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Abstract

As one of the three main components in woody biomass,
lignin is an abundant but underused renewable raw material
and carbon source. Owing to its aromatic structure and large
availability as a by-product of pulping, its conversion into
chemicals is highly attractive. In the present work, the oxi-
dation of a softwood kraft lignin in acidic media was inves-
tigated in the presence of a homogeneous catalyst. The
objective was to find a cheap but efficient catalyst for the
depolymerization of kraft lignin into aromatic monomers.
Different transition metal salts were screened and compared
to phosphomolybdic acid, which was investigated in previ-
ous studies, and to experiments in sulfuric acid without addi-
tional catalyst. Vanillin and methyl vanillate were the main
monomeric products detected by gas chromatography/mass
spectrometry but their formation was only slightly increased
by using transition metal salts (up to 6.28 wt% yield). How-
ever, the presence of iron or copper chloride resulted in fast
formation kinetics and significant amounts of other mono-
meric products. In addition, an efficient fragmentation of the
lignin molecule from a weight-average molecular weight of
3500 g mol! down to 500 g mol' was observed by size-
exclusion chromatography. The enhanced incorporation of
oxygen into the reaction products in the presence of those
catalysts was proven by Fourier transform infrared spectros-
copy and the influence of the catalyst concentration was
studied.

Keywords: kraft lignin; methanol; oxidation; oxygen; size-
exclusion chromatography (SEC), transition metal salt; vanil-
lin; weight-average molecular weight (M,,).

Introduction

Each year, roughly 70 million tonnes of lignin by-products
arise in pulp mills during the production of pulp (Pye 2008).

More than 99% of the lignin from the kraft process is burned
for the recovery of pulping chemicals and the provision of
energy. Although modern kraft mills have an energy excess
and kraft lignin can efficiently be precipitated from black
liquor, only about 100 000 tonnes of it are recovered and
commercialized (Olsson et al. 2006; Tomani and Axegard
2007; Pye 2008). A large amount thereof is chemically mod-
ified by sulfonation, resulting in increased water solubility.
Sulfonated kraft lignin competes with lignosulfonates
obtained from sulfite pulping in some low-value applications
as emulsifiers, surfactants, and dispersants, just to mention a
few. However, the conversion of this cheap and renewable
feedstock into aromatic building blocks would be very prom-
ising. Many different chemical transformations (e.g., hydro-
genolysis, hydrolysis, oxidation) for the conversion of lignin
into low molecular weight products are discussed in detail
in the literature (Goheen 1981; Amen-Chen et al. 2001). A
comprehensive review was recently published by Zakzeski
et al. (2010) with the scope on catalytic chemical conversion
of lignin and the chemical reactions involved in the process-
es. Among the reactions to produce low molecular weight
products of lignin, the conversion of lignin into vanillin, in
particular, was evaluated as being highly viable (Hermans et
al. 2009).

While vanillin was commercially produced by alkaline
oxidation of lignosulfonates in the 1980s at a yield of about
15% (Faith et al. 1965), environmental and economic reasons
led to the closure of most of the production plants until today
(Hocking 1997). In contrast to lignosulfonates, the alkaline
oxidation of the by far more abundant kraft lignin is not
suitable for yielding vanillin in reasonable amounts. Villar et
al. (2001) reported a yield of 4% aldehydes (syringaldehyde
and vanillin) for the conversion of a hardwood kraft lignin
in NaOH solution with copper or cobalt salts as a catalyst.

In the present paper, the focus is on an alternative
approach for the conversion of kraft lignin into vanillin and
other functionalized phenols. It is based on the catalytic oxi-
dation in acidic solvent of alcohols to prevent lignin frag-
ments from undergoing condensation reactions (Voitl and
Rudolf von Rohr 2008). The role of the homogeneous cat-
alyst within the reaction is to promote cleavage of the bonds
in kraft lignin during acidic oxidation with oxygen as oxi-
dant, while simple alcohols proved to prevent condensation
reactions of lignin fragments in acidic media (Voitl et al.
2009). The reaction is carried out in an acidic mixture of
methanol and water at 170°C with an oxygen pressure of 10
bar. Monomeric reaction products detected by gas chroma-
tography/mass spectrometry (GC/MS) are mainly vanillin
and methyl vanillate. The latter is formed by acid-catalyzed
esterification of vanillic acid in the presence of methanol and
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is not found in reactions carried out in pure water. In addition
to the monomeric products, size-exclusion chromatography
(SEC) analysis revealed significant amounts of dimeric/tri-
meric and oligomeric reaction products.

