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ACID PRECIPITATION OF KRAFT LIGNIN FROM AQUEOUS SOLUTIONS:
THE INFLUENCE OF PH, TEMPERATURE, AND XYLAN

Tor Sewring'?, Julie Durruty’, Lynn Schneider', Helen Schneider', Tuve Mattsson'?, and
Hans Theliander'

'Department of Chemistry and Chemical Engineering, Chalmers University of Technology,
Gothenburg, Sweden

*Wallenberg Wood Science Center, Royal Institute of Technology, Chalmers University of
Technology, Stockholm, Sweden

In this study, the manners in which temperature (45-77 °C) and the addition of xylan (5g/95 g
lignin) influence the onset of precipitation and evolution of the particle size distribution during
acid precipitation of softwood kraft lignin were investigated in situ. No systematic trend
between the onset pH of precipitation and the temperature or the addition of xylan could be
observed at these conditions: the average onset pH was found to be 9.3. However, the size of
the agglomerates increased as the temperature was increased, but added xylan rendered a
decrease in agglomerate size. A higher onset pH was measured at increased Na ion concentra-
tion. The results indicate that the ionization degree of the phenolic groups influences the pre-
cipitation at 1M Na ions but it is also probable that the degree of ionization of the carboxylic
groups (on kraft lignin and xylan) influences precipitation (particle numbers and sizes).

KEYWORDS. Acid precipitation; kraft lignin; particle size distribution; xylan

INTRODUCTION

Dependent on the species, around
15-30% of wood tissue consists of lignin: an
aromatic macromolecule comprised of phenyl
propane units that are cross-linked as the
wood tissue is being formed. Many different
chemical bonds can be found in native lignin,
with the most abundant being the p-O-4
linkage (about 50-60%). It is mainly this link-
age between the phenyl propane units that is
cleaved by the reaction that occurs with the
cooking chemicals during cooking in the kraft
process for pulp production, and results in
the formation of smaller kraft lignin frag-
ments. Cleavage of the f—O-4 linkage also
results in the formation of phenolic groups,
which are deprotonated at alkaline conditions

in the cooking process: the ionized phenolic
groups cause the lignin fragments to dissolve
and be transported out of the wood cell wall
by diffusion. The remaining pulp is washed,
yielding a washed pulp and black liquor: the
latter contains not only the dissolved kraft lig-
nin extracted from the wood tissue, but also
polymeric and residual forms of xylan,
degraded products from galactoglucomannans
and inorganic cooking chemicals. In the pre-
sent-day kraft pulp mills, the black liquor is
combusted in order to recover the cooking
chemicals as well as to produce electricity
and steam for both internal and external use.
Extracting lignin from the black liquor is a first
step in converting the conventional kraft pulp
mill into an integrated biorefinery and pulp
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mill. Two pulp mills (Domtar in Plymouth,
USA and Stora Enso in Sunila, Finland) have
recently installed the commercial LignoBoost™
technology,!"? enabling the extraction of high-
purity kraft lignin. Today, a total of 0.1 Mt kraft
lignin is produced annually worldwide by dif-
ferent extraction processes. However, the total
annual production of kraft lignin worldwide is
50-60 Mt which means that there is a potential
of considerably more being recovered as a
material stream. Extracted kraft lignin can serve
as a precursor in the production of high value
products such as carbon fibers, adhesives and
bio-oils, which all are under development.*~”

It is well known that the ionization of
phenolic groups plays a major role in the
solubility of kraft lignin at alkaline pH. The
apparent pK, value of lignin is a function of
several parameters such as the chemical sub-
stitution pattern on the phenolic aromatic
ring, temperature and solution conditions.
The pK, value has been measured to be 10.5
(21°C) for Indulin AT softwood kraft Iignin.[S]
A study of a large number of different
phenolic compounds related to kraft lignin,
however, showed pK, values ranging from 6
to 11, indicating that the acidity of different
phenolic alcohols in kraft lignin may poten-
tially be rather diverse. Although the phenolic
groups contribute most to the ionizable
groups on lignin, with contents of about
2-5mmol/g, low contents of carboxylic
groups can also be found of around
0.1-0.8 mmol/g."'* It has been shown that
the precipitation of kraft lignin is sensitive to
pH at low concentrations of salt even in the
acidic range, and the suggestion was made
that this is due to the carboxylic groups on
the kraft lignin molecules.!">" The pK, value
for carboxylic groups on lignin has been
reported to be around 5.5.""!

