydroxide and sodium sulfide under strong
alkaline conditions. Delignification process takes place in three stages, first of which occurs at a
temperature around 150 <C controlled by diffusion, second stage which is the biggest part of the
delignification (90 wt%) occurring at temperatures ranging from 150 to 170 <C and the third stage
which occurs at higher temperatures. The recovery of lignin can occur by lowering pH to values
between 5 and 7.5 with either sulfuric acid or carbon dioxide of black liquor, which is the alkaline
liquid remaining after pulp extraction [96]. The output lignin of this process with aliphatic thiol
groups is called kraft lignin, which has sulfur content (1-2 wt%) and is hydrophobic. Therefore, it
needs to be changed to improve its ability to react [97].

The major differences in physicochemical characteristics of kraft lignin mainly depend on
the difference of the original feedstock used in the pulping process [98]. EI Mansouri and
Salvad’o [99] reported that kraft lignins obtained from softwood and calcium lignosulfonate have
higher purity based on analysis of ash content, carbohydrate, molecular weight and functional group.
It should, however, be noted that the purity level also depends on the purification method used.

3.1.2. Soda lignin

Lignin recovery process can be performed depending on the raw material used; therefore, lignin
obtained from non-woody material is difficult to recover by filtration or centrifugation due to its high
carboxylic acid content that emerging from oxidation of aliphatic hydroxy groups. One of the main
features of soda lignin for use in specialized applications is that it contains no sulfur and little
hemicelluloses or oxidized defect structures. Therefore, it has good potential uses in the production
of high value product [97]. This type of lignin is insoluble lignin [98].

El Mansouri and Salvad’o [99] demonstrated that Soda-anthraquinone lignin, which is obtained
from a mixture of long fiber plants, has low content of ash as kraft lignin. Therefore, it has high
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purity compared with lignosulfonate (NSSC lignin) that has high content of ash. Also, based on its
other characteristics such as carbohydrate, molecular weight and functional groups etc. soda lignin
could be good as a crude material to produce adhesives. On the other hand, Schorr et al. [98]
confirmed that soda lignin obtained from wheat straw has lower purity than kraft lignin.

3.1.3.  NSSC lignin

The main commercial source of NSSC and other sulfite lignin at the present time is the pulp and
paper industry. Sulfite pulping reactions are commonly implemented at temperatures ranging from
140 to 160 <T and pH of acid sulfite process ranging from 1.5 to 2.0, however pH of bisulfite process
ranging from 4.0 to 5.0 [95]. Neutral sulfite process reaction temperatures are ranging from
160-180 <C and its pH ranging from 5-7. NSSC lignin has high ash content; therefore it needs to be
purified by the reduction of its ash content [15] to be used in the generation of energy or bio-products.
This lignin soluble in basic solution, acidic solution, and in highly polar organic solvents; however,
reactions of hydrolysis and excessive sulfonations can take place [100].

3.2. Physico-chemical characteristics of purified spent liquor lignin

Lignin is composed of phenylpropane units that form a three-dimensional amorphous lignin
macromolecule. Phenylpropane units come from the copolymerization of three primary sinapyl
alcohol and p-coumaryl alcohol [83]. The energy content of lignin in terms of higher heating value
(HHV) is 23.3-26.6 MJ/kg which is higher than the one of both cellulose 17-18 MJ/kg and
hemicelluloses 17-18 MJ/kg [101].

The characteristics of spent lignin obtained from spent liquor vary based on the original
feedstock and chemicals that are used in different pulping processes at pulp and paper mills as
presented in Table 5. The chemical structure and content of natural lignin vary with and within the
plants based on species, age, morphological position and growth environment of these plants.
Softwood lignin is mainly composed of coniferyl alcohol (guaiacyl) units, while hardwood lignin is
composed of various guaiacyl: syringil ratios [102,103].

Table 5. Physico-chemical characteristics of lignin derivate from spent liquors.

