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Precipitation of Lignin from Softwood Black Liquor:
An Investigation of the Equilibrium and Molecular
Properties of Lignin
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Extracting lignin from black liquor is an attractive option in modern pulp
mills as a unit process for a combined biorefinery. The lignin obtained can
be utilized as solid fuel or other high-value added products. The
precipitation equilibrium of kraft lignin from softwood black liquor was
studied in this work. It was found that with decreasing pH and temperature,
or increasing ion strength, the solid yield increases. Moreover, precipitated
softwood kraft lignin has a higher molecular weight and contains lower
amounts of carbohydrates and phenolic groups than lignin precipitated
from mixed hardwood/softwood black liquor. The content of methoxyl
groups in softwood kraft lignin was found to decrease with increasing
precipitation yield. An empirical model for estimating the precipitation yield
of lignin was proposed and evaluated.
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INTRODUCTION

There is a great potential within the pulp and paper industry to produce high-value
products other than pulp and paper. Implementing technology most recently available in
pulp and paper mills could make it possible to improve the degree of utilization of
renewable resources further, e.g., lignin recovered from black liquor. The precipitation of
lignin from black liquor by acidification has been investigated for a long time, and
industrial production was started on a very small scale during the 1960s. There are also a
number of studies that investigate the yield/equilibrium of lignin precipitation from black
liquor. Alén et al. (1979) used both CO- and sulfuric acid to precipitate lignin from black
liquor at 80 °C. They found, among other things, that a lignin precipitation yield of 90%
was achieved when the black liquor was acidified to pH 2.0 using sulfuric acid. The yield
was also found to increase for black liquor with a higher total dry solids (TDS) content.
Uloth and Wearing (1989) compared two lignin separation procedures: acid precipitation,
using pure sulfuric acid or chlorine dioxide generator waste acid (GWA), and
ultrafiltration. The conclusion was that the former had a better recovery yield.

Recently, a novel method called “LignoBoost” (Theliander 2008) has been
introduced and commercialized. Its final product is highly purified lignin (< 1 wt.% ash).
The technical/scientific background to the LignoBoost process has been summarized in a
number of papers (e.g., Ohman et al. 2007; Wallmo et al. 2007, 2009a,b).
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For energy applications, LignoBoost lignin can be used internally in the pulp mill
as a biofuel to replace fuel oil in the lime kiln or coal in pressurized fluid bed combustion
(PFBC) boilers (Tomani et al. 2011). For chemical and material applications, it has the
potential to produce more valuable products, such as carbon fibers (Sudo and Shimizu
1992; Gellerstedt et al. 2010) and phenolic-based chemicals (Gellerstedt et al. 2012).

The pH of black liquor is rather high (pH 13 to 14), and the phenolic groups on
lignin molecules are ionized, making the lignin soluble in a water solution. The
precipitation (coagulation) of lignin from black liquor by acidification occurs because of
the protonation of ionized phenolic groups on the lignin molecules. Protonation is more
favorable for lignin molecules with a higher pKa value; the apparent pKa of kraft lignin has
been found to be influenced by temperature, ion strength of solution, type of solvent, and
the molecular structure of lignin (Rudatin et al. 1989; Norgren and Lindstrom 2000a;
Ragnar et al. 2000). The protonation of phenolic groups reduces the electrostatic repulsive
forces between lignin molecules (Gilardi and Cass 1993; Sundin 2000; Vainio et al. 2004),
which then become less hydrophilic, leading to precipitation.

There are also some studies (Theliander 2010; Zhu et al. 2013) on how the
yield/equilibrium in the precipitation step of LignoBoost process is influenced by different
process conditions, i.e., the pH, temperature, and ion strength of black liquor. One of the
conclusions reached is that a higher precipitation yield of lignin can be achieved at a lower
precipitation pH and temperature, or at a higher level of ion strength. The major subunit
type in softwood lignins is the guaiacyl unit (G), whereas hardwood lignins contain
approximately equal amounts of G and syringyl (S) units. The G-type lignins (mainly in
softwood) consist of more carbon-carbon bonds, such as -5 and 5-5 (Sjéstrom 1993) than
S-type lignins (in hardwood) because of the greater availability of the Cs position. This
fact, together with the different amounts of functional groups present in softwood and
hardwood lignins, has implications not only for the reactivity of lignin during kraft cooking
but also for the resulting properties of softwood and hardwood kraft lignins.

