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The hydrothermal base-catalysed treatment of industrial Kraft lignin (KL) is investigated as a basis for pro-
duction of a sustainable carbon fibre precursor, with a focus on the time-dependent evolution and impact on
precursor properties. Hydrothermal treatment was performed at T = 300 °C and p = 180 bar, with the retention
time (t.e) varied between 8, 12, 16, 20, and 24 mins. Molecular weight distribution and thermal stability of the
processed lignin were close to maximum after 8 min, and 12-16 min respectively. Chemical modification was

found to continue (e.g. demethoxylation) over the entire t, range (24 min). Analysis of the recovered oily phase
indicated catechol derivatives were stable end-products with, e.g., vanillin and guaiacol as intermediates. A
techno-economic analysis indicated a price of ca. 1600 €/t at a production capacity of 10 kt/a is achievable, with
main cost-drivers being lignin (60%), fixed costs (20%), and energy (10%).

1. Introduction

With increasing interest in the production of sustainable aromatic
chemicals and materials from lignin, there is an associated need for
efficient process development. In this context, CO, can be used in lignin
precipitation from processes including LignoBoost®, LignoForce™, and
SLRP® - with the integration of these routes into existing Kraft mills, it is
expected that low-cost Kraft lignin (KL) will become more available as
feedstock in the coming years (Kouisni et al., 2012; Lake and Blackburn,
2014; Tomani, 2010). Whilst there is an interest in KL as a platform to
produce renewable aromatics (e.g. as an alternative to existing BTX
production, (Gargulak et al., 2000)), it is typically employed as fuel in
existing Kraft mill recovery boilers (Ragnar et al. 1999-2014; Tran and
Vakkilainnen, 2007). It is anticipated that pulp generated via the Kraft
process will be available at a scale of =100 Mt. towards the end of the
decade, (FAO - Food and Agriculture Organization of the United
Nations, 2015) corresponding to a supply in excess of 30 Mt./a of KL
(Bjork et al., 2015; Gellerstedt et al., 2013).

Chemically, this KL has a reduced 3-O-4 bond content (ca. 80-90%
relative to the parent lignin), and a concurrent three-fold increase in
phenolic-OH group content (Alekhina et al., 2015a; Alekhina et al.,
2015b; Gierer, 1980; Nagy et al., 2010; Rinaldi et al., 2016). The char-
acterisation of KL is therefore necessary to determine further processing

dynamics. In this context there has been renewed interest in KL as a
precursor for carbon fibre (CF) production (Baker and Rials, 2013).
Previous investigations demonstrate tensile strengths of CFs produced
from KL (ca. 0.5 GPa) are not high enough to compete with commercially
available fibres, although this is not inhibiting further development of
the technology for applications in the automotive industry as well as non-
woven fabrics for heat retardants and insulations (Paul et al., 2015). With
large scale, long term adoption in mind, lignin-derived CFs must be
prepared such that they possess three-fold higher tensile strengths and
increased Young's moduli compared to current values, whilst also being
commercial priced at 8-13 €/kg (Baker and Rials, 2013).

The aromatic backbone and presence of heteroatoms in KL influ-
ences carbonisation processes, with literature indicating improved
stabilisation and an increased yield (Frank et al., 2014). Concerning
technology development, a number of challenges are worth high-
lighting; lignin has a tendency to react with itself during (melt)-spin-
ning, whilst heterogeneity (e.g. in terms of molecular weight (M,,))
typically inhibits stable CF spinning (Baker and Rials, 2013; Kadla
et al., 2002). During stabilisation/carbonisation of as-spun lignin-based
CFs, polymerisation is known to occur and is considered advantageous
for stable CF structure formation (Frank et al., 2014). Conversely, if
these “cross” polymerisation reactions do not proceed within the CF
bulk matrix, evaporation can occur, which in turn reduces the overall
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material yield and tensile strength (Mainka et al., 2015).