Proximate analysis (%) Ultimate analysis (%)
Purification process Feedstock  Ash \olatile  Fixed Cc H N S Refs.
matter  carbon

Acid precipitated kraft lignin  Eucalyptus 124 524 35.2 64.4 5.0 nd. 1.2 [104]

Acid precipitated kraft lignin ~ Not 950 44093 31.12 59.46 507 0.05 215 [105]
mentioned

Acid precipitated kraft lignin ~ Eucalyptus 124 524 35.2 64.4 5.0 nd. 1.2 [106]
hardwood

Acid precipitated kraft lignin  Eucalyptus 2.1 n.d. n.d. 60.4 5.3 02 35 [107]
hardwood

Acid precipitated kraft lignin  Eucalyptus 2.1 n.d. n.d. 714 8.6 nd. 50 [90]
hardwood

Continued on next page
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Proximate analysis (%) Ultimate analysis (%)
Purification process Feedstock  Ash \olatile  Fixed C H N S Refs.
matter  carbon
Acid precipitated kraft lignin ~ Pinus 4.5 n.d. n.d. 43.8 4.5 nd. 246 [90]
softwood
LignoBoost Softwood 0.90 n.d. n.d. n.d. n.d. nd. nd. [108]
LignoBoost Hardwood 0.75 n.d. n.d. n.d. n.d. nd. nd. [108]
Acid precipitated kraft Softwood n.d. n.d. n.d. 65.0 5.7 012 162 [109]

Acid precipitated soda lignin ~ Wheat straw  0.73  65.97 34.03 59.28 537 070 1.27 [40]

n.d.= not done
3.3. Spent liquor lignin modification methods

Spent liquor can be added as unchanged macromolecule directly to other materials in order to
improve the properties of these materials to be used for many purposes. On the other hand, it can be
modified to produce various compounds [110]. Modification of lignin can be performed by three
methods which are depolymerization, modification of functional groups and modification of
hydroxyl groups [111].

3.3.1.  Lignin depolymerization

Spent liquor lignin is a potential source of small molar mass compounds that can be used as
alternatives of fossil fuel compounds [110]. Several methods can be used to depolymerize that lignin
into smaller fragments. Current lignin depolymerization processes are thermal depolymerization
which includes pyrolysis and hydrothermal liquefaction to produce bio-crude, gasification of
aromatic compounds to produce combustible gases, and direct combustion for oxidative energy
generation. Also, chemical depolymerization includes basic/acidic catalysis and oxidation/reduction.
Furthermore, biological depolymerization includes oxidative depolymerization or catabolizing lignin
by enzymatic reactions and growing cells [112].

Oxidation is a chemical depolymerization method that has been used commercially for the
production of significant amount of small molar mass compounds such as Vanillin, Syringic acid and
4-Hydroxybenzaldehyde. This process can be performed using different kinds of oxidants such as
nitrobenzene, metallic oxides, air and oxygen. Pyrolysis depolymerization process can be used for
the production of bio-oil, phenol and acetic acid from lignin. Also, gasification of lignin can be used
to produce syngas. The other processes like hydrogenation, hydrolysis and microbial conversion are
used to covert lignin into high-valued chemicals such as phenol, Vanillic acid, Ferulic acid and
p-Coumaric acid [111]. Biological or microbial conversion of lignin can be performed by bacteria or
fungi enzymes. The feasibility of biological valorization of lignin were proved by many studies,
however this conversion method faced common limitations such as low productivity and yield that
require to be solved in future [113].

3.3.2.  Lignin functional groups modification

Lignin functional groups are hydroxyl, methoxyl, carbonyl and carboxyl groups. These
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functional groups can be modified to improve and expand their potential application range [114].
Many modification methods have been investigated; however, the most common methods are
alkylation or dealkylation. For example, formaldehyde-free wood adhesives have been developed
using dealkylation processes [111].

Hydroxyl groups of lignin can be modified by only one method which is esterification to
synthesize polyesters, elastomeric materials and epoxy resins from lignin. Phenolation is another
process to modify lignin where it reacts with phenol in an acidic medium to synthesize
phenol-formldehyde. By etherification, lignin can be converted into organic solvents soluble polyol
that can be used to produce new materials such as lignopolyols [115,116].

Phenolic hydroxyl groups are the most effective groups on the material reactivity as they are the
most reactive lignin’s functional groups. Therefore, the modification of these groups is an important
step to improve lignin’s solubility [117].