Our previous work (Zhu et al. 2013) includes the investigation of macromolecular
properties and the determination of functional groups (such as phenolic and methoxyl
groups) of precipitated kraft lignin from mixed hardwood/softwood black liquor. Very little
research of this type has been carried out on softwood lignin. Stoklosa et al. (2013)
fractionated lignin in softwood black liquor by gradient acidification at elevated
temperature and pressure (115 °C and 6.2 bar), and the resulting lignin was referred to as
“liquid lignin”. They found that the molecular weight was lower, but the phenolic content
was higher in the lignin fraction precipitated at lower pH.

In this work, softwood black liquor was used in a lignin precipitation study. The
primary objectives were to investigate the influence of process conditions, i.e., pH, ion
strength, and temperatures (lower than those Stoklosa et al. (2013) used) on the equilibrium
of lignin precipitation from softwood black liquor. Furthermore, characterizations of the
chemical (Klason lignin, acid-soluble lignin, and carbohydrate content) and molecular
properties (average molecular weight and content of functional groups) of the lignin
precipitated were undertaken. The results in this study are compared with previous studies
on mixed hardwood/softwood black liquor, regarding both the precipitation equilibrium
and characterization of lignin. An empirical model for predicting the precipitation yield of
lignin at a given condition is proposed and compared with the literature.
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EXPERIMENTAL

Raw Material

A softwood (80% spruce and 20% pine) black liquor was used in this study. It was
obtained from a Swedish batch kraft pulp mill producing bleachable-grade pulp. The
sodium/potassium concentration was adjusted by adding deionized water (adjusted from
3.70 mol kg lig. to 2.87 mol kg™ lig.) so that it would be possible to compare the results
from the authors’ earlier study of mixed hardwood/softwood black liquors (Zhu et al.
2013).

Precipitation of Lignin from Black Liquor

The lignin precipitation experiments were carried out at laboratory scale using a
procedure published previously (Zhu et al. 2013). This can be summarized as follows:
100 g of black liquor in a plastic bottle was placed in a water bath for 1 h to reach the target
temperature. Sodium sulfate (Fisher Scientific, 99.5%) was added when a higher ion
strength was required. Once the target temperature was reached, 6 M sulfuric acid was
added to reach the target pH. The pH measurement was performed at room temperature
using a JENWAY Model 370 pH/mV Meter with temperature correction. The electrode
used was an Epoxy bodied combination pH electrode (924 005) suitable for pH
measurement between 10 °C and 105 °C. A three-point calibration at pH 7.00, 10.00, and
12.00 was performed before the measurements were made. The sample was then shaken
every 10 min for 1 h to obtain an apparent equilibrium. When precipitation was complete,
the black liquor was filtered (dead-end filtration, using Munktell qualitative filter paper,
Grade 5) using a Buchner funnel set-up; the filtrate was collected and stored at 4 °C. The
filter cake (a dark-colored solid) was then washed with acidified (H.SOa4) deionized water
(pH approx. 3) and dried at 105 °C for 8 h. The experimental conditions were chosen within
the optimized process conditions that can be expected in industrial units (Theliander 2008).
The details are given in Table 1.

Table 1. Parameters used in the Lignin Precipitation Experiments

Temperature Na Content pH
(6®) (%)
45, 65 Original ~11, ~10.5, ~10, ~9.5
45, 65 Original + 10 % ~11, ~10.5, ~10, ~9.5
45, 65 Original + 20 % ~11, ~10.5, ~10, ~9.5
75 Original 11

Analytical Methods
Characterization of the black liquor

The total dry solids (TDS) content of the black liquor was determined according to
the TAPPI T650 om-09 method in which the sample was dried at 105 °C for 24 h; the
experimental deviation was +0.6%. The concentrations of NaOH and Na,S were measured
according to a titration method proposed by Wilson (1968). The errors in measurement of
NaOH and NaS content were £0.6% and +2.2%, respectively. After wet combustion in a
microwave oven, the Na and K concentrations of the black liquor were measured by atomic
absorption spectroscopy (AAS) (Thermoscientific ICE 3000), with the errors in
measurement being +1.6% and £6.0%, respectively. The Na concentration of the washed
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lignin filter cake was also measured by AAS after wet combustion. The concentration of
lignin was determined by UV light absorption using a Specord 205, Analytik Jena, with a
wavelength of 280 nm. The absorption constant for softwood lignin was 24.6 dm® gt cm™
(Fengel et al. 1981). The experimental error of the UV measurements was estimated to be
+0.9%.

