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3.1 History

The invention of the Gutenberg printing press in 1440 started a steady
increase in demand for paper. Until the mid-1800s, most paper pulp
was made by collecting, cleaning, and beating discarded linen and cotton
rags. Collection of rags was such a large and organized industry that
companies were regulated by the government and workers had unions.
Henry Mayhew described a grand banquet of the fraternal order of chif-
fonniers (rag-pickers)." As literacy and printing technology improved, de-
mand for paper outstripped supply, and the search for alternative sources
of fiber began in earnest. For example, Jacob Christian Shiffer, a noted
clergyman and amateur botanist, in 1765 began releasing a six-volume
treatise on new papermaking fibers.> He explored the use of a wide range
of natural materials to make paper and he bound samples of the paper
in his books to demonstrate their quality. Ultimately Shéaffer started his
own paper company.
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Many early materials for papermaking were naturally fibrous, but René
Antoine Ferchault de Réaumur noted, as part of his extensive study of in-
sects, “[Wasps] teach us that paper can be made from the fibres of plants
without the use of rags and linen.”” Specifically, he was referring to wasps
that collect fibers from surfaces of wood to make their nests. Around 1800,
Matthias Koops obtained two patents related to making paper without using
rags.” While the exact process he used is unclear, he claimed to make paper
from wood. He likely used a combination of chemical and mechanical action
to fiberize the material. While Koops’ business failed, others took his ideas
and started making commercial quantities of ground-wood. Ground-wood
pulp is made by pressing logs against rotating stone cylinders and releasing
fibers by mechanical action. The short fibers produced by this method
provided a smooth surface for printing, but the addition of longer rag fibers
was still required to give the paper sufficient strength.

In his efforts to isolate the substance we now know as cellulose from
wood, Anselme Payen used nitric acid to remove the “matiére incrustante de
bois”, which we now call lignin.* While the elemental analysis experiments
performed in 1838 were not intended to lead to alternate pulp fibers, they
were among the first examples of chemical pulping of wood. In chemical
pulping, a portion of the lignin is removed by chemical action, liberating the
fibers. In 1864 Charles Watt and Hugh Burgess received US patent protection
for their discovery of soda (sodium hydroxide) cooking of wood to make
pulp.” While this patent was later determined to be invalid by a case ap-
pealed to the US Supreme Court,° the described process produced pulp from
hardwoods. The search for other methods of chemical pulping continued
because soda cooking made weak paper and could not be used with soft-
woods. Around the same time, Benjamin Tilghman noticed that both
hardwood and softwood exposed to sulfurous acid became fibrous.” Dif-
ficulties in developing materials that could withstand corrosive process
conditions and difficulties with process control made Tilghman abandon his
experiments, but other engineers, inspired by his work, went on to develop
the sulfite process.® In a typical sulfite process, the sulfurous acid is partially
neutralized. The hydroxides or carbonates of calcium, magnesium, sodium,
and ammonia have all been used as bases. Calcium carbonate was the first
base used. Because of the low cost of limestone and sulfur, the spent cooking
liquors were sewered. As environmental and cost pressures grew, the
“magnefite” process was developed using magnesium oxide as the base.
Magnesium oxide can be recovered by evaporating and then burning the
spent cooking liquor. While the sulfite process continues to be practiced
today, it has several limitations; recovering and recycling the cooking
chemicals is inefficient, the sulfite pulp makes weaker paper than the kraft
process, and the process does not work well with dense hardwoods and
resinous softwoods.

The next advance in chemical pulping came with the discovery by Asahel
Eaton”'? that sulfide in soda pulping liquor enhanced the pulping rate and
resulted in stronger fibers. With the subsequent discoveries of an efficient
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Table 3.1 Characteristics of commercially practiced chemical pulping processes in
North America.

Process Kraft Acid-sulfite ~Mg-sulfite = Neutral-sulfite
US production™ 42107 (93.2%) 0 (0%) 207 (0.5%) 2827 (6.3%)
(1000 tons per year)
Chemicals NaOH, Na,S H,SO0;, H,SO;, Na,SO;,
NaHSO; MgO Na,CO;3

Temperature (OC) 165-175 120-150 150-160 160-180

Time (h) 1-3 3-6 2-4 0.5-1

Yield (%) 45-50 48-51 50-52 70-80

Wood Hardwoods and Hardwoods Hardwoods Hardwoods
softwoods and some

softwoods

recovery cycle by Carl Dahl'! and a recovery boiler by George Tomlinson,"
kraft pulping has become the dominant method of producing chemical pulp
today (Table 3.1). As was described by Kleppe,'® the reasons kraft pulping
dominates North American chemical pulp production are:

It has an efficient recovery process.