3.4. Potential applications of the purified spent liquor lignin

Recently, lignin that comes as a byproduct from the paper and pulping industry and
biorefineries has attracted wide attention for its valorization due to the necessity of environmentally
friend bio-based industry [113]. Several high value organic compounds and inorganic compounds
can be recovered from spent liquor by the purification processes [83]. Lignin is the commonly used
name for the purified spent liquor as most of the organic material comes from lignin obtained from
delignification (pulping process) in pulp and paper industry. Spent liquor lignin is significantly
different than natural plant lignin in terms of purity and chemical structure. Spent liquor lignin
contains a certain percentage of impurities as an ash that results from cooking process in pulp and
paper mills. Also, during the cooking stage, a significant amount of C-O-C linkages between the
propyl phenol units of lignin are decreased causing difficulties in the depolymeriztion of this lignin
other than plant lignin [13]. Also, pulping stage and precipitation acidity in case of acid precipitation
of lignin can affect its properties to those required for the final potential applications [118]. On the
other hand, many studies have been performed to depolymerize spent liquor lignin into small
phenolic molecules such as oxidative depolymerization, ionic liquid catalyzed depolymerization,
heterogeneously catalyzed depolymerization, enzymatic depolymerization and thermal
degradation [119]. Spent liquor lignin contains a high amount of carbohydrate functional groups
such as carboxylic acids with low calorific value in comparison to lignin [120]. The recovery of this
product prior to burning the spent liquor in the recovery boiler would add value to the waste stream
and make the process more efficient [121]. Furthermore, the high content of aromatic units in lignin
makes it a feedstock for the production of phenolic compounds [122].

Four main potential applications were applied for the utilization of lignin to replace
petrochemical-based feedstock [123]. First application is the use of spent liquor lignin as fuel for
generation of energy [124]. The second is utilizing lignin as bio-carbon material to prepare
carbon-based materials such adsorbents as an activated carbon for waste water treatments, or carbon
fibers [106,125]. The third application is using spent liquor as macromolecules such as polymer blends
and adsorbents from lignin, hydrogels, and Phenol-formaldehyde resins. The final application is
employing this lignin as source of aromatic compounds such as phenol, benzene, and vanillin [111].
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3.4.1. Spent liquor lignin as bio-fuel

As spent liquor lignin possesses a high caloric value and high carbon content, it can be potential
source of energy as bio-fuel [107]. Depolymerization and gasification are the main two different
conversion pathways that can be used to produce combustible liquid, gaseous and solid bio-fuel from
the spent liquor lignin. However, better process economy with higher yield can be accomplished by
processes integration. For example, lignin depolymerization can be performed to produce aromatic
chemicals; on the other hand the solid char can be received by a gasifier to obtain hydrogen for fuel
upgrading. In addition to that, the light hydrocarbons can be catalytically reformed to obtain syngas
and hydrogen [126].

Lignin can be a potential source of bio-oil using liquefaction process that depolymerize the
lignin into bio-oil with low oxygen content to be blended with conventional fossil fuels for motor
fuel applications [127]. Also, spent liquor lignin can be a potential source for solid bio-fuel
production using the purified lignin directly for combustion, or by subjecting the lignin to thermal
depolymerization such as pyrolysis or hydrothermal carbonization. Kim et al. [128] used
hydrothermal carbonization (HTC) as depolymerization process to upgrade the thermal properties of
lignin in terms of higher heating value and carbon content that were increased from 20.1 to 26.0
(MJ/kg) and from 51.8 to 58.0% respectively using HTC process at 280 <C. Lignin pyrolysis
conditions such as temperature range and residence time should be optimized for the type of lignin
because lignin properties vary according to its original plants and chemical pulping that lignin
subjected to at pulp and paper mills [126]. Thermogravimetric studies have conducted to show that
lignin pyrolysis take place over a wider range of temperature that ranging from 160 to 900 <C
compared to polysaccharides that range from 220 to 400 <T [129]. Also, the solid bio-fuel yield
obtained from pyrolized lignin is higher than that obtained from the other lignocellulosic
biomass components [126].

3.4.2.  Spent liquor lignin as bio-carbon based materials

Lignin is a rich carbon resource which consists of 50-60% carbon therefore it can be great
potential substitute of carbon-based materials such as activated carbon, carbon fiber, binders,
carbon black.