As current research and literature highlights there is a growing in
interest in melt spinning as the preferred method for CF preparation
(Baker et al., 2012; Kadla et al., 2002; Sudo and Shimizu, 1992) with
solvent spinning considered as an alternative option. Lignin treatments
which result in a more uniform My, distribution with an associated
higher thermal stability would be of significant interest provided a
linear molecular structure (preferably with a high M,,) is maintained.
Regarding lignin processing and “deconstruction”, hydrothermal base
catalysed depolymerisation (HBCD) is proposed to be suitable to address
the first two criteria. In HBCD, 1 M NaOH (aq) is used as a solvent, with
treatment of the lignin performed at T = 300 °C at a retention time (t;e)
of ca. 15 min. This is known to alter technical lignin properties in the
aforementioned way (Beauchet et al., 2012; Erdocia et al., 2014;
Katahira et al., 2016; Mahmood et al., 2013; Miller et al., 2002; Roberts
et al., 2011; Schmiedl et al., 2012; Toledano et al., 2014). Regarding
further advantages, the HBCD approach employs technologies available
at existing Kraft mills equipped with one of the aforementioned lignin
precipitation technologies (e.g. LignoBoost®).

As a follow up to our recent article (Otromke et al., 2018) and with
regard to our continuing efforts regarding lignin utilisation in chemical
and material production (Aicher et al., 2014), this report investigates
HBCD processing of KL to demonstrate the potential of the product as a
feed-stock for CF production and provide additional insights into pro-
cess design. In our previous report, the process was described with re-
spect to initial screening runs and results demonstrating the suitability
of a methanol-based extraction for the separation of the low and high
M,, fractions of KL. The latter was used as feed for the subsequent HBCD
in 1M NaOH (aq) at 300 °C with t.ec = 16 min. In this report, product
evolution and material properties are investigated as a function of t,e.. A
techno-economic evaluation of the proposed process is performed and
generates information regarding minimum selling price relative to po-
tential “Return On Investment” (ROI), and the major cost influencing
factors when operating at a Kraft mill as operated with LignoBoost®
technology (plant scale: 10 kt/a plant).

2. Material and methods

The reader is referred to our recent report for further details re-
garding materials and methods (Otromke et al., 2018). Additionally, in
this report, HBCD kinetic analysis was performed based on five runs with
different t,¢ (in random order). Numbering of the runs and analytics
applied are described in Table 1. The KL utilised is this study was pro-
vided by a Domtar pulp mill (Plymouth, North Carolina, USA) and was
precipitated via the LignoBoost® process (installed at the mill in 2015).

3. Hydrothermal base catalysed treatment

All the investigated runs employed the high M,, fraction (HMW) (i.e.
after MeOH extraction as feed (Otromke et al., 2018). Experimental

Table 1
Reactions performed for the kinetic trials with respective analytics.

runs were performed at T = 300 °C and p = 180 bar. Calculated yields
demonstrated a decrease in the solid fraction from retention time (t.e;) 8
to 12 min, reaching a plateau at ca. 70 wt% (Fig. 1(a)). Regarding the
oil phase yield, ca. 5 wt% was calculated, resulting in ca. 20-25 wt% of
unaccounted compounds (Table S1). The yield of the latter compounds
is ca. 10-15 wt% higher compared to our first trial runs (Otromke et al.,
2018), hinting at a shift in the reaction network, possibly caused by
coke formation on the reactor walls. Since no detectable gas phase
evolved during the experiments, the unaccounted compounds are pro-
posed to be found in the pH 2 aqueous phase (i.e. after extraction with
ethyl acetate). This indicates that the reaction network has shifted to-
wards more polar, low M,, products. Regarding the obtained titration
curves, as recorded for the feed and all five product solutions
(Fig. 1(b)), the untreated MeOH insoluble fraction (HMW) clearly has a
higher buffer capacity in the upper pH range to pH 8. At this point, the
curve combines with the other curves in a steeper slope. Reaching
pH 10 requires roughly twice the number of protons when precipitating
the HMW fraction of untreated lignin compared to the precipitated
solids after HBCD.