All wood species can be pulped.

Modern bleaching can produce high brightness pulps.

Paper produced from kraft pulp is stronger than paper produced from
other pulps.

L e

Although kraft pulping has many advantages, release of sulfur com-
pounds, environmental impact, and capital intensity continue to present
challenges to paper companies. Over the last 50 years, extensive re-
search, pilot testing, and commercial trials have been conducted on
solvent pulping. This class of processes has become known as ‘“‘orga-
nosolv’’. Muurinen'® has reviewed the wide range of solvents with acids
and bases that have been tested. One of earliest organosolv process was
proposed by Kleinert and Tayenthal,'® but it took 40 years to develop a
complete process.'” Over the years, many processes have been trialed but
none has remained in use longer than five years.'® Complete processes
based on methanol (Organocell and ASAM), ethanol (Alcell), acetic acid
(Acetosolv), and peroxyformic acid (Milox) have all been tested on at least
the pilot-scale.’® The economic performance of all these processes de-
pends on obtaining high recovery rates of solvent. The majority of
solvent losses occur during pulp washing and solvent recovery. While
kraft mills burn their black liquor to recover cooking chemicals and
energy, all organosolv processes must include more complex separation
unit operations. Recovered lignin is a by-product of these processes.
Sales of recovered lignin could offset some of the other costs, but, except
for a few niche markets, organosolv lignin has not developed into a
profit stream, yet.
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3.2 Chemistry
3.2.1 Delignification Chemistry

Because lignin is biosynthesized by phenolic radical coupling with
unsaturated side chains, coniferyl alcohol and sinapyl alcohol, see
Figure 3.1, there are a significant number (55-66%) of monomers with ether
linkages.'>*® While carbon atom-centered radicals forming C-C bonds and
rearrangements result in other linkages, ether bonds are dominant targets of
pulping chemistry.>" Ether cleavage can be catalyzed by both acids and
bases, and practically every acid and base has been explored as a pulping
chemical. Once the lignin is fragmented, it must be dissolved in pulping
liquor before it can be washed out of fibers. If the pulping liquor is aqueous,
introduction of charge groups by sulfonation (sulfite pulping) or phenol
deprotonation (kraft pulping) facilitates dissolution. Alternatively one can
introduce organic solvents to help solubilize lignin fragments. For example,
as mentioned above, Kleinert and Tayenthal patented an organosolv
process.'®

In all pulping processes, there is a balance between lignin fragmentation
and condensation. C-C bonds can be formed under both acidic and basic
conditions. While it is still a matter of active research, there appears to be
a range of electrophilic and nucleophilic reactions, and subsequent
rearrangements'” that can form new bonds. Addition of hydrosulfide anion
(HS") to kraft liquors likely serves the role of inhibiting these condensations
by competing in addition reactions. The critical role that condensation
reactions play in limiting the production of small lignin fragments has been
shown by the effectiveness of thioacidolysis,”® an analytical method for
determining lignin composition. More recently, addition of formaldehyde
to biomass pretreatment® produces a soluble lignin fraction with “near
theoretical” yields of the monomeric subunits.

Coniferyl alcohol Sinapyl alcohol
(guaiacyl monomer) (syringyl monomer)

Figure 3.1 Nomenclature of lignin monomers.
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The reduction in condensation reactions has also been correlated with
lignin monomer subunit composition. Syringyl (S) is the 3,5-dimethoxy
substituted subunit, while guaiacyl (G) is 3-methyloxy substituted
(Figure 3.1). The reactive form of the lignin molecule is the phenolate,
and the resonance delocalization of the negative charge increases the
nucleophilicity of the carbons ortho and para to the phenol (positions 1,
3, 5).>* For syringyl subunits, both the 3 and 5 positions are occupied by
methoxyl groups, and thus reaction at this position is sterically hindered.
The open 5 position in guaiacyl subunits bears a higher nucleophilicity and
is more prone to compete with the other nucleophiles in the process, leading
to irreversible condensed products.”’ Wood that is higher in S-lignin, e.g.,
hardwood, is much easier to delignify both because there are fewer con-
densed linkages in the native lignin and because condensation reactions
occur at a lower rate during pulping.*