Carbon-based materials can be used as activated carbon to remove compounds such as colors,
odors, and organic materials from aqueous media. In addition, the adsorption of pharmaceutical
compounds such as diclofenac [130] and removal of the antibiotics residue such as amoxicillin from
water [131] can be performed using activated carbon. Feedstocks that can be used commercially to
prepare the activated carbon include coal, peat, lignite, and lignocellulosic biomass such as some
agricultural and woody wastes [132]. Also, black (spent) liquor which is a pulp and paper byproduct
can be used to obtain low-cost lignin based activated carbon by steam activation for dye wastewater
treatment such as methylene blue adsorption [133]. Activated carbon with a large surface area and
porosity is efficient for adsorption of chemicals from gases and liquids. For example, a surface area
ranging from 250 m?/g to over 2000 m*g makes the activated carbon adaptable adsorbents for many
applications such as water, waste water and gas treatment, removal of the undesirable compounds
that impact color, odor, and taste in the food industry. The mining industry also uses activated carbon
to remove metallic minerals from leached liquors [134].
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The presence of high ash contents in the activated carbon causes several drawbacks because ash
interferes with adsorption during the competitive adsorption process. Also, ash can cause blockages
in the pores of the activated carbon and the catalysis of undesirable reactions during the adsorption
process. Ash removal process reduces the harmful effect of pH on the activated carbon as
Ahmedna et al. stated [135] therefore, spent liquor cannot be used directly as activated carbon;
however, purified black liquor lignin can be excellent potential activated carbon. This lignin requires
an activation process prior using it as activated carbon. The activation processes can be physical
activation such as pyrolysis or chemical activation using different chemicals to increase the surface
area and obtain activated carbon with high porosity. Table 6 indicates the possibility of production of
activated carbon from activated purified spent liquor lignin.

Table 6. Production of activated carbon from spent liquors lignin.

Spent Activation method Surface Micropore Potential application of the Refs.

lignin used area (m%g)  volume (cm*/g) product

Kraft lignin ~ Physical Carbonization 1853 0.860 Removal of p-nitrophenol [136]
from aqueous solutions

Kraft lignin ~ Chemical: ZnCl, 1800 1.039 removal of water pollutants [137]

Kraft lignin ~ Chemical: H3PO, 1459 0.82 Removal of phenal, [138]

2,4,5-trichlorophenol and Cr
(V1) as representative of
toxic contaminants found in
industrial wastewaters

Kraft lignin ~ Chemical: 1305 0.67 n.d. [105]
ortho-phosphoric acid

Kraft lignin ~ Chemical: H3PO, 1370 0.78 n.d. [139]

Kraft lignin  Physical: Carbonization 1613 0.47 n.d. [140]

Kraft lignin ~ Physical: steam 289.21 0.222 Removal of methylene blue [133]

(MB) from aqueous solution

Kraft lignin ~ Chemical: KOH and 2943 1.901 Ni (I1) adsorption [141]
Carbonization

Kraft lignin ~ Chemical: KOH and 1199 0.97 potential sorbents of organic [108]
Carbonization contaminants from polluted

sediment or water

n.d.= not done

Lignin can be used as carbon fibers to replace polyacrylonitrile in civil engineering, automobile
industry, aircrafts and sport goods applications therefore make the process economically viable [142].
Furthermore, spent liquor lignin plays a key role for the production of binders and resins such as
phenol-formaldehyde resins that have unique heat and moisture resistance and strength. These
binders can be fundamental materials in industries such as wood bonding, insulation, lamination or
plywood adhesives [111].

AIMS Energy Volume 6, Issue 5, 880-907.



897

3.4.3.  Spent liquor lignin as macromolecules

Lignin of spent liquor can be used as polymer blends. Therefore, it can be blended with other
synthetic or bio-based polymers as it is not native lignin and has some impurities that change its
chemical and physical properties. This lignin is functionally fulfilled when blended with
polyethylene, polystyrene, polypropylene or natural rubber within composites [98,111]. Also, this
lignin can work as biopolymeric hydrogels that is able to absorb water or other solvents efficiently
for biological, biomedical and environmental applications [111].

3.4.4. Spent liquor lignin as source of aromatic compounds

Aromatic compounds such as benzene, toluene, xylene, phenol, and vanillin can be produced
from lignin as essential substances after breaking this lignin into its essential structural materials.
Benzene, toluene, and xylene posse wide scale of applications in the chemical industry. They
represent 60% of all aromatic compounds on market and 24% of the worldwide petrochemical
compounds market [142]. Therefore, benzene, toluene, and xylene that are obtained from lignin can
be great green substitutes for petroleum benzene, toluene, and xylene [111].

Also, phenols that obtained from lignin can be a great potential opportunity to replace phenols
obtained from petroleum sources. Because the current prices of petroleum phenol depend on oil
prices, lignin can be considered renewable material that has comparatively stable market price.
Phenol is an important substance in the plastic and other industries [142]. Major phenol
applications are phenol-formaldehyde resins production and polyurethane foams that is used in the
vehicles manufacturing [111].