Different homogeneous catalysts are studied concerning
their potential to depolymerize kraft lignin for the production
of monomeric products. Voitl and Rudolf von Rohr (2008)
have already demonstrated the potential of phosphomolybdic
acid (H;PMo,,0,,), which belongs to the group of polyoxo-
metalates (POM), as a homogeneous catalyst. Wu et al.
(1994) obtained up to 14.6% of aromatic aldehydes (4.7%
vanillin) from steam-explosion hardwood lignin with CuSO,
and FeCl; catalysts in a 13.5% NaOH solution. In the afore-
mentioned studies of Villar et al. (2001), copper and cobalt
salts served as homogeneous catalysts in NaOH solution. Up
to 10.9% of aromatic aldehydes and aromatic acids were pro-
duced by oxidation of a hardwood organosolv lignin in acetic
acid/water (Partenheimer 2009) with a Co/Mn/Zr/Br catalyst.
In the present study, the performance of different transition
metal salts (CuSO,, FeCl;, CuCl,, CoCl,) is investigated
within the acidic oxidation of kraft lignin. Since the action
of the catalyst is assumed to be based on its redox potential as
reported for delignification studies (Gaspar et al. 2007), the
transition metals are chosen to have a broad spectrum of cation
redox potential (Co/Co*"=-028 V, Cu*/Cu’"=0.15 V,
Fe?*/Fe** =0.77 V). All of these values are below the redox
potential of oxygen (O,/H,0=1.21 V), which is necessary
for the reoxidation of the catalyst. The results of the catalyst
experiments are compared to the reaction carried out in pure
solvent acidified by sulfuric acid as well as to the results of
previously performed experiments with phosphomolybdic
acid.

Materials and methods

All batch experiments were performed in a 400 ml high-pressure
autoclave (Premex Reactor AG, Lengnau, Switzerland). The reactor
is equipped with a gas entrainment impeller and its internal parts
are made of titanium. For each experiment, the reaction solvent was
prepared by mixing 160 ml methanol and 40 ml deionized water.
Afterwards, the catalyst was added to the reaction solvent in an
amount to give a concentration of 0.01 mol I' and the pH was
adjusted to pH 1.0 by adding some droplets of concentrated sulfuric
acid. All of the catalysts were completely dissolved in the reaction
solvent. This mixture was then transferred into the reactor and 2 g
of Indulin AT [kraft pine lignin, 97% lignin content (dry), 5% mois-
ture, Mead Westvaco, Charleston, USA] were added, resulting in a
nominal lignin concentration of 10 g I'". Indulin AT is well char-
acterized and described in the literature (Ferraz et al. 1997; Beis et
al. 2010). In experiments with vanillin or methyl vanillate as sub-
strate, 150 mg thereof was added to the reactor instead of Indulin
AT. As kraft lignin is not soluble in acidic media, virtually all of
the lignin was present as a solid/liquid suspension before the reac-
tion. The reactor was sealed and purged three times by loading and
releasing oxygen at a pressure of 10 bar. A working pressure of 10
bar oxygen was finally loaded to the reactor and the impeller was
started at 1000 rpm. The mixture was heated to the reaction tem-
perature of 170°C at a rate of 8 K min"'. When the reactor had
reached the final temperature (defined as reaction time =0 min),

a liquid sample of approximately 8 ml was drawn through a sam-
pling tube, which was connected to a sampling valve at the top of
the reactor. A heat exchanger connected to that valve allowed the
quenching of the hot sample. Additional samples were taken every
20 min until a reaction time of 2 h was reached. Just before sam-
pling, a liquid volume of about 17 ml (corresponding to a volume
slightly bigger than the dead volume of the sampling devices) was
sampled and discarded. After the final reaction time was reached,
the reactor was cooled to room temperature within 60 min. The
remaining reaction products were dissolved in the solvent, except
for experiments with sulfuric acid and POM, where small amounts
of finely dispersed solids were present.