Fragments of xylan are present in black
liquor and a previous study on the filtration
of hardwood kraft lignin with different
amounts of xylan showed that the presence
of xylan had a negative influence on filtration
after precipitation performed by lowering the
pH.["%" A recent work has confirmed this par-
ticular influence of xylan; it was suggested

T. SEWRING ET AL.

that the xylan co-precipitates with the lignin
and forms agglomerates.'” Both softwood
and hardwood xylan have glucuronic acid
side groups, with a pK, of about 3.4,"""! that
will be ionized at alkaline and neutral condi-
tions and thus influence the solubility of
xylan. It is possible that the properties of the
lignin agglomerates containing xylan are also
influenced. The way in which xylan co-pre-
cipitates with lignin, and at which conditions,
may be critical for controlling the perform-
ance of the separation process with respect
to the purity and filterability of the material.

Despite the need for detailed understand-
ing of the solubility and precipitation of kraft
lignin in black liquor, not many papers can be
found in the literature that investigate this with
the aim of understanding the mechanisms
involved. The subject has, nevertheless, been
studied for several decades, with the focus of
early work being placed mostly on the yield. It
was found, among many things, that the yield
in acid precipitation of kraft lignin from black
liquors is dependent on the pH."?%"

In rather recent studies, the yield of pre-
cipitation from softwood black liquors has
been studied; the influence of temperature,
pH and the addition of salt,'*?! along with the
molecular weight, were investigated using
fractionated black liquors (24-38% total dry
solids).”*" Overall it was found that a high
molecular weight, low pH, and low tempera-
ture increased the yield.

The studies discussed above were all per-
formed using solutions (or black liquors) hav-
ing a relatively high concentration of lignin
and inorganic salts. In another set of investi-
gations, the initial formation of nuclei was
studied, often using dilute lignin solutions. In
one such study''® with Indulin ATR kraft lig-
nin, the critical coagulation concentration
(CCC) was investigated, predominately in the
neutral and acidic regimes at lignin concen-
trations of about 0.1 g/L. The CCC showed a
strong dependency on the pH and the
valency of the counterion, however, showed
to be independent on the temperature in
investigated range (20-60°C).
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Another study investigated the onset of
aggregation of kraft lignin macromolecules
(Indulin AT) as a function of NaCl concentra-
tion, temperature and pH™”*. This was meas-
ured as occurring at 0.31M NaCl, at 75°C
and a pH of about 10.1, and was independ-
ent of the lignin concentration in the range
0.26-3.3g/L. In contrast to the earlier
study,!'® the CCC was measured as being
temperature-dependent, decreasing as the
temperature increased at dilute concentra-
tions of lignin.

In an additional study, the precipitation
process on the nano-scale was investigated
(lignin concentration 0.26-3.3 g/L) at a more
detailed level.”® The structure of the result-
ing flocs was fractal, and the fractal dimen-
sion (1.9-2.45) was shown to be dependent
on the stability ratio,””®*” indicating whether
the precipitation mode is diffusion or reaction
limited. Flocs/primary particles in the range of
100nm to 1-2um were formed. The CCC
shifted from 1.3 to 1.75M NaCl at 70°C and
pH 10.5, when a large molecular weight frac-
tion (>100kDa) was removed from the lig-
nin, showing that the molecular weight of the
lignin is critical for its solubility. It was sug-
gested that the high molecular weight fraction
was the first to precipitate when the condi-
tions favored precipitation: this hypothesis
was strengthened further in the study carried
out'?®! mentioned above.

The influence of agitation on the proper-
ties of agglomerates has been studied during
the acid precipitation of kraft lignin from
black liquors using CO, to lower the pH to
9.8 at 75°C.”® In general, the agglomerates
became larger in size and looser in structure
at lower agitation speeds during acidification,
and increased further in size during aging:
the lower the speed, the larger the particles.
It was observed that the agglomerates were
made up of rather spherical primary particles
of a specific size (1-2 pm), regardless of the
intensity of the agitation. It was suggested
that the properties of the primary particles
formed were independent of the rate of agi-
tation, even though it was clear that agitation

affected the agglomerate structures on the
micron scale that were composed of the pri-
mary particles. Similar agglomerate structures,
composed of primary particles of similar size,
have been observed in previous work, t0o.”*”’

