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Abstract

Objective of this study was the investigation on the up-scaling of base-cata-
lyzed depolymerization (BCD) of lignin to pilot plant dimension. The clea-
vage process was carried out in dilute alkaline solution at temperatures up
to 340°C and a pressure of 25 MPa in a continuously operated tubular flow
reactor with throughputs up to 20 kg/h. Investigations included the proof of
the feasibility of the scale-up as well as a parameter study on the cleavage of
hardwood Organosolv lignin and softwood Kraft lignin within the established
pilot plant. Yields and molecular compositions of the isolated product frac-
tions BCD-oil (liquid phenolic fraction) and BCD-oligomers (solid phenolic
fraction) are similar to those described in technical lab scale, showing a good
scalability. Here, BCD-oils rich in phenolic monomers such as guaiacol, cate-
chol and/or syringol were obtained with a content of up to 13.3 wt% and 14.5
wt% from Organosolv lignin and Kraft lignin, respectively. Formation of BCD-
oligomers strongly depends on temperature and residence times within the
reactor.

Keywords
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1. Introduction

The valorization of lignin is one of the most important challenges for the devel-
opment of cost-effective biorefinery processes based on lignocellulosic biomass.
Herein, the alkylphenolic structure of the lignin molecule can be catalytically
transferred into low molecular weight compounds such as phenols, alkylphenols

and phenol resins and replacing those obtained from fossil resources [1] [2]. The
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products are highly promising fuels or fuel additives [3] [4], antifungal compo-
nents [5] or for the preparation of polyols and polyurethane resins [6]. However,
the natural complexity and high stability of lignin bonds make lignin depolyme-
rization still a challenging task. The process of base-catalyzed depolymerization
(BCD) of lignin results in hydrolysis of the aryl-aryl-ether bonds and the aryl-
alkyl-ether bonds in the lignin macromolecule and thereby in the production of
monomers as well as dimeric and oligomeric alkyl-functionalized phenolic
compounds [7] [8] [9]. The BCD process is carried out in aqueous or alcoholic
systems at temperatures of up to 350°C, pressures up to 25 MPa and mainly at
short residence times (<1 h).

Intensive research on the BCD of several types of lignin has been performed
and optimized at laboratory and technical lab scale. From this it is evident that a
proper selection of the reaction parameters influences the process of lignin de-
polymerization and subsequent repolymerization of unsaturated decomposition
products. Char formation caused by repolymerization can be minimized at con-
tinuous operation of the BCD process due to a precise setting of reaction para-
meters (temperature, residence time) and engineering design of the reactor (e.g.
heating and cooling rates, residence time distribution, material design). Dedi-
cated reactor systems have been described at laboratory and technical lab scale
[10] [11] and also at a more upscale and direct approach [12] [13]. However, a
further development towards an industrialization of the process with demon-
stration of the procedure in industrial relevant environment on the pilot scale
(technology readiness level TLR 6) has not been shown so far. This development
is mandatory for investigation of efficient downstream processing. Sustainable
processes for phenol separation and purification have to be found giving plat-
form and fine chemicals in high quality for further application. Until now, the
down streaming of hydrothermal conversion processing of lignin has been
hardly investigated [14].

Aim of this study was to evaluate a pilot scale flow reactor system for BCD
with different kinds of lignin and thus, to validate technical lab scale design and
data [10]. Processability of the cleavage process in industrial relevant environ-
ment is the first step towards a process design that is material and energy effi-

cient for integration as a technology module in a lignocellulosic biorefinery.

2. Materials and Methods
2.1. Materials

Two different lignins were investigated for their suitability for pilot plant BCD
and separability of cleavage products: beech wood Organosolv lignin (Fraunho-
fer CBP) and spruce wood Kraft lignin (Domtar BioChoice™). Gel permeation
chromatography (GPC) showed number average molecular weights and the
weight average molecular weights M/M,, of 1006/2757 g/mol and 1488/10,590
g/mol, respectively. The moisture contents of the lignins were 3.1 wt% (Organo-
solv lignin) and 33.8 wt% (Kraft lignin).

The Organosolv lignin feed solutions were prepared dissolving lignin (2.5, 5.0,
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10.0 wt% rel. dry mass) in diluted alkaline solution (2.5 wt% sodium hydroxide).
The Kraft lignin feed solutions were prepared with a constant lignin: sodium
hydroxide ratio of 1:1 (2.5, 5.0, 7.5 wt% rel. dry mass Kraft lignin/sodium hy-
droxide).