Each sample was analyzed concerning its content of monomeric
products by GC/MS. Five ml of each sample were taken and diluted
with 2 ml of water to inhibit miscibility with CHCl;, which was the
solvent for extraction of the reaction products from the reaction
mixture. The mixture was extracted three times with 3 ml CHCl,
and the organic phase was recovered. Then, 750 Wl of a solution
containing 1 g I'' syringaldehyde [as internal standard (IS) for quan-
tification in GC/MS analysis] in CHCI; was added to the combined
CHCl; extracts. Syringaldehyde as IS is advantageous owing to its
chemical similarity to vanillin and its high stability. In case of soft-
wood lignins (e.g., Indulin AT), which contain only traces of syrin-
gyl units, the use of syringaldehyde as IS does not detract from the
analysis. Split injections (1 Wwl) were done by an autosampler (Ther-
mo Scientific, Al 3000, Waltham, MA, USA) into the GC/MS sys-
tem (Thermo Scientific, Trace GC Ultra/Polaris ITQ ion trap, EI
mode). The GC system was equipped with a Restek RTX-5 ms
capillary column (30 mXx0.25 mmX0.25 m): carrier gas: He
(flow of 1 ml min') with a split ratio of 25:1; temperature program:
80°C for 5 min, heating by 10 K min™ to 280°C, and 280°C kept
for 5 min. Data presented are the average of two injections. The
mean relative error between the GC/MS measurements was less than
5%. The overall reproducibility of vanillin and methyl vanillate con-
centration was evaluated based on three experiments conducted with
sulfuric acid in the absence of a catalyst. The maximum deviation
of a measured concentration from the average value was always less
than 7.1% for vanillin (8.6% for methyl vanillate), with an average
value of 3.8% (4.9%).

For SEC, 2 ml of each sample were adjusted to pH 12 at a con-
centration of 2 g I'' by adding NaOH solution. A solution of Indulin
AT was prepared with the same parameters as reference. All SEC
samples were filtered before injection with nylon syringe filter (pore
size 0.45 m). The injection volume was 5 pl. Instruments and
conditions used were as follows: Waters Alliance 2695 Separations
Module; column cascade MCX 8 X300 mm (10 wm) 1000 A and
100 000 A plus precolumn (Polymer Standard Service GmbH, Ger-
many); photodiode array detector (UV 210—400 nm); eluent 0.01 N
NaOH solution. The eluent was prepared by means of FIXANAL®
cartridges (Sigma Aldrich, Buchs, Switzerland) and stored under
nitrogen sparging to avoid CO, uptake. The flow rate was 0.5
Ml min' and column temperature 35°C. Detection of substances
took place at 320 nm. Calibration was between 697 g mol™! and 148
500 g mol! with poly(styrene sulfonate) sodium salt standards
(PSS), and fitting was done by a third-order polynomial. Calibration
below 697 g mol™: the four peaks with the longest elution times
were assigned to be signals from products having one to four aro-
matic rings. This is especially true for vanillin, which eluates last
in the chromatogram. A molar mass of 160 g mol™' (close to vanil-
lin) was assumed per aromatic ring in the products, resulting in
160 g mol! to 640 g mol™ for monomers to tetramers. The third-
order polynomial for fitting leads to a very good transition between
the two calibration ranges.
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Figure 1 Concentration of vanillin and methyl vanillate versus
reaction time for different homogeneous catalysts (=0 min corre-
sponds to time when reactor has reached the reaction temperature).

The FTIR instrument used was a Spectrum BX (PerkinElmer AG,
Schwerzenbach, Switzerland). For each spectrum 64 scans in the
range of 600 and 4000 cm™ (resolution of 2 cm™) were averaged.
Band assignment and sample preparation were done according to
Faix (1992). The peaks are normalized to the aromatic skeletal
vibrations at a wavelength of 1514 c¢cm™, assuming no significant
change in the number of aromatic rings during depolymerization.

Results

Concentration of low molecular weight products

Figure 1 shows the concentration of the targeted products
(vanillin and methy] vanillate) versus reaction time up to 2 h.
Reaction time =0 min means the time when the temperature
has reached the reaction temperature of 170°C. Accordingly,
transition metal salts as catalysts enhanced the formation of
monomeric products. For all of the studied salts, the concen-
tration maximum of vanillin was higher than without catalyst
(sulfuric acid) or in presence of H;PMo0,,0,,. As for methyl
vanillate, the concentration reached the same level as the
studied POM only in experiments with CoCl, and CuSO,,
but its yield was always at least as high as without catalyst.
The chloride salts FeCl; and CuCl, show, on the other hand,
a fast kinetics in the formation of the two products. The
highest vanillin yield at time =0 min and a concentration
maximum after 20 min reaction time were obtained with the
latter mentioned catalysts, while with the other catalysts, a
maximum was not observed before 60 min. The maximum
yields of vanillin and methyl vanillate are summarized in
Table 1. To evaluate the progress of the reaction after 2 h,
experiments without catalyst and with POM were conducted
for 6 h. While the yield remained approximately constant for
sulfuric acid, reaching a slightly elevated maximum after 5 h
(vanillin 2.46%, methyl vanillate 2.72%), no yield incre-
ments were obtained with POM (the yield began to decrease
after 2 h).