3.1. Gel permeation chromatography

Gel Permeation Chromatography (GPC) analysis for the runs #K1-3
(Table 1; Table 2 and Fig. 1(c)); i.e. t,er = 8, 16, and 24 min), shows that
for pH 10 solids, already after t... = 8 min a reduction of the molecular
weight (Myy) by ca. 60% can be observed reaching a maximum of 68%
at te = 16 min and decreasing to 64% for t... = 24 min suggesting
repolymerisation occurs. pH 2 solids show a comparable behaviour with
63%, 70%, and 64% reduction. The oil phase constitutes in weight
average mainly of dimers, while number average are monomers (please
compare with Gas Chromatography (GC) analysis below); Section 3.4 —
please note for clarity, the amount of low M,, compounds is over-
estimated due to the usage of pullulan as calibration standard).

3.2. Elemental analysis

Time-resolved elemental analysis (EA) trends are comparable for
the pH 10 and pH 2 solids (Fig. 1(d) and Table S2). Carbon content is
slightly reduced for t,.. = 8 min and then increases to ca. 70 wt%. This
increase is caused by removal of oxygenated groups. The amount of
sulphur is reduced by > 60% for t..; = 8 min and generally remains at
this level throughout the experimental range (only pH 10 solids after
24 min are considered an outlier, with no explanation for the higher
sulphur content). The solids and oil phases gave about 75-80% of the
mass balance and considering the elemental composition of the re-
maining 20-25% hints at small organic acids, alcohols, and/or alde-
hydes with the majority of the sulphur (Table 3).

Run # Retention time, t, Applied analytical techniques (X)
[min]

1 2 3 4 5 6 7 8 9
#K1 8 X X X X X X X X X
#K4 12 X X X X X
#K3 16 X X X X X X X X
#K5 20 X X X X X
#K2 24 X X X X X X X X

Analytics: 1 = pH measurement during precipitation, 2 = mass balance, 3 = Gel Permeation Chromatography, 4 = Elemental Analysis (CHNS), 5 = TGA/dTG,
6 = DSC, 7 = Gas Chromatography, 8 = '>C NMR, 9 = 'H and 2D HSQC, 10 = ATR-FTIR (results not shown).
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Fig. 1. (A) Yields of solids, oil, and undetermined compounds over increasing retention time; (B) Titration curves of the feed (HMW) and product solutions after all
five retention times. The pH was lower with 5 M HCI (aq) that was added dropwise amounts of 0.5 to 1.0 mL; (C) Molecular weight distributions of solids precipitated
at pH 10, pH 2 and of the oil phases after reactions with retention times of 8, 16, and 24 min; and (D) Elemental composition as a function of retention time for pH 10
and pH 2 solids. Carbon and oxygen are shown on the left axis, hydrogen and sulphur on the right. Trends of pH 10 and pH 2 solids are comparable.

3.3. Thermal analysis Table 3
Elemental composition and proposed molecular formula of the compounds
Thermogravimetric analysis (TGA/dTG) and Differential Scanning missing in the mass balance.
Calorimetry (DSC) analyses of the pH 10 and pH 2 solids demonstrate tretention Total lost Clg] HIgl Olgl® S[gl Molecular formula
that after heating the solid residues, the mass fractions at T = 600 °C [min] mass [g]

and 800 °C were ca. 10-15% higher compared to the feed (HMW), and

generally increase with retention time (Fig. 2(a-d), Table S3, S4 and Fig. 8 3.03 191 031 052 0.29  Ci00H1.03002080.06

: ° 12 5.25 2.00 037 256 032  Ci.00H22100.650.06
S1). It can be seen that the greatest mass loss occurs in the interval 16 5.40 245 041 220 033  CyooH2010067S005
T = 300 to 500 °C, with a shoulder in the range T = 240-290 °C and a 20 4.38 208 039 158 034 Ci0oH22300575006

maximum rate of weight loss for the initial residue at a temperature of 24 6.03 242 043 286 032 CiooH21200.8950.05
362 °C and on average for the pH 2 and pH 10 fractions of 389 °C and
393 °C (Fig. 2(a and b)). It can therefore be seen that residue thermal

@ Calculated by difference.