Klason lignin and acid-soluble lignin

Klason lignin in the sample is the solid residual material after hydrolysis treatment
with 72% sulfuric acid. A detailed description of the procedure can be found in a previous
study (Zhu et al. 2013), in which Klason lignin, acid-soluble lignin, and monomeric sugars
in the samples were analyzed. The concentration of acid-soluble lignin was measured by
UV at 205 nm in a Specord 205, Analytik Jena. The absorption constant was 110 dm?3 g
cm™ (Dence 1992). The deviation of the results was estimated to be + 0.9%.

Analysis of carbohydrates

The analysis of monomeric sugars in the samples was performed by high-
performance anion exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) measurement, as described earlier (Zhu et al. 2013). The amounts of sugar
analyzed were corrected for the acid hydrolysis yield (Janson 1974), which varies for
different sugars; the values used were collected from experimental results reported by
Wigell et al. (2007). The amounts of xylan and (galacto)glucomannan (GGM) were
calculated using the algorithm described in Appendix A. The estimated error for
determination is about 1% based on the calibration curve of standard samples.

Analysis of molecular weight

A gel permeation chromatograph (GPC) was used to determine the molecular
weight of the precipitated lignin. The dried sample was dissolved in a dimethyl sulphoxide
(DMSO)/LiBr (0.01 M) mixture to a concentration of 0.25 g L™X. The measurement was
performed on a PL-GPC 50 Plus, Integrated GPC System from Polymer Laboratories (A
Varian Inc. Company) equipped with a detection system consisting of a refractive index
(R1) and Ultraviolet (UV) detector. The UV measurement was performed at a wavelength
of 280 nm, which is generally associated with lignin; the RI responses corresponded to
both lignin and carbohydrates.

The system was equipped with two PolarGel-M (300x7.5 mm) columns and a
PolarGel-M Guard column (50x7.5 mm). The mobile phase was a DMSO/LiBr (0.01 M)
mixture; the sample was injected via a PL-AS RT GPC Autosampler at a flow rate of 0.5
mL mint. The sample was analyzed using the software Cirrus GPC Version 3.2. Pullulan
of nine different molecular weights (708, 375, 200, 107, 47.1, 21.1, 5.9, 0.667, and 0.18
kDa) was employed for calibration (Polysaccharide Calibration Kit, PL2090-0100,
Varian). The estimated error for determination is about 5% based on the calibration curve
of standard samples. All the results obtained were baseline corrected.

Analysis of quantitative functional groups

'H and C nuclear magnetic resonance spectroscopy (NMR) was performed to
analyze the content of functional groups in precipitated lignin. Prior to the NMR
examination, the samples were acetylated using the method proposed by Lundquist
(1992b). The acetylated lignin sample was dissolved in DMSO-ds (99.8%, ARMAR
Chemicals) with a concentration of approximately 200 g L. The *H and *C NMR spectra
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were recorded at 25 °C on a Bruker Avance Il HD 18.8 T NMR spectrometer equipped
with a 5-mm TCI Cryoprobe (cold H and 3C channels) operating at a frequency of 800
MHz for *H and 201 MHz for 3C detection. The H spectra were recorded with a 90° pulse
angle, 5-s pulse delay, 1024 scans, and 2.56-s acquisition time. The 3C spectra were
recorded with an inverse-gated decoupling sequence, 90° pulse angle, 12-s pulse delay,
3200 scans, and 1.36-s acquisition time. The resulting spectra were baseline corrected and
processed by MestreNove (Mestrelab Research); the standard deviation estimated by
Landucci (1985) and Pu and Ragauskas (2005) is 3.0%.

RESULTS AND DISCUSSION

Characterization of Black Liquor

Results from the chemical analysis of the diluted softwood black liquor used are
shown in Table 2. An acid titration was also made: the resulting titration curve (not
presented in this paper) was similar to those obtained by Wallmo et al. (2007) for typical
softwood black liquors. This indicates that the protonation of the different compounds in
the two black liquors is very similar.

Table 2. Some Important Characteristics of the Softwood Black Liquor” Sample

Characteristic Content
(9 kg lig.)