2.2. Base-Catalyzed Depolymerization

BCD was carried out in a 2150 mm long, 40 mm internal diameter flow reactor
made of Inconel 625 high-grade steel. Figure 1 shows a schematic flow sheet of
the pilot plant. The prepared alkaline lignin solution was kept stirred at room
temperature in a 300 | mixing vessel and continuously fed to the pilot plant. The
reactor was slowly pressurized to 25 MPa and heated to desired temperature us-
ing deionized water. Once the reactor reached steady-state, the feed was switch-
ed to the alkaline lignin solution. The mass flow rate can be varied in the range
of 5 to 20 kg/h by a high-pressure pump and an automatic adjustable pressure
retention valve. The residence time in the reactor was calculated in the range of
450 to 900 s assuming ideal plug flow. The density of the reaction mixture,
which affects the residence time, was calculated depending on the reaction tem-
perature and the feed composition (lignin or sodium hydroxide concentration).
At the reactor outlet, the reaction product passed through a double pipe heat
exchanger preheating the feed solution to approximately 200°C and cooling down
the reactor outlet to approximately 60°C.

After heat recovery, the reaction product mixture was water-cooled by a double
pipe heat exchanger and depressurized to ambient conditions. Gaseous reaction
products were treated by thermal post-incineration. Liquid reaction products
were continuously collected in an intermediate bulk container. An inline product-
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Figure 1. Schematic flow sheet of the depolymerization pilot plant.
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sampling pipeline installed in front of the vapour-liquid separator receiving

samples for recovery of the obtained product fractions.

2.3. Separation and Purification of Reaction Products

The separation and purification of the cleavage solution was performed in lab
scale for analytical purposes from product-sampling during parameter studies at
pilot scale depolymerization of lignin. An appropriate protocol was implemented
on the basis of a previous publication on technical lab scale depolymerization
[10]. Figure 2 shows a summary of the separation and purification procedure and
the analytical methods that were applied on the obtained liquid and solid prod-
uct fractions (BCD-oil, BCD-oligomers). The gaseous reaction products formed
during the reaction were not analysed. At first, 500 g of the cleavage reaction
product mixture was acidified to pH 1 using hydrochloric acid (37 wt%) to pre-
cipitate BCD-oligomers, modified lignin and condensed repolymerization prod-
ucts. The suspension was separated by centrifugation operating at 149 rad/s,
20°C for 15 minutes. The centrifugation gave a transparent, light yellow to dark
orange monomer-rich supernatant and a brown to black oligomer-rich solid
precipitate. After decantation, the precipitate was washed with 500 ml of deio-
nized water for salt removal and centrifuged again at the same operation condi-
tions.

The purified precipitate was dried in air at 105°C to constant weight and kept
as BCD-oligomers for further analysis. The monomer-rich supernatants were
combined and extracted tree times with 175 ml of methyl isobutyl ketone MIBK
(25, 50, 100 ml). The organic phases of each extraction were combined and dried
with anhydrous sodium sulphate. The drying agent was washed with 25 ml
MIBK. After filtration, the organic solvent was removed from the extract by va-
cuum-evaporation and the obtained BCD-oil was vacuum-dried to constant weight
at40°C.

{ Cleaved lignin solution J

l Acidification pH = 1

Precipitation of BCD-oligomers

‘ Centrifugation
v A,
[ Monomer-rich supernatant } [ Oligomer-rich precipitate }
Extraction
Washing, drying
{ Raffinate } { Monomer-rich extract }
Solvent recovery, drying
A, v
{ BCD-oil J { BCD-oligomers ]
[Yield, GC-MS, GPC] [Yield, GPC]

Figure 2. Summary of the separation and purification protocol and analytical characteri-
sation methods.
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2.4. Analytical Characterization of Reaction Products

The yields of the obtained product fractions were calculated using Equation (1)

and Equation (2).

m )
%Yoy = —220 %100 (1)
Lignin
%Y. _ mBCD-oIigomers 100
07 BcD-oligomers = - X (2)

My ignin
where, My, is the mass of lignin in 500 g reaction product mixture, Mgep
is the dry mass of extracted BCD-oil and Mgep gjigomers 18 the dry mass of preci-
pitated BCD-oligomers.

The number average molecular weights My and the weight average molecular
weights My, of both fractions were determined by gel permeation chromatogra-
phy (GPC) using a HPLC series 1260 (Agilent Technologies), equipped with GPC-
columns (Appli Chrom ABOA DMSO-Phil-P Pore 250 & 350) and a refractive
index detector.

The concentration of the phenolic monomers guaiacol, catechol and syringol
in the BCD-oil were quantified by gas chromatography-mass spectrometry (Agi-
lent GC 7890A and Agilent MSD 5975C) equipped with a HP-MS5 capillary
column (length 30 m, inner diameter 0.25 mm, film thickness 0.33 pm). 1-Me-

thylnaphalene was used as internal calibration standard.