Table 2
Molecular weight distributions of products from reactions where tge = 8, 16, and 24 mins.
tretention PpH 10 solids PH 2 solids 0il
[min]
My My PDI My My PDI My My PDI
[g/mol] [g/mol] [-1 [g/mol] [g/mol] [-1 [g/mol] [g/mol] [-1
8 3020 710 4.2 2800 680 4.1 360 150 2.4
16 2380 600 3.9 2210 520 4.3 360 140 2.6
24 2660 610 4.4 2650 590 4.5 310 130 2.4

HMW (feed) 7460 1170 6.4
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Fig. 2. TGA and dTG of pH 10 (a, ¢) and the pH 2 solids (b, d). Residue at 600 °C is increased compared to the feed and over retention time. The dTG is multimodal

compared to the mono-modal distribution of the feed.

stability is generally higher than the starting material. However, it can
also be seen that the dTG peak distribution is more heterogeneous with
a multi-modal distribution compared to the feed that features one
maximum in the dTG trace (Fig. 2(c + d)).

To be able to better understand the thermal events occurring, the
dTG traces were deconvoluted (Fig. S2 and S3). The P1 peak (not in-
cluded) was assumed to be trace water. The peak, P2 for the HMW and
pH 2 and pH 10 solids have an average temperature of decomposition
of, 263 °C, 282 °C and 270 °C respectively. Based on the previous report
(Wittkowski et al., 1992) this is proposed to be related to propanoid
side chain degradation, leading to ferrulic acid, methyl, ethyl and vinyl
guaiacol and potentially vanillin formation. Interestingly it can be seen
that peak 3 (P3) for both the pH 2 and pH 10 residues ceases to exist
after 12 min. This peak with a temperature of decomposition over the
range T = 325-365 °C is proposed to be associated with hemicelluloses
(Li et al., 2017) (This assertion is supported by NMR analysis; see
Section 3.5). The main peak P4 generally increases in stability where
trer = 12min and could be related to the removal of ~-OCHj3 groups and
subsequent conversion of “phenolics” to catechol derivatives etc.
Higher temperature peaks are likely related to the degradation of more
stable lignin structures or of secondary degradation products, whilst P7
is associated with char formation.

DSC was performed for the runs #K1, #K3, and #K2 with t. = 8,
16, and 24 min, respectively (Fig. 3(a)), except for the pH 10 fraction
tree = 24 min, where there was too little sample to be able to test. Ad-
ditionally, the pH 2 solids at t,; = 16 min and the MeOH soluble fraction

(LMW) were mixed at a 1:1 w:w ratio to see if the LMW could serve as a
plasticiser. The glass transition temperatures (Tg) for the KL, LMW, HMW
samples were found to be 147, 121 and 169 °C respectively. As expected
T, of the HMW fraction is higher due to it being comprised of larger MW
lignin fractions, resulting in a lower free volume (Culebras et al., 2018).
For the pH2 and pH 10 precipitated solids after HBCD, where t.; = 8,
16, and 24 min, a clear glass transition cannot be determined. For the
LMW fraction + pH 2, when t,c = 16 min, a faint T, can be determined
at 123 °C, suggesting that the LMW is not acting as a plasticiser due to
there being very little difference between the T, of LMW and this sample.
Bengtsson et al. co-spinning of KL and cellulose as a polymer blend
(Bengtsson et al., 2018). This would lower carbon content, but can in-
crease linearity and thus stability of the resulting fibre.

3.4. Gas chromatography

Evolution of four calibrated compounds in the oil fraction as a
function of t,.. was investigated as analysed through Gas
Chromatography (GC) (Fig. 3(b)). Catechol and its derivatives were
found to accumulate while guaiacol derivatives as vanillin and acet-
ovanillone were shown to slightly decrease (e.g. acting as a precursor
for the catecholic compounds). The GC detectable amount of 4-me-
thylcatechol was found to be significantly higher than that of 3-me-
thylcatechol, suggesting that the —CH;3 group at the para-position pre-
vents further methylation and probably originates as a residual group
after demethoxylation of guaiacylic compounds with functional group