Na 61.5
K 7.7
Lignin UV 118.5
Lignin Klason 98.8
Acid-soluble Lignin 24.0
NaOH 11.2
NaxS 14.7
Carbohydrates 5.5

-Arabinose 1.2

-Galactose 2.0

-Glucose 0.6

-Xylose 1.6

-Mannose 0.1

* The dry solids content of black liquor is 32.0%

Equilibrium of Lignin Precipitation
In this work, the precipitation yield of lignin (Yield) was calculated as,
Yield = “B-=2E % 100% (1)
Lpy,
where Lg. is the lignin concentration of the black liquor and Lk is the lignin concentration
of the lignin-lean filtrate after precipitation. The concentration values are determined as
Klason lignin.

In Fig. 1, it can be clearly seen that the precipitation yield of lignin increased with
decreasing pH or temperature, as well as with increasing ion strength of the black liquor.
This is in agreement with recent studies (Theliander 2010; Zhu et al. 2013). A higher
concentration of hydrogen ions promotes the protonation of phenolic groups on the lignin
molecules and neutralizes the surface charges. The repulsive forces between molecules are
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decreased, such that the lignin molecules coagulate and the precipitation occurs. The pKa
of kraft lignin is higher at lower temperatures, and thus the solubility is decreased (Norgren
and Lindstrom 2000a). A higher ion strength is also favorable for lignin precipitation due
to the repulsive forces between lignin molecules being screened (Norgren et al. 2001), i.e.,
increasing the ion strength will reduce the range of repulsive interactions between lignin
molecules. The lignin molecules then become close enough for attractive forces to become
dominant.

90 90
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Fig. 1. Precipitation yield of lignin from softwood black liquor at various temperatures, pH, and ion
strength (IS) additions

Characteristics of Precipitated Kraft Lignin
Determination of average molecular weight

Seven samples of precipitated lignin were selected for GPC and NMR analysis
(Table 3). Samples 1 through 3 are those that achieved at the highest, medium, and lowest
precipitation yields, respectively. The precipitation conditions of samples 4 through 7 were
65 °C with no extra addition of salt and varying pH levels, i.e., 9.5, 10, 10.5, and 11.

The relationship between the precipitation yield of lignin and the weight-average
molecular weights (Mw) of lignin are also given in Table 3. It can be seen that the My, value
measured by RI response was higher than that measured using the UV response, which is
mainly due to the RI detector having a lower sensitivity than the UV detector in the region
of lower molecular weight, and therefore the molecular weight fraction below the detect
limitation of RI has been omitted (Fig. 2). The results show that the My of lignin was lower
at higher precipitation yield. The number-average molecular weight (M) of lignin
precipitated by Rl and UV detection was also measured: for samples 1 through 3, a clear
increasing trend (RI response) with decreasing precipitation yield was found, whereas only
a weak tendency between the precipitation yield and the My in samples 4 through 7 was
observed. These findings are in agreement with our previous study (Zhu et al. 2013).

The molecular weight distribution (MWD) profiles of the lignin samples are
reported in Fig. 2. In general, the MWD profiles produced from the Rl and UV responses
are similar. Moreover, the molecular weight profile confirms yet again that the molecular
weight of precipitated lignin decreases with increasing precipitation yield.
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Table 3. Weight-Average Molecular Weight (Mw) of Softwood Kraft Lignin and its

Corresponding Precipitation Yield

Sample | lon Strength | Precipitation | Temperature Mw Mn Precipitation
No. Addition pH (°C) (kDa) (kDa) Yield
(%) RI | UV | RI | UV (%)
1 20 9.5 45 16.7 | 145 | 8.0 | 2.0 86.7
2 10 10 65 177|152 | 86 | 1.7 69.5
3 0 11 75 26.9 1249|103 | 2.2 26.4
4 0 9.5 65 17.3|15.0| 86 | 1.8 77.8
5 0 10 65 18.1 | 152 | 89 | 2.0 62.0
6 0 10.5 65 183|154 | 86 | 1.9 48.6
7 0 11 65 19.7 1 16.2 | 9.0 | 2.0 29.4
0.3{a) Rl response ~—Sample 1| 0,3{(b) Rl response — Sample 4
Sample 2 ~ Sample 5
—— Sample 3 Sample 6
—— Sample 7
- 0.2} 0.2}
< Below Below
o lower lower
§ 0.1 limit 0.1 limit
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Fig. 2. Molecular weight distribution (MWD) of the precipitated softwood kraft lignin samples