3. Results and Discussion

The feasibility of base-catalyzed depolymerization (BCD) using a pilot scale flow
reactor was demonstrated for cleaving Organosolv lignin and Kraft lignin. Pa-
rametric studies were performed on the catalytic depolymerization in order to
evaluate the influence of the process parameters (temperature, residence time,
lignin and sodium hydroxide concentration) on the isolated yields and the mo-
lecular composition of the obtained product fractions (BCD-oil, BCD-oligo-
mers).

The aim of this investigation was to identify operating parameters resulting in
high product yield and depolymerization degree, which means low molecular
weights of BCD-oligomers and high monomer concentration in the BCD-oil. Si-
multaneously, the results should be compared with the data from technical lab

scale experiments for scalability proofing [10].

3.1. Effect of Temperature and Residence Time

It is observed that BCD-oil formation increases and BCD-oligomer formation
decreases with higher process intensity. Although temperature has the strongest
influence on the yields and the degree of conversion, the impact of residence
time constantly raised with increasing temperature. Figure 3 shows the effects of
temperature and residence time on the yields and the molecular weights of the
obtained BCD-fractions and the monomer concentrations in BCD-oils. For this,
a conversion of 2.5 wt% lignin dissolved in 2.5 wt% NaOH solution was investi-
gated.
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Figure 3. Effects of temperature (250°C, 275°C, 300°C, 340°C) and residence time (450, 600, 750 s) on (1) The yields of BCD-
oil and BCD-oligomers (wt% lignin) (top left); (2) The monomer concentration in BCD-oil (wt% oil) (top right); and (3) The
number/weight average molecular weights My/M,, of BCD-oil and BCD-oligomers (below) (My/M
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g/mol, My/My krafttignin = 1488/10,590 g/mol) (lignin concentration: 2.5 wt%, sodium hydroxide concentration: 2.5 wt%).

With Organosolv lignin, the highest BCD-oil yield (13.3 wt%) and the lowest
BCD-oligomer yield (46.6 wt%) was reached at 340°C and a residence time of
750 s. This BCD-oil consisted of 1 wt% guaiacol and 36 wt% catechol. Due to
demethoxylation reactions no syringol was quantifiable at these strict process
conditions. The same trend was noted at the cleavage of sulphur-containing
Kraft lignin. The highest BCD-oil yield (14.5 wt%) and lowest BCD-oligomer

=1006/2757

yield (58.8 wt%) was obtained at the strictest process conditions (300°C, 750 s)

applied on Kraft lignin. Here, the BCD-oil contained 9 wt% guaiacol and 24 wt%

catechol.

Similarly, a significant influence of process parameters on the molecular weights
of the cleavage products was observed. In general, the number average molecular
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weights My of the BCD-oligomers were significant lower compared to the initial
lignin due to cleavage of the ether-bonds within the lignin molecule and
thus, formation of oligomeric lignin structures. The lowest molecular weight
of Organosolv BCD-oligomers (My/M,, 675/1372 g/mol) was determined at
250°C and residence time of 600 s. At high temperatures about 300°C a repoly-
merization of the BCD-oligomers, especially from Organosolv lignin, to high
molecular weight products (My/M,, 1228/4377 g/mol at 340°C, 750 s) was ob-
served.

In order to avoid repolymerization, the temperature was limited to 300°C in
the Kraft lignin depolymerization studies. For that reason and in contrast to Or-
ganosolv lignin depolymerization, no high molecular weight products were proved
using Kraft lignin. The molecular weights of Kraft BCD-oligomers constantly de-
creased with increasing process intensity.

It can be summarized that with respect to the monomer concentration in
BCD-oil, an increase in temperature from 250°C to 340°C favoured the forma-
tion of catechol and reduced the amounts of guaiacol and syringol in the BCD-
oil. In comparison to this temperature effect the residence time has a subsidiary
effect. An increase in the retention time of 450 s to 750 s at 300°C enhanced the
formation of catechol and reduced the amounts of guaiacol and syringol.

Higher yields of cleavage products for both types of lignin as well as no repo-
lymerization were found during technical lab scale experiments [10]. This might
be due to the differences in reactor design, which causes deviations in flow pat-
tern and residence time distribution. The influence of these transport phenome-
na on yield, selectivity and product quality will be quantitatively investigated in

further pilot scale experiments.

3.2. Effect of Lignin and Sodium Hydroxide Concentration

Besides the influence of temperature and residence time, the feedstock lignin
concentration was varied between 2.5 wt% and 10 wt%. The effects on the yields,
the molecular weights and the monomer concentrations in BCD-oil were inves-
tigated at constant process parameters (300°C, 600 s, 2.5 wt% NaOH). The re-
sults are summarized at Table 1.