To date, the influence of temperature on
the onset of precipitation has only been inves-
tigated for very dilute systems. The FBRM
technique used in this work enables particle
size distribution measurements to be made at
high concentrations of lignin, thereby allowing
the influence of temperature on precipitation
to be investigated at lignin concentrations of
technical interest. Furthermore, the size distri-
bution of particles formed on the micron scale
at different conditions is of interest for the fil-
terability of lignin (also in the presence of
xylan). In particular, in situ knowledge of the
effect of temperature on the particle size dis-
tribution is, to our knowledge, currently lack-
ing. No detailed studies can be found in the
literature that monitor the precipitation pro-
cess all the way from highly alkaline to acidic
conditions by lowering the pH, investigating
the pH sensitivity in the whole relevant
pH range.

This work aims at investigating the onset
of precipitation and the precipitation process
in terms of the development of the particle
size distribution on the micron scale, over a
wide pH range and at various conditions,
with the emphasis placed on the effects of
temperature and the addition of xylan.

MATERIALS

The lignin used in this work was a soft-
wood LignoBoost™ lignin sourced from a
Nordic pulp mill. The molecular weight distri-
bution of the starting lignin material was
measured using gel-permeation chromatog-
raphy (GPC), (PL-GPC 50 plus) equipped
with an ultraviolet detector (280nm). The
mobile phase was a DMSO/LiBR mixture
(T0mM LiBR) and the column was a
PolarGel-M column with a guard column
(300 x 7.5 mm/50 x 7.5 mm, 8um). A 10-
point calibration curve-fit was made with
standards of Pullulan (type: polysaccharide



calibration kit, Varian). The weight-averaged
molecular weight was determined from four
runs: 11.3 £0.09 (kDa) with polydispersity
3.6 =0.03. The initial sodium content of the
lignin was determined to be 0.16 = 0.02 wt%
by  atomic  absorption spectroscopy
(Thermoscientific iCE 3000). The same batch
of lignin has also been characterized else-
where®?: the content of phenolic and
carboxylic groups was found to be 4.27 mmol/
g and 0.45mmol/g, respectively. The content
of residual xylan in the lignin powder used
was estimated to 0.35%, based on the xylose
concentration measured by high-performance
anion exchange chromatography (HPAEC)
after acid hydrolysis with sulfuric acid, and the
procedure can be found elsewhere.®'" A
Dionex ICS-5000 system, equipped with
CarboPac™ PA1 columns and an electro-
chemical detector, was employed, and the
eluents were NaOH and NaOH + NaAc
(0.2M). NaOH (Sigma Aldrich, purity >98%)
and Na,SO, (Fisher Chemical, purity >99.5%)
were used to produce the aqueous model
solutions for the experiments (see the section
Experimental Procedure”), and deionized water
was used throughout all preparations and
experiments. The acid solutions used were
prepared by diluting concentrated sulfuric acid
(Scharlau, 95-97%). The source of xylan was
beech xylan (Lot 141202, P-XYLNBE,
Megazyme) having a glucuronic acid content of
13.0wt% (specified by the supplier).

EXPERIMENTAL

In this work, the pH, temperature and
presence of xylan on precipitation of kraft
lignin has been investigated. An overview of
the experimental conditions studied can be
found in Table 1.

Experimental Set-up and Measurements
of Particle Size Distribution

The precipitation experiments were
performed in a jacketed precipitation vessel
(of volume 0.5L and inner diameter 96 mm)
connected to a heating circuit. This allows
the interior volume to be heated indirectly
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TABLE 1. Overview of the experiments conducted.

Experiment ID Xylan Na ion conc. (M) Temp. (°C) Final pH

Exp. 1 Yes 1.0 45 8.9
Exp. 2 No 1.0 45 8.5
Exp. 3 No 1.0 45 8.7
Exp. 4 Yes 1.0 45 9.0
Exp. 5 No 1.0 45 9.3
Exp. 6 Yes 1.0 65 3.9
Exp. 7 No 1.0 65 3.9
Exp. 8 Yes 1.0 77 4.0
Exp. 9 No 1.0 77 4.0
Exp. 10 Yes 1.0 77 4.0
Exp. 11 Yes 4.0* 77 3.9

*1 M NaOH and 1.5 M Na,SO,.