2
(A) ex10 —KL — HMW
LMW == LMW+16 min pH 2 solids
7x107 4
8 min pH 2 solids
8 min pH 10 solids
6x10% - — - -16 min pH 2 solids
— ==« 16 min pH 10 solids
g 5x102 = 24 min pH 2 solids
X _
3
9 4x107? A
=
-
3 34102
T 3x10% 4
2x107 1
1x107
0 T T T T .
100 120 140 160 180 200

Temperature/ °C

-1.0 4

Infc{t)/c)

k__ =-0.042min”, R =0.97

OCH3

k  =-0.112min”, R°=1.00
B-0-4

[

" |=—-0CH, - o linear fit -OCH,

—8—p-0-4 - e linear fit p-0-4
T

0 8 16 24

Retention time [min]

(B) 18

—=a— Catechol

16 { —w— 4-Methylcatechol
—A—Vanillin
14 4 —e— Acetovanillone
2 \
10

(%)

m/m

.
- V/ﬁ x\ )
2] =
0 T T T
8 12 16 20 24
Retention time [min]
(D) ,;
—— HMW fraction
——8 min pH 10 solids
204 - — = 8 min pH 2 solids

—— 16 min pH 10 solids

Normalised Intensity

813¢ [ppm]

Fig. 3. (A) DSC traces of the precipitated solids after retention times 8, 16, and 24 min compared to the original KL, MeOH insoluble fraction (HMW, feed); and
MeOH soluble fraction (LMW); (B) Main GC detectable compounds in the oil fractions over retention time; (C) In(c;(t)/co) over retention time of the concentrations of
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MAS NMR spectra of the #K1 pH 10 and pH 2 solids (t;; = 8 min) and #B1 pH 10 solids (t,e = 16 min).

at the para-position (e.g. vanillin or acetovanillone).
3.5. Nuclear magnetic resonance spectroscopy analysis

Y and 2D Heteronuclear Single Quantum Correlation (HSQC) NMR
analyses were to (semi-) quantify functional group content (i.e. via
usage of the deuterated solvent as internal standard; Fig. 4(c); (a-d).
The presented 2D HSQC spectra provide information regarding the feed
(HMW) and at t,e; = 8, 16, and 24 min respectively, whilst further focus
can be given on aliphatic side chain content (Fig. 5(a-d)). Regarding the
latter, the content is strongly increased as a consequence of processing,
which also explains the higher solubility in organic solvents (e.g. as
described by the group contribution theory (Hansen, 2007)). It was
observed that aliphatics were added at a and (B positions relative to
aromatic rings. It is interesting to note that no Ar-CH,-Ar bonds are
observed at 8;;; = 3.5 ppm, 8;3¢ = 30-40 ppm (except in the recovered
oil phase) (Huang et al., 2015). Repolymerisation during hydrothermal
treatment of lignin is supposed to take place via formaldehyde as in the
production of phenyl formaldehyde (Chakar and Ragauskas, 2004).
This seems not to be a predominant reaction under basic hydrothermal
conditions.

The 'H NMR can yield additional information compared to the 2D
HSQC, since it also shows protons not bound to a carbon atom. Fig. S4

shows the 'H spectrum of the pH 10 solids and six representative areas
used for integration and comparison in Fig. 6. The areas are normalised
on DMSO-d6 and trends for pH 10 and pH 2 are comparable. As with the
13C NMR, total areas are significantly smaller as compared to the feed
spectrum. Peaks in area a2 and a4 belonging to aldehydes and re-
maining (hemi-)celluloses respectively, are almost completely removed
at te = 8 min. Area a5 consists mainly of protons bound in oxygenated
side-chains of aromatic compounds and exhibits a gradual decrease
over retention time. The right most area a6 represents aliphatic side-
chains. It can be seen that lignin undergoes self-alkylation under the
applied HBCD conditions. A complete removal of resonances between
4ppm < 8;y < 6ppm at t,. = 8 min is observed (Fig. S4). These re-
present mainly protons in residual (hemi) celluloses. Furthermore, the
total height of 8;;5 = 3.5 ppm is reduced and the lower shift shouldering
disappears at t, = 16 min. The broad spectral feature of the HMW
fraction is split into two resolved resonances at &;y = 3.81 and
3.75 ppm. These are also visible as two separate resonances in the 2D
HSQC (Fig. S5). When fitting the ~-OCH3/DMSO and [-O-4/DMSO sig-
nals over a logarithmic plot, these two reactions appear as a first order
reaction with reaction rate of the 3-O-4 removal three times larger than
that of the MeO-group removal (Fig. 3(c)).