The other important aromatic petroleum substance obtained from lignin that can be replaced by
a green substitute is vanillin. Nowadays, 20% of vanillin available on markets is produced from
lignin but the other 80% is produced from the crude oil. However, vanillin prices from both
resources are similar [142]. Furthermore, spent liquor lignin fractions can be functioned as
antioxidants for different products [143] such as antioxidants derived from spent liquor lignin that
proved to be used in thermoplastic industry [144]. Lignin can be a great platform for producing
variety of green products as presented in Table 7.

Table 7. Production of high value compounds from black liquor lignin and their potential

applications.
Spent liquor  Feed stock Method Product Potential application of the  Refs.
used product
Kraft Softwood and  Lignoboost Lignin fractions Antioxidant [143]
hardwood purification such as

dichloromethane
Soda Alfa grass Acid precipitation Antioxidants Antioxidants in [144]
thermoplastic industry

Continued on next page
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Spent liquor  Feed stock Method Product Potential application of the ~ Refs.
used product
Kraft Soft and Combining membrane Hydroxy acids Production of polymers, [145]
hardwood filtration, acid pharmaceuticals and food
precipitation and additives
cooling crystallization
Soda Spruce Acid precipitation Functional additive UV stabilisers in [146]
and then washing with polyethylene
ether
Kraft Pine and Acid precipitation Functional additive UV stabilisers in [146]
Spruce and then washing with polyethylene
ether
Kraft Pin wood Hydrolysis Organic acids and Lactic acid, and small [147]
small molecular molecular aromatics
aromatics
Kraft Soft wood Fractionation by Wood adhesive Binders [148]
successive extraction
Soda Sarkanda Fractionation by Plywood Binders [148]
grass successive extraction adhesive
Kraft pine Acid precipitation n.d. Phenol (P) substitute inthe  [149]
synthesis of
lignin-phenol-formaldehyde
(LPF) resins
Kraft Alfalfa Acid precipitation and Vanillin Feedstock for chemical [12]
then coniferylic alcohol  industry
Photodegradation and highly oxidized
By TiO2/UV phenols
Photo-catalytic process
Soda Softwood Ultrafiltration Hydroxy acids Polymer feedstock for [150]
(pine) chemical industry
Soda Hardwood Ultrafiltration Hydroxy acids Feedstock for chemical [150]
(birch) industry
Sulphite Hardwood HCI precipitation, ethyl Phenolic Antioxidants [151]
(Eucalyptus acetate, and then liquid compounds
globules) chromatography
Kraft Softwood Ultrafiltration and Organic acids (e.g.  n.d. [152]
nanofiltration hydroxy acids)
Kraft Hardwood Ultrafiltration and Organic acids (e.g.  n.d. [152]
and softwood  nanofiltration hydroxy acids)
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Spent liquor  Feed stock Method Product Potential application of the ~ Refs.
used product
Kraft Not Acidification/precipitation  Vanillin Food industry as a flavour [83]
mentioned or LignoBoost agent and antioxidant
purification additive, antifoaming agent,
and then oxidation of pure vulcanization inhibitor and
lignin chemical precursor for

pharmaceutical and
agrochemical industries

Soda Birch wood Acid-precipitation Aliphatic Feedstock for chemical [153]
low-molecular-mass  industry
carboxylic acids

n.d.= not done
4. Conclusion

All types of black (spent) liquor are promising sources of biofuel and biomaterials. However,
most of the published literatures concentrate on the well-known black liquor and its derived lignin
which is kraft black liquor. This study gives an insight into all the kinds of black liquor that are
generated from various pulping processes which adopt newer raw materials with kraft, soda, and
sulfite processes. The impacts of newer feedstock types were also highlighted. The characteristics of
those different black liquor and their characteristics in terms of physical properties and chemical
composition were summarized. Applicable purification processes, thermal, hydrothermal, and
gasification of the black liquors were evaluated and analytical investigations were compared for
the black liquors and the lignin derived by various researchers. Conclusive potential applications of
these liquors and their derived lignin were tabulated for applicable categories as industrial products.
Based on the information provided in this manuscript, a wide potential application can be added to
the current applications of the pulp and paper byproduct. Spent liquor can be used either directly
for example in combustion or after purification methods. A new stream of applications can be
produced from byproduct of pulp and paper mills that use different feedstock such as virgin wood
or recycled fibers or a mix of both.
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