With increasing lignin concentration (2.5 wt% to 10.0 wt% Organosolv lig-
nin), the BCD-oil yield drops from 11.2 wt% to 6.3 wt% applying a constant
NaOH concentration of 2.5 wt%. The significant decrease in BCD-oil yield and
the simultaneous increase in the molecular weights and yields of oligomeric
products with higher lignin concentration, are pointing to an incomplete depro-
tonation of the lignin hydroxyl groups due to a too low NaOH concentration.
For this reason, both the lignin and the NaOH concentration were increased in
the experiments using Kraft lignin. Finally, constant lignin: sodium hydroxide
ratio leads to constant product yields over the entire concentration range. Nearly
constant yields and molecular weights of BCD-oil (12.1 to 13.4 wt%, M/M,, =
163/294 g/mol to 168/297 g/mol) and BCD-oligomers (57.3 to 63.4 wt%, M/M,,
= 606/1442 g/mol to 697/1660 g/mol) were found within the entire concentra-

tion range.
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Table 1. Effects of lignin concentration (2.5, 5.0, 7.5, 10.0 wt%) and sodium hydroxide concentration (2.5, 5.0, 7.5 wt%) on (1) The
yields of BCD-oil and BCD-oligomers (wt% lignin); (2) The monomer concentration in BCD-oil (wt% oil); and (3) The

number/weight average molecular weights of BCD-o0il and BCD-oligomers (M, /M

= 1006/2757 g/mol,

‘W,Organosolv  lignin

My/My kraft lignin = 1488/10590 g/mol) (temperature: 300°C, residence time: 600 s).

Feedstock BCD-oil BCD-oligomers

Lignin NaOH Yield My/My Guaiacol Catechol Syringol Yield My/My,

wt% wt% wt% g/mol wt% oil wt% oil wt% oil wt.% g/mol
2.5 2.5 11.2 136/270 12.4 11.6 15.2 62.6 750/1696
Organosolv lignin 5.0 2.5 8.0 118/197 15.0 20.7 12.7 67.4 773/2034
10 2.5 6.3 121/195 13.1 24.5 9.4 71.6 786/2515
2.5 2.5 12.1 166/321 11.3 13.2 0.0 61.8 697/1660
Kraft lignin 5.0 5.0 12.3 163/298 10.3 16.6 0.0 63.4 607/1493
7.5 7.5 13.4 168/297 7.4 19.4 0.0 57.3 606/1442

4. Conclusions

Bio-phenolic compounds are promising candidates for industrial application,
e.g., as precursors for fine chemicals or as monomers for biopolymer produc-
tion. The provision of sufficient sample quantities in reproducible, high product
quality is prerequisite for the implementation of these technologies in biorefi-
nery concepts. Therefore the design of a continuous process in industry-relevant
environment is the first step for a successful implementation.

The feasibility of BCD of lignin using a pilot scale flow reactor system was
successfully demonstrated. Parameter studies were performed to evaluate the in-
fluence of the process parameters temperature, residence time, lignin and so-
dium hydroxide concentration on the isolated yields and the molecular compo-
sition of the recovered product fractions BCD-oil and BCD-oligomers. Yields of
up to 13.3 wt% and 14.5 wt% for BCD-oils from Organosolv lignin and Kraft
lignin were obtained. These results confirm the trends from published lab scale
depolymerization studies utilizing a comparable reactor set-up [10].

Higher process intensity results in higher depolymerization degree and thus,
in growing formation of monomeric and dimeric phenolic products and also of
gaseous and liquid degradation products from lignin, like methanol and acetic
acid. From the results, a sudden decrease in product yield of BCD-oil and BCD-
oligomers can be assumed above 300°C reaction temperature and prolonged re-
tention times (2600 s) accompanied with an increase rise in repolymerization
products. A continuous BCD is run up to 10 wt% of lignin under the prerequi-
site that repolymerization is prevented and the pH value is kept constant by

adding correspondence equivalents of base.

5. Outlook

Further scientific investigation of the catalytic cleavage of lignin will be per-
formed in order to gain a deeper understanding of the reaction mechanism, to

define product specifications of phenol derivatives and to deliver an efficient
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number of process and engineering data for further scale-up. Moreover, devel-
opment and optimization of downstream and purification methods for the selec-
tive separation of the desired products is essential and will be carried out. In or-
der to increase the technology readiness level of the BCD process and thus, to
develop an industry relevant process an overall approach regarding material and
energy efficiency has to be established as well as its technical feasibility and im-

plementation examined.
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