Complimentarily to the above analysis, a solid state *C CP MAS
NMR spectrum was acquired for the solids recovered for t, = 8 min.
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Fig. 4. 2D HSQC NMR spectra overview: (a) HMW fraction; pH 10 solids recovered at t,.; = (b) 8, (¢) 16, and (d) 24 min.

Characterisation of the pH10 solids at t.. = 16 min was used for
comparison (as reported previously by our group; Fig. 3(d)) (Otromke
et al., 2018). As can be observed (echoing our previously reported re-
sults), removal of spectral region associated with side chains, a strong
decrease of ~-OCHj; resonances as well as a reduction in the overall total
aromatic region intensity is observed as a consequence of the HBCD
processing at increasing tye;. For t,. = 8 and 16 min it appears that
resonances associated with side chains in the region 8;3c = 80 to
60 ppm are completely removed in the initial 8 min. The decrease of
relative intensity of resonances in the aromatic region and of -OCH;3
resonances is only slightly stronger for t,; = 16 min for the pH 10 solids
as compared to the equivalent t... = 8 min sample.

Taking into account information provided in our recent report (i.e.
where a higher thermal stability, a lower molecular weight, and a
strong reduction in -OCH3 groups were the main findings for the solid
precipitates; (Otromke et al., 2018)), 2D HSQC, 'H NMR, and thermal
analyses of retention time-dependent reactions provide further insights
into the chemical changes occurring during HBCD. Contrastingly, based
on the collected results, the oil fraction seems reasonably stable in
comparison to the solid fraction. The corresponding HMW peak is very
broad in GPC analysis prior to HBCD treatment, becoming significantly
narrower after treatment with a shift in the maximum. Regarding
thermal stability, this alters according with the observed changes in Mw
as complimented by the observed chemical changes at the molecules
scale (e.g. from NMR analysis). Mass balance shows a loss of ca.

20-25 wt% for all except when t,.; = 8 min, where the loss accumulates
to 10 wt%. TGA shows a slight increase in residual solids over retention
time at T = 600 and 800 °C. DSC traces for the precipitated solids were
found not to present any clear glass transitions (up to 200 °C). In ad-
dition, the mixture consisting of the pH 2 solids with t,.c = 16 min and
the LMW fraction (1:1, w:w) showed that the LMW does not act as a
plasticiser. 'H and 2D HSQC NMR showed a significant increase in al-
kylation in the solid product after reaction leading to an increased so-
lubility in organic solvents. The 'H NMR also indicates a significant
decrease for resonances associated with the “phenolic” (i.e. ;55 = 9.35
to 8.00 ppm) and “aromatic” region (8;5 = 8.00 to 6.00 ppm), which
concurs well with *C CP MAS NMR analysis. This indicates that an
increase in t. influences the precipitated solids, as an increased de-
methoxylation and cleavage of ether linkages are observed, while
thermal properties and molecular weight distributions are less affected
(Table 2). Over the different retention times investigated in this study,
no hints at extensive condensation or polymerisation reactions could be
observed. Regarding potential processing to CFs, the lack of a glass
transition means, that solvent spinning would be the preferred method.

4. Techno-economic analysis
A preliminary techno-economic evaluation of the HBCD process

described in our previous report and current article is provided in the
context of its potential implementation in a Kraft mill equipped with
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Fig. 5. 2D HSQC NMR spectra of the aliphatics region: HMW fraction (a); pH 10 solids at t,e; = (b) 8; (¢) 16; and (d) 24 min.