Analysis of Functional Groups
13C NMR spectroscopy

The 3C NMR spectra of acetylated lignin samples are presented in Fig. 3. The
chemical shift () is the difference (parts per million, ppm) of the resonant frequency of a
nucleus (*3C) relative to a standard (tetramethylsilane, TMS, defined as zero). The chemical
shift assignments of lignin moieties and its integrated peak areas are based on the literature
(Morck and Kringstad 1985; Pu and Ragauskas 2005) and summarized in Table 4. The
integral of the aromatic region (3¢ 106 to 154 ppm) was calibrated to 6, which represents
6 aromatic carbons (Landucci et al. 1998; Ralph and Landucci 2010; Min et al. 2013; Wells

Jr. et al. 2013).
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Fig. 3. 13C NMR spectra of the precipitated softwood kraft lignin

The quantitative evaluation of functional groups (OHphen and OMe) was thus
integrated relative to this value (Robert 1992; Faix et al. 1994; Ralph and Landucci 2010;
Choi and Faix 2011). The chemical shift region (6c 166 to 168.8 ppm) originates from the
carbonyl in acetoxy groups (Ac.OHpren.). The signal of methoxyl groups (OMe) appears in
chemical shift regions between 6c 54 and 57.5 ppm.
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Table 4 shows that the content of phenolic groups decreased from samples 1
through 3 and from samples 4 through 7, i.e., as the precipitation yield decreased. It can
also be seen from Table 3 that the molecular weight of lignin increased from samples 1
through 3 and 4 through 7, which indicates that larger lignin molecules had fewer phenolic
groups, per unit mass, than smaller ones. The content of methoxyl groups in the precipitated
lignin increases from samples 1 through 3 and 4 through 7 with increasing molecular
weight of the lignin, which is in agreement with previous studies (Wada et al. 1962; Lin
and Detroit 1981; Morck et al. 1986). This may occur because lignin has a lower molecular
weight and is degraded more extensively during kraft cooking; more methyl-aryl ether
linkages on the lignin aromatic ring could also have been cleaved off (Gellerstedt 2009),
resulting in smaller lignin molecules having a lower methoxyl content.

Table 4. Quantitative Analysis of the Softwood Kraft Lignin Based on 3C NMR
and 'H NMR Spectra

Sample No. BC-NMR 1H-NMR

Ac. OHphen OMe Ac. OHphen OMe

166-168.8 54-57.5 21-2.4 3.4-4.0
ppm ppm ppm ppm
1 89 70 224 333
2 86 74 208 347
3 80 79 188 376
4 87 72 211 343
5 85 75 205 351
6 83 77 200 361
7 81 78 195 370

All values calculated on 100 Co basis.

'H NMR spectroscopy

IH NMR spectroscopy was also used for the characterization of functional groups
in the precipitated kraft lignin. The spectra of lignin samples are shown in Fig. 4; the
chemical shifts of phenolic acetate (o1 =2.3) and OMe (61 ~3.8) can be found in the
literature (Lundquist 1991, 1992a,b). The number of protons per aromatic ring (dn =7) is
assumed to be 2.5 for kraft lignin (Li and Lundquist 1994), allowing the quantitative
integration of phenolic (acetylated) and OMe groups.

Table 4 also reports the content of phenolic and methoxyl groups in lignin by H
NMR,; the trends of these groups with the change in molecular weights of the lignin are in
accordance with the results obtained from *3C NMR spectra.

Analysis of carbohydrates and lignin

The concentrations of xylan and GGM in the filter cake (precipitated lignin) and
filtrates are listed in Table 5. It can be seen that, at 45 °C and a precipitation pH between
9.5 and 11, the concentration of GGM in the filter cake increased with increasing pH (i.e.,
with lower yield). As discussed earlier in this study, the precipitated lignin had a higher
molecular weight at higher pH levels. Thus, the higher concentration of GGM in large
lignin molecules could occur because they were actually linked together, as the latter have
been degraded/decoupled to a lesser degree during the cooking operation.
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Fig. 4. 'TH NMR spectra of the precipitated softwood kraft lignin