and the temperature can thus be controlled
during the experiments. The top of the vessel
was covered by a lid to minimize evaporation
losses, but the vessel was open during the
time samples of liquid were taken from the
vessel. The vessel was equipped with baffles
along its walls. Agitation was provided by a
45° inclined pitch-blade impeller with a
diameter of 50 mm and blade width 10 mm;
the blades were mounted 15mm from the
bottom of the vessel, producing a downward
flow. The agitation speed was 250 rpm for all
the experiments. A test was performed in
order to examine how well the mixing device
could distribute added acid evenly in these
mixing conditions. The pH indicator phenol-
phthalein was added to deionized water in
the precipitation vessel and the pH was
adjusted to 9.7 with sulfuric acid and NaOH:
the solution, which was now pink, turned
completely transparent in the 5s following
the addition of 200-uL 6-M sulfuric acid, and
reached a pH of 4.0. The result indicates that
the mixing was good.

The  Focused  Beam  Reflectance
Measurement (FBRM®) probe was positioned
at a 35° angle to the direction of the flow
and toward the leading side of a baffle, yet
still relatively close to the impeller blades.
This position minimizes clogging of the probe
window while enabling impingement of the
particles in the flowing suspension on the
probe tip window. The FBRM unit was a
model G400 from Mettler Toledo and reports
particle chord lengths in the range 1-1000 um.
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The FBRM technique measures chord lengths
of particles, allocating them to pre-defined
chord length bins (the primary” setting was
used in this work), and reports the numbers
of chord lengths in each bin as counts (#/s)
during a chosen sampling period.
Consequently, the chord length distribution
can be measured in real-time and in situ,
allowing the evolution of the chord length
distribution to be monitored throughout
the experiment.

Experimental Procedure

The lignin was dissolved for a minimum
of 16 h in a TM NaOH solution. Prior to the
preparation of experimental solutions the dry
content of the lignin powder used was
measured for each experiment. The mixture
was filtered after dissolution to remove undis-
solved or insoluble material: less than 1.2%
of the dry lignin powder mass was filtered
off. Filtration was carried out using a filter
funnel connected on top of a conical glass
flask that, in turn, was connected to a vac-
uum suction. The filter paper used was a
Sartorius stedim Type 184, regenerated cellu-
lose, with a nominal pore size of 0.45pm.
The ratio of lignin to water in all the pre-
filtered experimental solutions prepared was
kept constant at 0.10g lignin/g water. The
concentration of lignin in the pre-filtered
solutions prepared for the precipitation
experiments at TM Na ion concentration
varied between 8.8 and 8.9wt% due to
variations in the amounts of removed undis-
solved or insoluble material in the different
experiments. Preparation of the solution for
the 4M Na ion concentration experiment
(Exp. 11) included adjusting the Na ion con-
centration by the addition of Na,SO, to the
pre-filtered solution of 1M Na ion solution to
reach a concentration of 1.5M Na,SO,. The
lignin concentration obtained in this case
was 7.5 wt%.

The pre-filtered solution, with a pH value
of 13.4, was added to the precipitation vessel
and the heating circuit was turned on. In
the cases where xylan was to be added, the

procedure was to first lower the pH to 12.6,
then add the xylan and, finally, turn on the
heating. This was done in order to reduce
potential degradation of the xylan, yet ensure
that the pH was sufficiently high to avoid any
precipitation of lignin occurring prior to the
addition of xylan. Xylan was added in the
proportion 5g xylan/95g (dry) kraft lignin.
6M sulfuric acid solution was used for the
purpose of acidification, which was per-
formed step-wise and by adding it dropwise
into the precipitation vessel, with the pH
being allowed to equilibrate between each
addition. The pH of the liquid was measured
at different times during the experiments by
removing a sample of about 10 ml from the
precipitation vessel. This was cooled to 25 °C
and the pH measured by a pH meter of type
Mettler  Toledo  SevenCompact™ 5220
equipped with automatic temperature correc-
tion and an InLab Max Pro-ISM pH electrode
(Mettler Toledo) calibrated at room tempera-
ture. After the pH measurement, the sample
was reheated to the experimental tempera-
ture and returned to the vessel. No influence
on the chord length distribution could be
detected when the sample was returned to
the vessel.

The onset of precipitation was defined
as the point at which a distinct increase
in counts could be observed relative to the
initial count level (base line) and to which
the count level did not return immediately
(which may happen when a relatively large
amount of acid is added but the conditions is
far away from the onset conditions). Since
T um is the smallest chord length reported by
the equipment used in this study the onset of
precipitation was defined as when the equip-
ment detects the first stable particles equal or
larger than 1 um.