LignoBoost® technology (Otromke et al., 2018). The HBCD process uses
chemicals, equipment, and conditions that should be either present in a
Kraft pulp mill or can be easily acquired and installed with existent
know-how. It is assumed that the plant can provide 75 t/d of KL feed,
containing ca. 26 wt% of H,0.

Table 4 provides general data for the simulation and assumptions
concerning prices for commodities and energy. A process flow sheet is
provided (Fig. S6) based on the corresponding mass and energy flow
rates (Table S5 and Table S6).

In a first step, lignin is dried to 5wt% residual H,O and then ex-
tracted via MeOH in a continuous stirred tank reactor (CSTR 1). The
dispersion is filtered and the retentate dried to remove and recover the
MeOH (Dryer 2). From the permeate, the MeOH is removed via com-
plete evaporation and fed back into the process. Stream 102 gives ca.
100 kg/h of H,O that would accumulate in the MeOH. An acceptable
amount of H,O in the MeOH is assumed based on technical and eco-
nomic feasibility. It is assumed that some H,O accumulates in a feed-
back loop and some will exit via stream 7, but an additional MeOH
rectification might become necessary. The LMW fraction (MeOH so-
luble) is determined as 2° product and contains 5wt% residual H,O.
After drying, the HMW fraction is dispersed and dissolved at 10 wt% in
a 1M NaOH (aq) solution. This results in 16 m>/h of feed solution,
which will be brought to 180 bar via a piston membrane pump and is
pumped through a plug flow reactor (PFR) with a retention time of
10 min (streams 10 and 11). Temperature is set at 325 °C, and two serial

tube bundle heat exchangers with DN250 tubes and a length of
5800 mm each are used for the heat transfer. The hot liquid at the ex-
haust is used to heat the feed and an efficiency of 90% is assumed. The
pressure in the PFR is kept at 180 bar with an overflow valve. The
product is precipitated with CO, in CSTR 3, filtered and re-dispersed in
CSTR 4, where it is washed with a pH 2.5 H,SO, (aq) composed of 10 wt
% solids. After washing, a last filtration and drying step is included. The
precipitation and washing procedure is comparable to the LignoBoost®
process and enables the usage of similar equipment and already present
know-how (Johnson and Hart, 2016; Tomani, 2010). The permeate of
the washing solution and low pH H,O is fed to the recovery cycle of the
pulp mill and contains 324 kg/h of H,O solubles originating from the
lignin. Additionally, 588 kg/h of NaOH and 323 kg/h of CO, will be fed
into the recovery process. A recovery rate for NaOH of 95% is assumed
(Tran and Vakkilainnen, 2007), while CO, and H,SO, are considered
not recoverable. These compounds will most likely be present as
Na,COs, NaHCO3, SO4>~, plus some additional H,O formed via re-
combination of H;O* with OH™. Additionally, 1% of the MeOH is
considered to be lost. Stream 203 (to the recovery boiler) contains ca.
25 m®/h of H,0. The process will be charged the necessary heat of
evaporation for this amount of H,O with an efficiency of 90%, while the
LHV of the H,O solubles will be accounted for.

From this data, prices for the unit operation equipment were ac-
quired from different companies (Table S7). In order to generate a first
estimation of the costs, a factor of 4.5 for the inside battery limits (ISBL)



I I

12+ [l 8 min pH 10 solids
10| I 16 min pH 10 solids
JI 24 min pH 10 solids

04— m_

14t a2 a3 a4 as a6
(b)” [ Mw

124 - 8 min pH 2 solids

10_- - 16 min pH 2 solids

. - 24 min pH 2 solids

al a2 a3 ad a5 a6

14 -

() TR ww
124 [l 8 min oil
10| I 16 min ol

JI 24 min oil

al a2 a3 ad a5 El)

Fig. 6. DMSO-normalised area integration of the 'H NMR spectra for (a) pH 10
solids; (b) pH 2 solids, and (c) the oil fractions.

