7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online

View Journal | View Issue

An experimental and modeling study on the
catalytic effects of select metals on the fast
pyrolysis of hardwood and softwood ligninf
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Naturally occurring alkali and alkaline earth metals (AAEM) play an important catalytic role in the pyrolysis
of lignin. Other metals also potentially play a role in the catalytic deconstruction of lignin but have only
been qualitatively investigated. A combination of experiments and computational modeling were per-
formed to explore the catalytic activity of ferrous iron in comparison to AAEM. Pyrolysis experiments with
extracted lignin and density functional theory (DFT) calculations for model lignin dimers showed agree-
ment between theory and experiment. Ferrous iron proved to be a stronger catalyst than either potassium
or calcium. The activity order of the AAEM cations was less clear as model and experiments agreed for
hardwood lignin but disagreed for softwood lignin. DFT predicted calcium to be a stronger catalyst than
potassium for breaking f-O-4 ether bonds while experiments indicated potassium to be more catalytically
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active as a result of higher turnover frequency. Pyrolysis of softwood lignin had a lower apparent activation
energy (9.2 kcal mol™) than for hardwood lignin (15.3 kcal mol™). Of the catalysts tested only ferrous iron
prevented the melting of lignin during pyrolysis due to its low apparent activation energy of 3.6 kcal mol™
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1 Introduction

Since its identification over 200 years ago," lignin has been the
subject of many largely unsuccessful attempts to exploit its
unique biochemical properties. Given the difficulties of over-
coming its recalcitrant structure, the most common use of
lignin is generation of process heat for paper mills and cellulo-
sic ethanol plants. If viable methods for depolymerizing lignin
can be developed, lignin would be greatly valorized.*

The natural recalcitrance of lignin to biological deconstruc-
tion®> makes thermochemical processing an attractive pathway
for deconstruction. Fast pyrolysis, which uses thermal energy
and sometimes catalysts to break intermolecular bonds, is
among the most attractive thermochemical processes for valoriz-
ing lignin. However, the tendency of lignin to melt when heated
complicates its thermal depolymerization. Technical lignin as
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and 8.6 kcal mol™ for softwood and hardwood lignin, respectively.

well as biomass from which alkali and alkaline earth metals
(AAEM) have been extracted have been widely observed to liquefy
and foam during pyrolysis.*® Dehydration reactions carbonize
this foamed lignin to form large char agglomerates that can
reduce reactor throughput or even plug the reactor.” Some
mechanical systems are aggressive enough to break apart these
agglomerates,” but this solution adds complexity, accelerates
equipment wear, and does not fully restore reactor throughput.

Pretreatment of lignin is a potential solution to this agglom-
erating behavior. Empirical research has discovered several
effective pretreatments. Physical pretreatments add inert
material such as fumed silica® or clay’ to dilute the lignin and
increase its surface area as it melts, increasing the rate of vapor-
ization. Alternatively, chemical agents such as calcium hydrox-
ide can catalyze lignin deconstruction reducing the size of
agglomerates and partially mitigating the problem.'® However,
more effective approaches to catalytic depolymerization could
improve the commercial prospects of lignin pyrolysis.

Few previous studies have modeled the catalytic interaction
between metal ions and lignin. Kim et al.* found that Na and
Mg, naturally occurring metals in biomass, were very effective
in catalyzing deconstruction of lignin. Later research by Jeong
et al.'® modeled the catalytic behavior of AAEM during
biomass pyrolysis. They found alkaline metals to be more
powerful than alkaline earth metal in catalyzing lignin decon-
struction. We have found iron in the form of ferrous salts to be
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an effective alternative to AAEM in the catalytic depolymeriza-
tion of lignin in whole biomass.'® However, to be effective,
ferrous cations had to be added at much higher molar concen-
trations than alkali metals.'* There was also found a corre-
lation between the amount of ferrous cation required and the
syringyl lignin content of the biomass."* Understanding this
catalytic behavior could help unlock new deconstruction paths
for lignin.

The goal of this study is to understand the role of ferrous
iron in catalyzing rapid lignin depolymerization and prevent-
ing char agglomeration during pyrolysis of biomass.
Additionally, hardwood and softwood lignins were investigated
to understand how catalytic depolymerization is influenced by
different kinds of lignin in biomass. Insights from DFT model-
ing of metal-catalyzed lignin depolymerization are compared
to experimental results from micropyrolysis of extracted lignin
in the presence of catalysts.