ESTIMATION OF CHARGE DENSITY

It is relevant for further analysis to esti-
mate the charge density of the lignin at the
onset condition, which can be made from
the ionization degree of ionizable groups
and the content of those groups (phenolic and



carboxylic groups). An estimate of how much
the degree of ionization may have decreased
at given pH (e.g., the onset pH) can be made
from the mass action equation for the proton-
ation reaction in Equation (1), where the
equilibrium constant, K, , is expressed in
terms of the activity of protons, {H"} and
the ionization degree, o, of the ionizable
group of interest.”* In this case, it is the frac-
tion of the deprotonated phenolic groups:

% {H+} (1)

Ka(T):,I —

The temperature dependency of the
equilibrium constant may be accounted for
approximately by the van’t Hoff expression:

AH (1 1
K, (T) =K, (Tref) exp (T (7 - T_f>> (2)

where AH is the enthalpy of ionization of
phenolic groups, which may be assumed to
be that for phenol, 20 k}/mol.?*' R is the gas
constant and T, is a reference temperature,
here chosen to be 298 K.

The pH or activity of the protons at the
actual temperature, T, can be estimated from
the pH measured at 25°C via the ionization
constant for water, K, (T), in the mass action
equation in Equation (3), assuming the activ-
ity of water to be 1, and using a similar van't
Hoff expression as in Equation (2) to account
for temperature dependency:

Ky (T) = {H*}{OH"} 3)

Further assumptions are also made: pK,,
is 14 at 25°C; the enthalpy of ionization of
water is 55.8kJ/mol, as at 25°C,** and its
temperature dependency can be neglected;
the activity coefficient of the protons remains
constant within the temperature range inves-
tigated (25-77°C). The concentration of
hydroxide ions may be assumed to be that at
25°C, at any temperature in the range of
interest, at alkaline conditions.”® The activity
coefficient of the hydroxide ions is also
assumed to be independent of temperature
in the range of interest, i.e., the activity of
the hydroxide ions, {OH™}, remains constant
in the temperature interval.
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RESULTS

The Onset of Precipitation

The Onset pH. A peak indicating the for-
mation of unstable agglomerates was
observed close to the onset precipitation pH.
This occurred at lower ionic strengths and
higher temperatures (65°C and 77°C), both
with and without the addition of xylan; an
example of this can be found in Figure 1.
Thus, agglomerates are formed that disinte-
grate rather quickly into small particles (size
<1um) and/or re-dissolve. It was also found
that this course of events was faster at 77 °C
than 65°C. In this pH range, the solubility is
obviously controlled by the protonation/
deprotonation of the phenolic groups. In the
present study, acid of high concentration was
added dropwise, with the consequence that,
for a very short period of time, the local pH
was below/far below the onset pH. This
made it possible to obtain an initial local pre-
cipitation, because agglomerates became
unstable as the pH gradient evened out due
to agitation and the agglomerates disinte-
grate/re-dissolve. In order to verify that the
reduction in counts was due to an actual
decrease in concentration and not to changes
in the light-scattering properties at the spe-
cific conditions, samples were taken at differ-
ent times, i.e., prior to the peak, at the peak
and after it. Filtering the samples showed that
the mass of the particles collected was in
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FIGURE 1. The onset of precipitation, and the formation and
disintegration of particles that follow (Exp. 8).



ACID PRECIPITATION OF KRAFT LIGNIN

TABLE 2. Data of the onset of precipitation.

Na ion conc.  Onset Ph
Experiment ID  Xylan  Temp. (°C) (M) =) Remarks
Exp. 1 Yes 45 1 9.3
Exp. 2 No 45 1 9.2
Exp. 3 No 45 1 9.1
Exp. 4 Yes 45 1 9.1 Gelation at pH 9.0*
Exp. 5 No 45 1 9.4 Gelation at pH 9.3*
Exp. 6 Yes 65 1 9.4
Exp. 7 No 65 1 9.3
Exp. 8 Yes 77 1 9.4
Exp. 9 No 77 1 9.4
Exp. 10 Yes 77 1 9.4
Exp. 11 Yes 77 4 >11.3 Onset pH >11.3 (see Figure 10)
*See Supplementary Material (Gelation).
approximate agreement with the trends s R s
[porrs 8
observed by the FBRM measurements. % a
10+ 1

Further experiments are, however, necessary
in order to obtain a more detailed under-
standing of this phenomenon.