Several other peaks appeared in considerable amounts in
the GC/MS chromatogram with transition metal salt catalysts
(Figure 2). The compound with a retention time (RT) of
2275 min was identified to be methyl dehydroabietate
(MDHA). It is formed from abietic acid by dehydrogenation
and esterification with methanol, as described by Hjulstrom
et al. (2006). Abietic acid is a major constituent of pine resin
and bound to the lignin molecule via ester bonds (Shadkami

Table 1 Maximum yields of targeted monomeric products and relative amount of other products within investigated reaction time for the

different catalysts.

Peaks in GC/MS as shown in Figure 2

Methyl
Compound Vanillin vanillate a b c d MDHA e

RT in GC/MS (min) 12.66 14.23 17.01 18.32 18.51 22.09 22.75 23.20
M,, (g mol™") 152 182 210 240 240 292 314 322

Maximum yield (by wt) Rel %, based on peak area in GC/MS at t=120 min®

Vanillin Methyl

Catalyst (%) vanillate (%) a (%) b (%) c (%) d (%) MDHA (%) e (%)

None (H,SO,) 241 2.33 5.2 4.9 12.1 0.0 136.1 0.9
H3PMo,,04 2.60 3.15 8.0 19.6 28.3 1.9 110.3 6.2
CuSO, 3.12 3.15 30.3 53.8 52.1 13.8 95.2 184
CoCl, 3.19 3.09 36.5 66.3 70.4 17.1 102.1 22.9
FeCl, 293 2.61 81.7 137.1 80.5 30.4 101.5 37.4
CuCl, 2.93 2.33 103.3 157.2 85.1 54.5 107.4 55.3

“Data in italics are related to the internal standard (syringaldehyde).

GC/MS, gas chromatography/mass spectrometry; RT, retention time; M,,, molecular weight; MDHA, methyl dehydroabietate.
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Figure 2 Gas chromatography (GC) chromatogram of extracted
products from an experiment with copper chloride after 120 min of
reaction time. The numbers indicate the GC retention time of the
adjacent peaks. Peak assignments are in Table 1; the peak at
15.94 min is the internal standard.

and Helleur 2009). For the compounds with RTs of 17.01,
18.32, 18.51, 22.09, and 23.20 min (labeled a—e), the struc-
tures could not be identified by MS spectra. Based on the
data obtained by HPLC-APCI-MS", however, the structures
presented in Figure 3 can be postulated. Nevertheless, iso-
meric structures of these are also possible. In particular, com-
pounds b and ¢ were found to be isomers. Since small
amounts of a and d are obtained in experiments with pure
vanillin as substrate, they are direct oxidation products of
vanillin. The same is true for the other compounds with
methyl vanillate as substrate. Thus, all of the mentioned
products are at least partly generated by oxidation of the
targeted monomers vanillin and methyl vanillate and there-
fore are jointly responsible for the yield decrement of the
targeted products with proceeding reaction time. The for-
mation of all those compounds, including MDHA, versus
time is roughly linear and the maximum amount was there-
fore usually found at the end of the reaction. The quantitative
data are listed in Table 1 (peak areas relative to that of IS).

The amount of MDHA (Table 1) at the end of the reaction
did not vary significantly between the experiments with dif-
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Figure 4 Size-exclusion chromatography characterization of dif-
ferent samples from an experiment with iron chloride catalyst com-
pared to Indulin AT.

ferent catalysts. However, more MDHA was obtained in the
absence of any additional catalyst. This was not the case for
the compounds a—e. While their formation without catalyst
was rather negligible, in presence of FeCl; and CuCl, the
yields of the substances a—e increased dramatically.

Weight-average molecular weight (M,,)

The molecular weight distribution (MWD) was monitored
versus reaction time by SEC as for the iron chloride exper-
iment in Figure 4. The plots of M,, against reaction time for
each experiment are depicted in Figure 5. For Indulin AT
the SEC method revealed an M,, of approximately 3500+
300 g mol™!, which is in very good agreement with literature
values (Jacobs and Dahlman 2000). When working without
catalyst (only H,SO,), the depolymerization proceeded very
slowly. Even with POM as catalyst, the decrease in the M,,
was only slightly enhanced. A far better fragmentation was
achieved with transition metal salts. The M,, of the product
mixture was considerably lower for all of the salts and
decreased to approximately 500 g mol! at the end of the
reaction with FeCl; or CuCl,.

o o. ,0
N [e) [¢]
0 (0]
\o
OH O o)
OH O SNy ~
d e
C14H1207 C15H1408
292 g mol 322 g mol!