costs is used, which results in total investment costs of ca. 20 M€. For
the investment, a construction time of two years and capital costs of
10% are assumed. The capital stems 50% from equity with 15% ROI
and 50% from debt with an assumed interest rate of 5%. Capital usage
is split evenly across the two years. Depreciation is set linearly over ten
years and 100% plant utilisation is established at 8000 h/a. Further fix
costs are personnel (Table S8), taxes and insurance with 1.5%, over-
head with 1.5%, and repairs and maintenance with 3% of the fixed
capital costs (Table 5). Different scenarios for the by-product credits
were envisioned:

1. Sold for 400 €/t, which is the price of the feed.

2. Has zero value.

3. Sold for 800 €/t, which is assumed as price for a substituent in
phenyl formaldehyde.

4. Sold for the same price as the main product, when serving as a
plasticiser.

Detailed product price calculations for the four scenarios are pro-
vided (Table S9). Scenario 1 is assumed to be the most realistic and
leads to a product price of ca. 1600 €/t which is increased to ca. 2000
€/t at 50% utilisation (Table S10). With a yield of 0.5 for the complete
fibre production, which is in the range of (poly-)acrylonitrile (PAN)
fibres, costs are between 2 and 4 €/kg of CF.

5. Conclusion

Time dependent analysis of hydrothermal base catalysed treatment
of technical Kraft lignin gave insights into structural changes of pre-
cipitated solids and the oil fraction. 2D HSQC NMR showed a strong
decrease in methoxy groups and near complete removal of the re-
maining 3-O-4 groups after 24 min. Alkylation increasing solubility in
organic solvents and an increased thermal stability make the solid
fraction an interesting candidate for solvent spinning of a bio-based
fibre. A techno-economic analysis revealed feedstock, depreciation, and
heat as the main cost drivers and an estimated sales price with an ROI of
10% of ca. 1600 €/t.

Table 4
General data for the techno economic evaluation of the process.
Assignment Definition/symbol Value
Feed mass flow Mfeed 75t/d
Lignin H,O content ; Itho_ /o041 0.26
Mjjgnin + MH20 ’
Lignin H,O content after drying 20 /®u30.2 0.05
Mjignin + MH20
Lignin lower heating value LHViignin 15MJ/kg
MeOH per lignin for extraction Mignin 250 kg/m?®
VMeOH
Ratio of fractions after extraction MHMW 7/3 = 2.33
LMW
Retention times MeOH TMeOH 15min
extraction
CO, Tcoz 30 min
precipitation
H,SO, washer TH2504 5 min
Loss of MeOH MMeOH, out 0.01
MMeOH, circuit
Compounds the HMW fraction is reacted into Mproduct + MH20 solubles
Mass of CO, needed to precipitate 1kg of product mco2 0.5
Mproduct
Amount of lignin precipitated with CO, after reaction product 0.8

Mproduct + MH20 solubles

(continued on next page)



Table 4 (continued)

Assignment Definition/symbol Value

Prices Feed/Lignin Preed 400 €/t
MeOH PMeoH 250 €/t(Methanex, n.d.)
€Oz Pcoz 90 €/t(Tomani, 2010)
NaOH PNaoH 320 €/t(alibaba.com, n.d.-a, n.d.-b)
H3504 (96%) Pt2soa 200 €/t(alibaba.com, n.d.-a, n.d.-b)
Heat Pheat 0.01 €/kWh*
Electricity Pelec 0.04 €/kWh(Pescia and Reidl, 2014)
H20 PH20 0.35 €/t

2 LHV natural gas 10.5 kWh/m?, price natural gas 2.50 USD/MJ(Energy Information Administration, 2017), efficiency steam production 0.8;

b estimation from industry partners.

Table 5
Yearly absolute and relative variable and fix costs per tonne of product without
by-product credits at an average utilisation of 8000 h/a.

Variable costs Fix-costs

Type [€/tprodquee]  [%]  Type [€/tproduer]  [%]

Feed 964 62 Personnel 54 3

CO, 45 3 Depreciation 179 12

NaOH 15 1 Taxes, insurance, overhead 54 3

H,S04 <1 <1 Maintenance 54 3

H,0 7 <1

CH3;0H 14 1

Heat 159 10

Electricity 4 <1

Sum 1209 78 341 22
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