As mentioned in the section Experimental
Procedure,” the onset of precipitation in this
study is defined as the point when stable par-
ticles/agglomerates equal or larger than 1um
are formed. However, it should be men-
tioned here that nano-sized lignin particles
may in fact be formed at higher pH values
than those measured here and that the FBRM
unit is not able to detect: the minimum size
it can measure is T pum.

The onset pH varied between 9.1 and
9.4 in all of the experiments at a Na ion con-
centration of TM (see Table 2). This span
was regarded as being within the experimen-
tal error of the estimations of the onset pH at
the conditions investigated. No systematic
trends with respect to either temperature or
the addition of xylan were discerned for the
conditions investigated. The average onset
pH was found to be 9.3, a value that is in
the range of apparent pK, values expected
for kraft lignin.” When the Na ion concen-
tration was increased to 4M at 77°C, how-
ever, the onset pH was above 11.3, ie,
significantly higher than at 1 M. This indicates
that the onset of precipitation has a strong
dependency on the Na ion concentration
and will be investigated further in detail in a
subsequent study.

pH ()

éA

Lindstrém (1980)
Norgren et al (2002)
Sewring & Theliander (2018)
This work 1

9

°l

| s [se0c]
5

4

oco= b

0 05 1 1.5 2 25 3 35 4
[Na"] (M)

FIGURE 2. Collection of data on the CCC/onset of
precipitation (particles of sizes >1pm). Black triangles: no
mixing, 25°C, lignin concentration 0.1g/L."®" Green star: no
mixing, 70°C, lignin concentration 0.3-3.3g / L [25]. Blue
squares: mixing 150rpm, 45°C, Lignin concentration 130g
/LB Red circles (see this work). *This data point is valid
at 25-60°C.

A comparison of CCC data found in
literature with the onset of precipitation
(particles >1 pm) using the methodology used
in this work is shown in Figure 2. Despite dif-
ferences in not only measuring methodology,
but also regarding source and concentration
of lignin as well as mixing/no mixing, tem-
perature and ionic species composition, it
can be concluded that the pH at the CCC
Jonset pH of precipitation increases with
increasing Na ion concentration. Furthermore,
other parameters such as temperature, ion
species composition, mixing and lignin source
also differed between the data sources.
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The CCC of 1.3 M NaCl found at 70°C and
pH 10.5"° is the point at which the forma-
tion of particles is diffusion-limited, forming
particles >1 um. In that work, it was shown
that at TM NaCl, the sizes of particles
converged to 500 nm over the experimental
time of 40 min. That observation, indicate
that it is possible that submicron particles
had been formed already at pH values
above the onset pH of 9.3 in the current
work, however, was kinetically stabilized or
metastable until the pH had been lowered
to the onset pH. Consequently, the onset
pH of 9.3 at TM Na ion concentration
found in the current work may correspond
to the CCC.

Charge Density of Lignin at the Onset.

Initially, the phenolic groups are protonated
gradually as the pH decreases. An estimate of
how much the degree of ionization may have
decreased at the average onset pH of 9.3
(25°C) at TM Na ion concentration can be
made from Equations (1)—(3) combined with
the associated assumptions presented in the
section Estimation of Charge Density. The
results obtained in this study for pH 9.3 at
25°C are presented in Table 3. While the
estimates are rather rough, they give the mag-
nitude of the degree of ionization that can be
expected around the onset pH, based on
apparent pK, values reported previously for
softwood Indulin AT kraft lignin'®" and that of
monomeric coniferyl alcohol.””’ It should be
kept in mind that the estimated degrees of
ionization assuming a pK, corresponding to
coniferyl alcohol are probably too high, as
this phenolic compound is relatively acidic'”’
compared to the phenolic structures
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expected in kraft lignin.""*" Moreover, since
the electrostatic interactions between a
charged macromolecule/particle and protons
in the solution increase with molecular
weight/size, assuming the remaining molecu-
lar properties to be constant, a lower pH is
rendered at the surface of the macromol-
ecule/particle than in the bulk: this increases
the apparent pK, (see the pK, reported
for kraft lignin'®). The results reported in
Table 3 indicate that the degree of ionization
probably has to be decreased to a very low
level for the precipitation onset of micron-
sized particles to occur at 1M Na ion
concentration.