The same trend was also found for xylan in filter cakes at 45 °C, but the increase
was not as large as for GGM. A plausible reason for this might be that the yield loss is
higher for GGM than xylan (Sjostrom 1993) in kraft cooking; compared to xylan, GGM
had thus been degraded/decoupled to a larger degree. Also, at 65 °C, the concentration of
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GGM in filter cakes increased with increasing precipitation pH, while that of xylan seems
to have been independent of pH. Another interesting observation is that the overall GGM
content was much higher at 65 °C than that at 45 °C, especially at pH levels of 9.5 and 10.
This is in agreement with the discussion above: at low temperatures, lignin molecules of
low molecular weight were also precipitated, and thus the precipitated lignin contained less
amounts of GGM. Moreover, it has also been suggested by Lawoko et al. (2005) that,
during pulping, glucomannan-linked lignin undergoes a partial condensation that causes
larger molecules to be formed. This is in agreement with the observation made in this paper,
i.e., the GGM content of the precipitated lignin was higher with higher M.

Values for the sum of Klason lignin, acid-soluble lignin, and total carbohydrates of
precipitated lignin are shown in Table 5. The average Na content of the precipitated lignin
is 0.4 + 0.2 wt.%, which indicates that the lignin was well washed after precipitation.

The concentrations of xylan and GGM in the filtrates seem to remain constant
compared with those in the filter cakes.

Comparison between the Precipitation of Lignin from Softwood and Mixed
Hardwood/Softwood Black Liquor

In a previous study (Zhu et al. 2013), the equilibrium of lignin precipitation and the
molecular/chemical characterization of precipitated lignin from mixed hardwood
(birch)/softwood (pine and spruce) black liquor was investigated. It should be kept in mind
that the properties of the black liquor depend on both the type of raw material used and the
process conditions of the pulp mill in question. Our comparison is therefore based on the
characterizations performed on the filtrate and precipitated lignin. As stated earlier, it was
ensured that the sum of the sodium and potassium content of the softwood black liquor
used in this study was the same as in a mixed hardwood/softwood black liquor. Although
the Klason lignin content in the mixed black liquor was found to be lower, the acid-soluble
lignin concentration was higher than the black liquor from this study. However, the mixed
black liquor has a higher concentration of carbohydrates, especially xylan, which is the
major hemicellulose component of hardwood (Sjostrém 1993).

Precipitation yield of lignin

The precipitation yields of lignin from the mixed hardwood/softwood and softwood
black liquors are listed in Appendix B. In general, the trends of the yield from the mixed
hardwood/softwood black liquor at various conditions (Zhu et al. 2013) were the same as
for the softwood black liquor (Fig.1). However, it is difficult to compare the overall
precipitation yield of lignin obtained from these two black liquors: the differences in yield
were small, often close to the experimental error. Nevertheless, at the lowest/highest
precipitation yield points, the mixed black liquor lignin showed a slightly lower
precipitation yield than softwood black liquor. One reason could be the following: the
molecular weight of lignin in mixed black liquor was found to be lower than in softwood
black liquor; NMR analysis also showed that the content of phenolic groups in mixed
hardwood/softwood lignin was higher than in softwood lignin. This is in agreement with
an earlier study by Norgren and Lindstrom (2000b), who found that kraft lignin with lower
molecular weights and a higher content of phenolic groups has a lower pKa value and
therefore a lower precipitation yield (i.e., higher solubility).
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Table 5. Concentrations of Xylan, GGM, Total Carbohydrates, Klason Lignin and
ASL (g kg Total Dry Solid (TDS)) of Filter Cakes (precipitated softwood kraft
lignin) and Concentration of Xylan and GGM of Filtrates at Various pH,
Temperatures, and Additions of lon Strength (IS)

Xylan

Filtrate
GGM

9+1 |51+05|8.0+£0.8

ASL

936+1(8+0.2|53+05|76+0.9
924 +4 |10+0.3|53+£05|79+1.0
929+11| 10+2 |5.2+05|8.0+1.0
899+17| 10+1 |59+05|85+0.7
904+3 | 11+3 |57+04|8.6+0.7
893+39| 10+1 |56+0.3|8.7+£0.6
899+29| 10+1 |54+04|85+0.6
908 +31| 10+2 |59+£0.2|9.0+0.3
911+22| 10+1 |54+£03|82+04
919+10| 10+1 |5.0+£0.3|7.4+0.6