2 Materials and methods
2.1 Density functional theory model

Density functional theory (DFT) calculations were performed
on the decomposition of lignin model dimers into monomers.
Guaiacylglycerol-p-guaiacyl ether (GGE) and syringylglycerol-
B-syringyl ether (SSE) were chosen as representative lignin
model dimers. Considering the complex structure of macro-
molecular lignin, p-O-4 dimeric model compounds were
employed for the computational study. Two p-O-4 model
dimers (GGE and SSE) are commonly used for the mechanistic
study because they account for 50-80% of interunit linkages.
Therefore, it is believed that an in-depth analysis of
-O-4 models can provide mechanistic insights into macromol-
ecular lignin. The M06-2X hybrid exchange-correlation func-
tional was used with the LanL2DZ basis set for ferrous ions
and the 6-311++G(d, p) basis set for potassium and calcium
ions in the Gaussian 16 program.'® Starting geometries of the
lignin-metal complex, in which metal ions bind with O(Cp)
and O(methoxyl) of the model dimer, were built based on their
previously determined structures.'" After determining the local
energy minima for each structure with no imaginary frequen-
cies, the binding energy and structural information were deter-
mined. To calculate Wiberg bond order (WBO) index for each
structure, Bader’s atoms-in-molecule (AIM) analysis calculation
was performed to compare the strength of bonding in the com-
plexes by using the Multiwfn program.'® Weinhold natural
population analyses (NPA) were carried out using the NBO
3.1 module embedded in the Gaussian 16 packet to better
comprehend the bonding and electronic properties of the
complexes."”

2.2 Milled wood lignin extraction

Lignin from red oak (Quercus rubra) and loblolly pine (Pinus
taeda) was extracted using the Bjorkman milled wood lignin
(MWL) extraction method.'® Biomass was ball milled in a
Retsch planetary ball mill until a fine powder remained. The
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milled wood in the amount of 100 g was combined with 1L
methanol and mixed for 24 hours with a magnetic stir bar. The
solution was then centrifuged, and the methanol decanted.
Fresh methanol (1 L) was added to the biomass and the mixture
stirred for another 24 h. The recovered solids were dried in a
vacuum oven at 40 °C. The dried material was ball milled in
alternating 15-minute sessions of milling and resting for a total
of 72 h of milling. The material was then dissolved in a 1 L solu-
tion of 96% 1,4-dioxane and 4% water and mixed for 24 hours.
Solids were recovered via vacuum filtration and dispersed in 1 L
fresh dioxane, stirred for 24 h, filtered, and the filtrate dried in
a rotary evaporator. The resulting crude lignin was dissolved in
100 mL of 90% acetic acid and the solution added dropwise to
1 L cold water which caused the lignin to precipitate. The pre-
cipitate was recovered via centrifugation and dried again at
40 °C in a vacuum oven. The dry material was mixed with
50 mL of a 2:1 solution of 1,2-dichloroethane and ethanol
which dissolved the milled wood lignin leaving behind a solid
residue that was removed by centrifugation. Adding the super-
natant dropwise to 1 L of anhydrous ethyl ether cause precipi-
tation of purified MWL which was recovered by centrifugation
and vacuum oven drying at 40 °C.

2.3 Addition of catalyst to the lignin

Catalyst was added to the lignin samples by infusing acetate
salt of the desired metal into the lignin. The cations bind to
oxygen atoms in the lignin structure, forming various metal-
lignin complexes."® This method was similar to that used by
Rollag et al for whole biomass.”> MWL in the amount of
250 mg was mixed with an appropriate amount of an acetate
salt to give a loading of 1.9 millimoles of catalytic metal atoms
per gram of lignin. To this mixture 25 mL of deionized water
was added. The mixture was magnetically stirred for 4 h before
being poured onto watch glasses and dried in an oven overnight
at 105 °C. After drying samples were hand ground back to
powder form to ensure particle size did not impact the testing.

2.4 Time-resolved devolatilization of lignin depolymerization
products

Real-time evolution of vapor products from fast pyrolysis of the
lignin samples was accomplished using a modified PY 2020
Frontier micropyrolyzer in combination with a flame ioniza-
tion detector (FID) as developed by Peterson et al>° Rather
than admitting biomass samples to the micropyrolyzer in a
small metal cup, the small particles of biomass were adhered
to a sample hook through weak Coulomb forces. As shown in
Fig. 1, the hook was installed above the heated furnace zone of
the micropyrolyzer in a steady flow of helium. An experiment
was initiated by closing a valve that controlled the flow of
helium to the micropyrolyzer. After three seconds, the valve
was quickly opened, which sent a pulse of gas through the
apparatus that dislodged the particles from the hook. The par-
ticles were swept downward into the heated zone where they
were captured on an array of screens consisting of a copper
screen (250 um mesh) between two stainless-steel screens
(90 pm mesh). Given the large mass of the screens (approxi-
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Fig. 1 Diagram of short column GC with modified micropyrolyzer system attached.