According to the estimates shown in
Table 3, and the total density of the phenolic
group of 4.27mmol/g reported for this
lignin,%" the charge density provided by
phenolic groups may be 0-0.9mmol/g at
the conditions investigated for the onset of
precipitation at TM Na ion concentration.
However, the carboxylic groups on lignin
should be ionized fully at pH 9.3, and thus
contribute  0.45 mmol/g®® to the charge
density. This indicates that both phenolic and
carboxylic groups can be expected to contrib-
ute to the total charge density in the same
order of magnitude already at the precipita-
tion onset pH for the conditions stipulated
above. Observations showing that the pH
still affects the solubility of kraft lignin in the
acidic pH range were made in earlier works
as well"®: it was attributed to decreasing the
interactions of electrostatic origin between
the lignin particles as carboxylic groups were
protonated, or possibly due to increased
hydrogen bonding caused by the protonated
form of the carboxylic groups.

TABLE 3. Estimates of the degrees of ionization of the phenolic groups at various temperatures and

pH 9.3 (25°C) based on two different pK, values: kraft lignin® and coniferyl alcoho

| [91

pK, (298 K)=10.5
(kraft lignin)

Temperature (°C)

o for
pK, (298 K)=9.5
(coniferyl alcohol)

45
65
77

22 %
12 %
8.5 %
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The Course of Precipitation and Chord
Length Distributions

One typical example of the course of the
formation of particles of various size classes
when acid was added is found in Figure 3
(Exp. 8). The kinetics of particle formation
was fast just after a volume of acid was
added, and decreased as the formation of
particles pursue toward what appears to be
steady state at a given condition. This indi-
cates that each condition is associated with a
certain equilibrium condition: a behavior that
has been observed in previous studies investi-
gating the yield at various conditions,?%?*
where the vyield increased when the pH
was lowered.
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FIGURE 3. The course of precipitation in the neutral to acidic
pH range at 77°C, 1 M and xylan added (Exp. 8). This is the
sequence following on the sequence of the early stages
presented in Figure 1.
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FIGURE 4. Profiles of chord length distributions at 77 °C and 1
M Na ion concentration. Dashed lines: with xylan added (Exp.
8). Solid lines: pure lignin references (Exp. 9).

The evolvement of the chord length
distribution over the course of precipitation
in the neutral to acidic pH range at 77°C
and 1M Na ion concentration, both with and
without additions of xylan, is shown in Figure
4; the corresponding data for 65°C is shown
in Figure 5. It is evident that larger particles
are formed at 77°C than at 65 °C, both with
and without xylan added, which is in agree-
ment with earlier work.">®!

Generally, the numbers of particles of
different sizes increases gradually as the pH
decreases from neutral to acidic conditions,
both with or without added xylan (see
Figures 4 and 5). The count values increased
over the whole size distribution as the pH
was decreased, implying that all the more lig-
nin precipitated as the pH was subsequently
decreased. There are several possible explan-
ations for this evolvement of the chord length
distribution. It could, for instance, be due to
the growth of existing particles via the sorp-
tion of macromolecules onto their surfaces,
thereby allowing them to grow larger, com-
bined with the breakage/attrition of large par-
ticles into smaller particles caused by
agitation. It may also be further nucleation
directly from the solution which forms par-
ticles that grow/agglomerate to generate par-
ticles of various sizes in the size-range
detectible by the FBRM unit. Breakage/attri-
tion may be significant in this situation as
well. A rigorous quantitative investigation is
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€ 1500} - pH42|
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(@]
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500
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Chord length (um)

FIGURE 5. Profiles of chord length distributions at 65 °C and 1
M Na ion concentration. Dashed lines: with xylan added (Exp.
6). Solid lines: pure lignin references (Exp. 7).
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necessary to determine the mechanism(s)
responsible for the behavior observed.
Regardless of the mechanisms stated above,
the observation that an increased degree of
precipitation was caused by a subsequent
lowering of the pH may originate from the
heterogeneity of lignin solubility due to differ-
ences in the molecular properties in the
population (e.g., molecular weight and con-
tent of ionizable groups). This may lead to all
the more lignin being precipitated as the pH
is subsequently decreased.”?*"!

The significance of the ionized carboxylic
groups may increase as the phenolic groups
approach complete protonation. Precipitation
was found to be pH sensitive far below the
onset pH at 65°C, and particularly at 77°C,
both in terms of increase in numbers (counts)
and size of particles (chord lengths): it is
plausible that these observations are, to a
large extent, a consequence of the proton-
ation of carboxylic groups on lignin.
Moreover, the effect was clear both with and
without added xylan.