3.2.2 Alkaline Pulping Chemistry

While the fundamental process chemicals of kraft pulping have not changed
for 100 years, our understanding and ability to control the process has
advanced. The reactions of lignin during alkaline pulping are a complex
network of cleavages and condensations that occur both in the liquid phase
and at solid-liquid interfaces. Delignification is often observed to proceed at
a decreasing rate with higher extents.”® The initial rapid reaction removes
approximately 20% of the material in the secondary wall. Then bulk de-
lignification proceeds through the secondary wall to the middle lamella
and removes another 70% of the mass of material. Finally, the last 10% of
the lignin reacts very slowly. The residual lignin is often enhanced in G-units
and condensation products, and thus is only very slowly removed by
hydrolysis. If white paper is desired, the residual material is removed by
oxidative bleaching steps, which exhibit higher cellulose to lignin selectivity
than kraft pulping.

Using a series of analysis methods, Prinsen et al. compared the lignin
properties of residual and dissolved (black liquor) lignin during kraft and
soda pulping®® (Table 3.2). For comparison they also included similar an-
alysis of milled-wood lignin (MWL). The MWL sample is the fraction of
lignin soluble after ball-milling (20-30%). While it likely is significantly
lower in molecular weight than native lignin, it can be used as a reference for
the linkage types. The authors varied the cooking conditions to get samples
with different extents of delignification for each type of pulping. Inspection
of Table 3.2 shows that the lignin dissolved in the pulping liquor has a lower
molecular weight, which is represented as estimated degree of polymer-
ization (DP) in the table. The data in Table 3.2 show that the starting lignin
has a significant quantity of ether linkages, 84%, the dissolved material has
practically none, <1%, and the major product of the hydrolysis is free
phenolic hydroxyl groups. The C-C bonds are less dramatically affected.
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Table 3.2 Properties of alkaline residual and dissolved lignin. Adapted with permis-
sion from P. Prinsen, J. Rencoret, A. Gutiérrez, T. Liitid, T. Tamminen,
J. L. Colodette, M. A. Berbis, J. Jiménez-Barbero, A. T. Martinez, and J. C.
del Rio, Ind. Eng. Chem. Res., 2013, 52, 15702.>¢ Copyright 2013 American
Chemical Society.

Residual Black liquor
MWL Kraft Soda Kraft Soda

% Lignin 95.0 3.3 2.5 3.3 2.5 3.3 2.5 3.3 2.5
DP, 17.5 12.2 11.9 13.5 12.7 8.3 8.1 8.2 7.8
DP,, 66.5 21.7 17.5 23.8 19.5 11.8 11.2 12.6 11.6
S/G 2.0 2.1 1.9 2.1 1.7 3.4 3.1 2.8 2.8
Ether linkages (%) 84 16 14 18 12 1 0 0 0
C-C bond linkages (%) 16 7 7 7 7 10 9 9 8

% Phenolic OH 13 34 11 43 45 79 88 81 85

As has been reviewed by Chakar and Ragauskas," the dominant
depolymerization mechanism is base-catalyzed hydrolysis of ethers. Upon
deprotonation, the resulting phenolate can be converted into a quinone
methide, which is likely the active intermediate for condensation reactions.

Over the last 10 years, there has been a growing appreciation of the
importance of lignin-carbohydrate complexes (LCCs). It is now widely
reported that almost all lignin isolates contain hemicellulosic sugars or their
degradation products, covalently attached. Part of the reason for the slow
identification is that the linkages, often esters, are rapidly broken under
alkaline conditions.?” In the context of chemical pulping, there seems to be a
differentiation of types of lignin based on which hemicellulose is attached.

3.2.3 Neutral Pulping Chemistry

As currently practiced in North America, the goal of neutral-sulfite cooking is
not the removal of lignin, but instead the “softening” of the lignin before
mechanical refining.”® With the near-neutral pH, the rate of hemicellulose
and ether hydrolysis is slow, as indicated by a typical yield of 70-80%.>°
Sulfonation does continue at this pH and is likely the origin of the desired
changes in lignin properties.