Klason
lignin
916+ 1

Filter cake
Total
carbohydrates
9.9+1.1
13.9+2.7
147+1.6
194+ 0.7
16.6 £ 0.5
15.7+0.6
16.6 £ 0.5
19.2+0.6
15.3+3.2
16.0+ 3.0
159+ 35

Xylan

GGM

7.0+25(6.3+x0.7

95(3.1+04|59+0.6
10 |49+1.0|6.6+0.7
11 |9.7+£0.4|7.8+£0.7
95 (73+x0.3[6.6+0.2
10 |7.5+£0.3|6.7+£0.3
11 |10.7+0.5/6.7+ 0.6
10 |7.4+£24|7.0+£05
20 |7.2+£25|7.2+£0.8

pH
0

10.5/6.5+0.5(6.8£0.9
10.5/85+0.2({6.6 0.5

Temperature
(°C)
45
65
IS Addition to
Black Liquor
(%)

One reason for this could be that mixed black liquor consists of a large fraction of
hardwood lignin that contains a high amount of B-aryl ether linkages (Larsson and Miksche
1971; Sjostrom 1993); these linkages are heavily degraded during the kraft pulping process
and, consequently, more free phenolic groups are released. Moreover, fewer C-C bonds
between the S-type lignins, along with the lack of reactive Cs positions in aromatic nuclei
for condensation reactions (Morck et al. 1988), also result in hardwood kraft lignin having
a lower My. Another reason for the precipitation yield of lignin from mixed black liquor
being lower might be that after the ion strength of both black liquors has been adjusted to
the same value (2.87 mol kg* lig.), the mixed hardwood/softwood black liquor has a
slightly lower concentration of lignin, which may influence the result to some extent
(Ohman et al. 2007; Wallmo et al. 2009a). In short, the differences in the highest/lowest
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precipitation yields obtained from the two black liquors could be due to differences in the
molecular structure (Mw and phenolic group) of the lignin as well as slightly different
concentrations of lignin in the black liquors.

The mixed lignin was also found to have more methoxyl groups than the softwood
lignin, which might be a result of the S-type lignin present in hardwood. Moreover, the
OMe content increased as the My of softwood kraft lignin increased, as found earlier in
this study. However, as shown in a previous study, the OMe content decreased as the Mw
of mixed hardwood/softwood lignin increased, which might occur because the fraction of
S-type lignin in precipitated lignin at higher M is lower for mixed lignins (Zhu et al. 2013).
The concentrations of xylan and GGM in filter cakes and filtrates at different additions of
ion strength for softwood black liquor are given in Table 5. The precipitated softwood
lignin contains higher amounts of GGM but lower amounts of xylan than the mixed
hardwood/softwood lignin, which is in agreement with earlier studies (Sjostrom 1993;
Henriksson 2009).

Estimation of the lignin precipitation yield

A simple model for estimating the precipitation yield of lignin from softwood black
liquor, based on that proposed by Theliander (2010), has been developed in Eq. 2, in which
the average molecular weight of precipitated lignin is also considered:

Yield = a x exp (2) (H*)°(Na* + K*) x Mw~ 2)

In Eq. 2 the Yield is the precipitation yield of lignin (%), T is the temperature in
Kelvins, H* is the hydrogen ion concentration (mole L), and Na* and K* are the sodium
and potassium concentrations (g kg lig.), respectively, of the black liquor. My is the
weight-average molecular weight of lignin in the black liquor, which is determined by
precipitating lignin at pH 2.5, 45 °C and measuring the My, of the precipitated lignin (using
GPC, UV detector). The values of My are approx. 9000 and 11,800 Da for mixed
hardwood/softwood and softwood lignin, respectively.

The values of parameters a, b, ¢, d, and e are obtained by fitting Eqg. 2 to the
experimental data (Appendix B); the values of the parameters are presented in Table 6. It
can be seen that a, b, c, and d are relatively similar for both liquors. Parameter e, on the
other hand, differs significantly. This is probably because the My values of the kraft lignin
in these black liquors are rather different. The yields estimated by Eq. 2 are illustrated in
Fig. 5. The parameters used were derived from Table 6. Compared with the yield estimated
in a previous study (Zhu et al. 2013), it can be concluded that introducing the new term My
improved the accuracy of estimation only slightly in this model. It is obvious that a more
mechanistic model is required if greater accuracy is to be achieved.