Compared to the case of no added xylan,
a difference in the shape of the chord length
distributions can be observed at 77°C and
pH values around 4-6 when xylan was
added: with added xylan, the distribution
shifted toward smaller particles (see Figure 4).
At 65°C, a similar shift was observed

0 20 40 60 80 100
Chord length (um)

FIGURE 6. Profiles of normalized chord length distributions
at 77°C and 1 M Na ion concentration. Each distribution
is normalized to a number-based fraction of the total number
at that point in time. Dashed lines: with xylan added (Exp. 8).
Solid lines: pure lignin references (Exp. 9).
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(Figure 5), however, not as clear as at 77 °C,
see the normalized chord length distributions
in Figures 6 and 7.

The shifts observed in the chord length
distributions in the presence of added xylan
at around pH 4-6, which are very clear in
Figure 4, may be a consequence of the
incorporation of xylan into the particles as
they form. This could cause a reduction in
the further growth/agglomeration of particles
due to increased electrostatic repulsive forces
and/or steric effects, resulting in smaller par-
ticles being formed when compared to the
case without added xylan. The explanation
that ionized carboxylic groups influence pre-
cipitation in the pH range 4-6 at TM Na ion
concentration (with and without added xylan)
was strengthened further when observing the
chord length distributions in the pH range
4-6 at 4M Na ion concentration (xylan was
added) (see Figures 8-10). At high ionic
strength, the precipitation was much less sen-
sitive to changes in the pH in this range than
at TM Na ion concentration (compare the
shifts in chord length distributions in the pH
range 4-6 in Figure 8 to the corresponding
shift in Figure 4). It is reasonable to assume
that the ionized groups, whether they are on
lignin or xylan, are screened sufficiently by
counterions at such high ionic strengths and
that the impact of carboxylic groups are of

- —-pH89
——pH87| |
pH 8.6

pH 8.5
- — -pH 6.0/ |
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——pH 4.3|4
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—® H39
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FIGURE 7. Profiles of normalized chord length distributions
at 65°C and 1 M Na ion concentration. Each distribution
is normalized to a number-based fraction of the total number
at that point in time. Dashed lines: with xylan added (Exp. 6).
Solid lines: pure lignin references (Exp. 7).
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FIGURE 8. Profile of chord length distribution during the
course of precipitation illustrated in Figure 10. Conditions:
77°C, 4 M Na ion concentration and xylan added (Exp. 11).
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FIGURE 9. Profile of normalized chord length distribution
at 77°C and 4 M Na ion concentration (Exp. 11). Each
distribution is normalized to a number-based fraction of the
total number at that point in time.
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FIGURE 10. The course of precipitation at 77°C, 4 M Na ion
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lesser importance. According to the measure-
ments, most of the increases in the number
and size of the particles at high ionic strength
occurred instead in the pH range 8.5-11.1,
where the degree of ionization of the phen-
olic groups is expected to influence precipita-
tion strongly.

CONCLUSIONS

The following conclusions were drawn
from this work:

e The onset of precipitation, as defined in this
study (particle chord lengths >1 pum), showed
no significant dependency on temperature or
the addition of xylan in the temperature
range of 45-77°C, at Na ion concentrations
of T M and measured to occur, on average,
at pH 9.3 (measured at 25 °C). The pH of the
onset of precipitation at 4 M Na ion concen-
tration and 77°C was shown to be much
higher than the corresponding pH at 1 M Na
ion concentration: about 2 pH units.

e It was found that the sizes of particles
increased when the temperature was increased
from 65 to 77°C at neutral to acidic condi-
tions and 1 M Na ion concentration, both
with and without added xylan. This was most
pronounced at pH values around 4-6.

e With xylan added, the chord length distribu-
tion measured shifted to smaller particles at
pH values around 4-6: the shift was clear at
77 °C but also visible at 65 °C.

e The degree of precipitation was shown to be
pH dependent: both the number and size of
the particles increased with decreasing pH,
confirming that more and more lignin precipi-
tated as the pH was subsequently decreased.

e Screening at the higher ionic strength resulted
in a higher onset pH and a higher yield
at a given pH compared to the lower ionic
strength experiments. It was also found that,
at the higher ionic strength, there was no
significant increase in the yield in the pH
range 4-6.
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