3.2.4 Acidic Pulping Chemistry

Under acidic conditions, the aryl ethers of lignin may be cleaved by ionic
acidolysis and hemolytic cleavage.?® The carbocations formed during the first
step of acidolysis likely participate in condensation reactions that often result
when lignin is exposed to acidic conditions. When the acid is sulfurous
acid, as in acid-sulfite pulping, the -O-4 cleavage reaction is suppressed, and
the dominant reaction is sulfonation at the o-position®" (Figure 3.1). This
conclusion is also supported by the analysis of commercial lignosulfonates,
which shows that the degree of polymerization is high, 20-300 C, units, and
approximately 50% of the monomer units are sulfonated.*”
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3.3 Paper Industry Attempts to Get More Than
Energy out of Lignin

3.3.1 Lignin Sulfonate

As discussed above, kraft pulping dominates North American chemical pulp
production, but early in the last century calcium-bisulfite pulping was much
more common. Spent sulfite liquors contain sulfonated lignin and sugars.
In an effort to recover value from this waste stream, the sugars were often
fermented to ethanol and the lignosulfonates were precipitated using lime.*?
The washed lignosulfonates were aggressively marketed as extenders and
binders. While the early market penetration was slow, there is now a solid
global market of approximately 1.1 million metric tons per year. With the
March 2001 closure of Georgia-Pacific’s Bellingham, Washington mill, the
United States became a net importer of lignosulfonate, which has become a
common concrete additive, among other uses.

3.3.2 Vanillin Production

Vanillin production from lignin is a complex story. Starting in the early
1900s Guy Howard** and others developed ways of isolating vanillin from
oxidized lignosulfonate. In 1936, commercial production of vanillin from
lignin as a coproduct of pulping operations was started in Rothschild,
Wisconsin®>*® and two facilities in Canada soon started producing vanillin,
as well. A facility at Thorold, Ontario, reached a maximum production of
3.4 million kg per year,”” which was 60% of the global demand at that time.
Now, operations in North America have ceased due to waste handling
problems, limited demand for sulfite pulp, and less expensive petroleum-
based routes to vanillin.’®

The isolation of vanillin from lignin involves a series of unit operations
that winnow the wide range of chemical products formed from lignin oxi-
dative depolymerization down to the desired product. The elegant solution
was to use a carbonyl sulfite addition step, which is a unique reaction for
benzaldehydes.?” The sulfite addition makes the desired compound soluble
in water, while many of the similar substituted phenols remain insoluble in
water. This switching of extraction properties during the process results in
dramatic improvements in separation (Figure 3.2).

The sequence of unit operations can be summarized as follows:

oxidize softwood lignosulfonate under alkaline conditions;

make a vanillin/bisulfite complex by adding sulfurous acid;

use organic solvent to remove any small molecules not sulfonated;
dissociate the complex by neutralization and recover sulfur dioxide;
use organic solvent to extract the vanillin, which is no longer charged;
evaporate the solvent;

recrystallize the vanillin.

Nooewbe
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Sulfur Organic Sulfur Organic
Dioxide Solvent Dioxide Solvent
Oxidized l l T l Aqueous
Pl.ﬂpi"g_> Acidification | | Organic | | Neutralization —| _©r8anic _\i\/aste
Liquor Bisulfination Extraction Extraction
l 1 . T . Vanillin
Prechlplt'ated Organic Sulft.mc Crystallization [
Lignin Waste Acid

Figure 3.2 Commercial process for purifying vanillin from pulping liquors.

A Norwegian company, Borregaard, continues to operate a lignin-to-
vanillin plant in Sarpsborg, Norway.?* The details of their process design
are not publicly available but likely include innovations like membranes and
ionic adsorption columns to significantly reduce the process waste streams
that led to the demise of the North American operations.