Figure 3 Postulated structures for the components of peaks a—e in the chromatogram as derived from HPLC-APCI-MS" analysis.

Compounds b and c are isomers.
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Figure 5 Weight-average molecular weight of the product mixture
versus reaction time for different homogeneous catalysts.

Oxygen consumption

For evaluating the action of the different catalysts concerning
the oxidation, the consumption of oxygen was analyzed by
comparing both FTIR spectra of the reaction products and
the loss of pressure in the reactor during the reaction. Reac-
tion products of experiments without catalyst and with CuCl,
were extracted with CHCIl; and FTIR spectra of the extracts
were recorded. In Figure 6, the spectra can be compared to
Indulin AT in the region between 850 and 1950 cm'. The
most important difference between the spectra is in the range
between 1600 and 1800 cm™ (C =0 bonds). After treatment
with sulfuric acid, the band areas in this region increased,
indicating a higher amount of C =0 compared to Indulin AT.
The analysis of products from experiments with CuCl, show
further increased band areas and therefore an even higher
oxygen consumption. An estimation of the C=0 content of
the samples according to Faix et al. (1998) resulted in 3.6%
(23.6 C=0 per 100 C,) for Indulin, 5.8% (35.8 CO/Cyq)
for sulfuric acid, and 7.2% (43.6 CO/Cy,) for CuCl, As no
significant change in the amount of hydroxyl groups (3412—
3460 cm™) was observed, the formation of C=0 linkages
seems not to arise from direct oxidation of aliphatic hydroxyl
groups. More likely, C=0 formation is due either to cleav-
age of linkages in acidic media in the presence of oxygen,
as described by Gierer and Nilvebrant (1994), or to oxidation
of vanillin and methyl vanillate as mentioned above.

A comparison of pressures after cooling down the reactor
at the end of the reaction gives similar results (Table 2).
Although these observation cannot give absolute values (lig-
uid samples are withdrawn during the reaction changing the
gas volume, and small amounts of CO, and dimethyl ether
are formed during the reaction), a clear trend is observed.
Only small amounts of oxygen are consumed in the experi-
ments without catalyst and with POM. In contrast, in the
transition metal salt experiments the far lower pressures at
the end of the reaction reveal considerably higher oxygen
consumption. Moreover, the remaining pressure at the end of
the reaction seems to correlate with the M,, at a reaction time
of 120 min (Table 2). The experiment without catalyst con-

2.0
Indulin AT
————— No catalyst
159 ——— CuCl,

Normalized AU (-)

0.0

3400 3200 1900 1700 1500 1300 1100 900

Wavenumber (cm™)

Figure 6 Fourier transform infrared spectroscopy (FTIR) spectra
of extracted products from experiments with CuCl, catalyst and
without catalyst in comparison with the FTIR spectrum of Indulin
AT. The labeled peaks show the region of IR absorbance of: (A)
aromatic skeletal vibrations (1514 cm™), (B) aromatic skeletal vibra-
tions plus C=0 stretch (1593 cm™), (C) C=0 stretch of conjugated
aldehydes and carboxylic acids (1680 ¢cm™), (D) C=0 stretch in
unconjugated ketones, carbonyls, and ester groups (1732 cm™), and
(E) O-H stretch (3412-3460 cm™).

sumed the least amount of oxygen and the M,, was the high-
est, and vice versa for the experiments with CuCl, or iron
FeCl; A linear regression of the remaining pressure and the
M,, resulted in a good correlation (R*=0.95, results not
shown). By calculating the initial M,, of Indulin AT based
on this correlation (extrapolation to 10 bar initial oxygen
pressure) a value of 3946.5 g mol™ was obtained.

Variation of catalyst amount

Based on the results described above, catalyst concentration
experiments were performed with CuCl, in the range
between 0.005 and 0.05 mol I"'. At the concentration of
0.05 mol I'!, the experiment was stopped after 20 min reac-
tion time because of corrosion problems of the stirrer bear-
ings in the presence of high chloride concentrations.