Table 6. Numerical Values of the Parameters in Eq. 2 valid for a Previous Study
and This Work

Application a b c d e Error
(%)

This work 160 503 0.197 0.674 0.077 10.6
Zhu et al. (2013) 181 425 0.264 0.901 0.008 14.6
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Fig. 5. Experimental versus estimated yields of lignin

CONCLUSIONS

1. The average molecular weight of kraft lignin precipitated from softwood black liquor
decreases as the precipitation yield increases, i.e., lower pH and/or temperature, and
higher ion strength.

2. The amount of phenolic groups in precipitated softwood lignin increases with an
increase in the precipitation yield, whereas the amount of methoxyl groups decreases.

3. The content of carbohydrates in precipitated softwood kraft lignin decreases with either
a decrease in pH or an increase in ion strength in the precipitation. Also, softwood kraft
lignin with a higher My, contains higher amounts of GGM.

4. In a comparison of the properties of softwood and mixed hardwood/softwood lignin
respectively, it was found that:

a. The precipitation yield was about the same.

b. The content of phenolic groups increases with increasing yield/decreasing
molecular weight for lignin precipitated from both softwood and mixed
hardwood/softwood. This is due to the fact that phenolic groups are formed
when the lignin is degraded during kraft cooking.

c. The content of methoxyl groups, however, decreases with increasing
yield/decreasing molecular weight for softwood lignin whilst the opposite
is found for the mixed hardwood/softwood lignin. This is most likely due to
the differences in structure of the two types of lignin. Moreover, the
precipitated softwood lignin also contains lower amounts of phenolic and
methoxyl groups but higher amount of GGM than mixed hardwood/
softwood lignin.
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APPENDIX A

Carbohydrate Analysis

The contents of cellulose, (galacto)glucomannan, and xylan were calculated
following carbohydrate analysis, using the following assumptions/corrections.

The amounts of sugars analyzed were corrected for the acid hydrolysis yield.
Anhydro sugars were calculated from sugar monomers by the withdrawal of water
(multiplied by 0.88 in the case of pentosans and 0.90 in the case of hexosans).
Glucomannan was calculated as the sum of galactan, mannan, and part of the glucan. The
molar ratio between the mannose and the glucose in (galacto)glucomannan was assumed
to be 3.5:1 (Meier 1958). All of the galactan measured was included in the
(galacto)glucomannan. Acetyl groups were, however, not included. Xylan was calculated
as the sum of xylan and arabinan. All of the arabinan measured was included in the xylan.
Cellulose was calculated as the content of glucan after withdrawal for the contribution of
glucan to (galacto)glucomannan.

Cellulose = Glucose — (1/3.5) x Mannose
(Galacto)glucomannan = Galactose + [1+ (1/3.5)] x Mannose
Xylan = Xylose + Arabinose

The analyses were summed up in a mass balance based on the assumption that the
carbohydrates were divided into cellulose, (galacto)glucomannan, and xylan, which were
calculated as described above.
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APPENDIX B

Table 7. The Yields of Lignin Precipitated at Various pH Values, Temperatures
(T), and lon Strength (IS) Addition of the Black Liquor (BL) Used Here and in a

Previous Study (Zhu et al. 2013)

IS Addition pH T Precipitation Yield of Lignin
(%) °C) (%0)
Mixed Hardwood/Softwood BL Softwood BL
0 11 45 34.3 34.2
0 11 65 23.8 29.6
0 11 75 22.0 26.4
0 10.5 45 61.9 59.3
0 10.5 65 49.9 48.6
0 10 45 76.6 74.5
0 10 65 71.4 62.0
0 9.5 45 82.7 79.4
0 9.5 65 74.9 77.8
10 11 45 42.7 40.0
10 11 65 40.3 34.5
10 10.5 45 69.8 66.1
10 10.5 65 58.9 55.3
10 10 45 75.7 77.9
10 10 65 71.6 69.5
10 9.5 45 84.9 86.1
10 9.5 65 84.7 78.3
20 11 45 52.9 48.6
20 11 65 45.1 43.2
20 10.5 45 69.4 68.9
20 10.5 65 61.4 63.2
20 10 45 81.8 82.7
20 10 65 75.8 71.5
20 9.5 45 83.3 86.7
20 9.5 65 82.0 80.9
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