3.3.3 Kraft Lignin Recovery

Ever since soda pulping was first practiced, it has been known that
acidification of black liquor results in lignin precipitation. As mentioned
above, this change in solubility is caused by protonation of phenols
in dissolved lignin fragments. Kraft lignin has long been a material of
commerce, but on a small scale. For example, Westvaco Corporation
(now Ingevity) has produced and sold kraft lignin in a variety of forms
and under several tradenames, including Indulin A and C. With loss of
lignosulfonate production capacity in North America, opportunities
for other lignin products is emerging. Renewed efforts have brought two
other processes from laboratory and pilot trials to commercial-scale
operations. “LignoBoost,” inspired by Westvaco’s work and further de-
veloped by Innventia and Chalmers University, is now installed and oper-
ating by Domtar in Plymouth, North Carolina and a second facility has
been installed by Stora Enso in Kotka, Finland.*® This process uses carbon
dioxide to lower the pH of the black liquor, causing the lignin to precipi-
tate. The solid lignin is removed with a filter and the filtrate is returned to
the pulp mill. After an acid washing step, the lignin is filtered again
and dried.

In an attempt to decrease the concentration of reduced sulfur compounds
and improve the properties of the resulting lignin, FPinnovations and
NORAM have developed “LignoForce”.*! This process is similar in concept
to LignoBoost in that carbon dioxide is used as an acid to precipitate lignin,
but LignoForce has a preoxidation step, which oxidizes some of the reduced
sulfur compounds and modifies the lignin properties by introducing new
aldehydes and ketones (Figure 3.3). This process has recently been started
up by West Fraser in Hinton, Alberta.
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Figure 3.3 LignoForce process.

3.3.4 Black Liquor Gasification

While Tomlinson boilers’> have served the industry well for 80 years,
many are nearing the end of their useful lifetime. Naqvi et al.*> have com-
prehensively reviewed black liquor gasification technologies. Several projects
have moved to pilot-scale over the last 15 years. The production ranged
between 20 and 300 tons per day. In addition, a wide range of options have
been evaluated for their techno-economic performance. For example, Larson
et al.*> modeled the production of “producer gas” from black liquor, which
could be burned in a gas turbine to produce electricity. The waste heat
from this process could be used to produce steam for the pulp mill. They
concluded that replacing a Tomlinson boiler with a black liquor gasification
combined cycle (BLGCC) cogeneration system could increase the efficiency
of converting lignin fuel into electricity while still meeting the steam
requirements of the mill.

In another study, Larson et al.** considered the possibility of producing
several synthetic fuels and chemicals from gasified lignin. They concluded
that while converting a paper mill into a biorefinery would be a significant
capital investment, the returns looked promising.

To date, there have not been any projects that have moved from pilot-scale
to wider adoption. The reason for this lack of progress is likely related to (a)
capital intensity of the proposed systems, (b) low prices of natural gas and
petroleum, (c) recent improvements in evaporator design, which has in-
creased thermal efficiency by allowing mills to fire more concentrated black
liquor, and (d) improved Tomlinson boiler controls, which have also in-
creased efficiency.

On a broader scale, the lack of commercialization of gasification illus-
trates the difficulty of applying new lignin technology in the paper industry.
In most cases, paper production will continue to be the major source of
revenue. Making paper requires a large amount of energy. While there are
efficiency gains to be made, the paper mill still needs a significant fraction of
its lignin production to meet its energy demand. Because paper production
is tightly coupled to its energy supply, whole mill models are required to
effectively predict the impact of taking lignin from the black liquor stream.
Any change in one part of the process will have impacts on the other
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subsystems of a mill. Mills that have installed gasification, i.e., LignoBoost
or LignoForce processes appear to generally have exceeded the capacity of
their recovery system and are looking for a way to operate at a pulp pro-
duction that exceeds the capacity of the boiler.

3.4 Conclusions

Pulp and paper production has followed the rise of large scale printing.
Beginning in the 1800s, the pulp industry in North America largely turned to
wood for its fiber supply. In the beginning, calcium-sulfite pulping liquors
were simply discarded, but as the industry grew, uses for lignosulfonates and
sugars were found.

Today, kraft pulping has replaced sulfite pulping. Most kraft mills are
fairly efficient and meet much of their energy demands by burning lignin
and carbohydrate. There has been a small business using acid precipitation
to recover lignin from kraft black liquor, but because mills need energy the
commercial value of this recovered lignin needs to be well above the price of
other fuels.

Newer technologies, black liquor gasification and organosolv pulping, are
being explored as ways to provide lignin-derived feedstocks to the chemical
industry. While there are many attractive compounds in lignin, the cost of
separating valuable compounds from hundreds, even thousands, of other
organic compounds means that they are currently inaccessible on a
commercial scale.
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