Figure 7 shows the concentrations of vanillin and methyl
vanillate as a function of reaction time and CuCl, concen-
tration. While the vanillin concentration is comparable
between experiments with 0.005 and 0.01 mol I'! of catalyst,

Table 2 Final pressure in the reactor and average molecular weight
for the different catalysts.

Pressure?® M,, at =120 min
Catalyst (bar) (gmol™)
None (H,SO,) 56 1636
H,PMo,,0.0 5.4 1250
CuSO, 4.2 775
CoCl, 4.4 753
FeCl, 3.7 529
CuCl, 3.8 531

“After cooling the reactor.
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Figure 7 Concentration of vanillin and methyl vanillate versus
reaction time for different concentrations of copper chloride.

a higher concentration results in a decrease of vanillin yield
after the beginning of the reaction time (=0 min) and the
yield is further lowering toward the end of the reaction time.
The occurrence of a maximum can be assumed during the
heating time. However, this effect is not observed for methyl
vanillate. Although a higher catalyst concentration decreases
the product concentration as well, a rather constant level is
reached without a pronounced maximum. Concerning the
products a—e, an increase in product formation with increas-
ing amount of CuCl, is found. This is consistent with the
lower amount of vanillin and methyl vanillate as their oxi-
dation led to the formation of a—e, which is apparently
enhanced for higher amounts of catalyst.

The change in M,, as a function of catalyst concentrations
is presented in Figure 8. As expected, the fastest fragmen-
tation kinetics is obtained for a catalyst concentration of
0.05 mol I'', which results in an average molecular weight
of 386 g mol! after only 20 min reaction time. Decreasing
the amount of CuCl, results in a higher final molecular weight,
whereas no significant difference is observable once again
for the two lowest concentrations of 0.01 and 0.005 mol 1.

Discussion and conclusions

In general, the selectivity of the studied transition metal salt
catalysts towards the monomeric products vanillin and meth-

yl vanillate was only slightly enhanced. The maximum yield
of vanillin obtained in the experiments was always higher
for the transition metal salts than for the POM or without a
catalyst. However, the oxidation of vanillin and methyl vanil-
late to yield compounds a—e led to decreasing concentrations
with proceeding reaction time. For vanillin this was even
emphasized at higher levels of catalyst.

CoCl, turned out to be the best of the investigated cata-
lysts regarding the total yield of vanillin and methyl vanil-
late, with a maximum yield of 6.3% after 60 min of reaction
time. Furthermore, methyl dehydroabietate was found as
product in all samples and, especially with FeCl; of CuCl,
as catalyst, five additional products of low molecular weight
were obtained in significant amounts. The formation kinetics
of vanillin and methyl vanillate was also enhanced by using
those catalysts, as they showed the highest yield at the start
of the reaction time and the maximum was already obtained
in an early stage of the reaction. The fast kinetics is also
shown by the rapid decrease in the mean molecular weight
down to 500 g mol™ and the enhanced oxygen consumption
as shown by FTIR. When increasing the amount of CuCl,,
the maximum concentration was even shifted to the range of
heating time and the fragmentation kinetics was further
enhanced.

Among the different chlorides, cobalt chloride yielded
most of the targeted products but was not very efficient in
the depolymerization of the lignin molecule compared to iron
chloride or copper chloride. This might be due to the lower
redox potential of cobalt. On the other hand, since iron and
copper led to comparable results concerning product yield
and fragmentation, the fragmentation seems not to be limited
by the redox potential of the catalyst when working above a
certain redox potential. However, the fact that copper chlo-
ride and copper sulfate showed different results proves that
the catalytic action can be ascribed to both cation and anion,
rather than to the cation alone. For a detailed understanding
of the catalytic action of the catalyst additional studies are
necessary.

Experiments focusing on the reactor heat-up phase have
revealed that much of the lignin oxidation already takes place

K

1500 —=— 0.005 mol I'"
—e— 0.01 mol I''
—e— 0.025 mol I'!

1000 —a—0.05 mol I

500

Weight-average molecular weight (g moI")

0+ T T T T T T
0 20 40 60 80 100 120

Reaction time (min)

Figure 8 Weight-average molecular weight of the product mixture
versus reaction time for different concentrations of copper chloride.
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before reaching the targeted reaction temperature. Therefore,
upcoming investigations will focus on the oxidation of lignin
in a continuous reactor with preheating of separated feed
streams. In addition, the present results regarding oxygen
consumption show that most of the oxygen had already been
used up at the end of some experiments. Future experiments
with a constant oxygen pressure in the reactor will ensure
identical conditions during the reaction.
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