mately 100 mg) compared to the sample (approximately 1 mg)
the reaction was assumed to be isothermal. The particles
rapidly heated and released volatiles that were transported
through a deactivated short column (SC) of approximately
0.5 m length housed in a Bruker 430 GC to a FID. The de-
activated SC did not separate the volatile products but simply
transported them with minimal lag time to the FID, which
measured voltage response at 80 Hz resolution. We have pre-
viously demonstrated that this “short column micropyrolyzer/
FID” apparatus allows time resolved quantification of devolati-
lization during fast pyrolysis of biomass making possible
measurement of pyrolysis reaction rates.>! Here we use it to
determine the effect of metal catalysts on rates of lignin depo-
lymerization into volatile phenolic monomers. Experiments
were conducted at 33 °C intervals from 366-500 °C.

The time-resolved FID signal, S(¢), is characterized by a
rapid rise followed by a more gradual decay. The rise is associ-
ated with the lag time of the overall instrumentation while the
decay correlates to the progression of sample depolymerization
and the devolatilization of the resulting products as long as
the reaction time is much longer than the instrument lag
time, which we have confirmed in a previous study.**

The start of reaction was taken as the time that the FID
voltage reached 1% of the maximum recorded signal (repre-
senting the maximum measured devolatilization rate). The
end of reaction was taken as the time when the FID voltage fell
to less than 3% of the maximum reading. The FID signal was
normalized based on the maximum signal and used to calcu-
late the extent of reaction:

alt) =27 ey

where 6(¢) is the integrated FID signal up to time ¢ and 6y is
the integrated FID signal over the total time for reaction. The

This journal is © The Royal Society of Chemistry 2022

extent of reaction was numerically differentiated to obtain the
corresponding rate of change of the extent of reaction, da/dt.
Assuming devolatilization is a first order reaction:

da
—=k1-a 2
) 2)
where k is the reaction rate coefficient with units of inverse
seconds. A non-linear solver (Python 3: SciPy*’) was used to
determine the reaction rate coefficient from the experimental
data.

2.5 Truncated pyrolysis

Truncated pyrolysis experiments to investigate structural
changes during pyrolysis were performed using the Controlled
Pyrolysis Duration-Quench (CPD)-described by Lindstrom
et al.*' The system used a computer controlled arm to lower
samples in the furnace zone of a Frontier 3030D micropyroly-
zer for a prescribed period of time followed by rapid ejection
of the sample from the bottom of the furnace to a glass vessel
chilled by an ice bath. To ease removal of melted samples for
analysis, aluminum foil liners were used inside the standard
stainless-steel cups. Lignin samples were ejected from the
furnace after 3 s at which point the samples are estimated to
have reached 400 °C.>* At this timescale, the sample had only
partially pyrolyzed, with unreacted biopolymers still present in
the samples. Other samples were allowed to dwell in the
furnace for 60 s, which allowed the samples to reach 500 °C
and completely pyrolyze, leaving only biochar. To determine if
melting had occurred during pyrolysis the sample cups were
overturned and lightly tapped on a hard surface. A sample was
determined to have melted is the char remained adhered to
the bottom of the sample cup while unmelted samples would
pour out loose char. Additionally when the foil liner was
removed and flattened for analysis the presence of melted char
was visually verified. Melted samples would appear as a thin
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film on the surface of the foil, while unmelted samples
retained a three-dimensional structure above the surface of the
foil.

2.6 Infrared spectrometry

A Fourier Transform Infrared spectrometer (FTIR) (Nicolet
Magna-IR 560 Spectrophotometer) was used to probe chemical
bonds within the samples. The method collected 64 scans
from wavenumber 3700 cm™" to 600 cm . Identification of
absorption bands was done manually using infrared spec-
troscopy tables.

3 Results and discussion

3.1 DFT modeling of catalytic interactions of AAEM and
ferrous iron

DFT modeling of lignin dimers, GGE (representing softwood)
and SSE (representing hardwood), revealed multiple potential
binding sites for catalytic ions. The presence of additional
methoxy groups in the SSE dimer allowed for two more poten-
tial catalyst binding sites than the GGE dimer. Fig. 2 indicates
the potential binding sites for these two different dimers. Of
these sites the most catalytically relevant locations are 3 and 5,
due to their proximity to the bond in question."" Sites 3 and 5
also happen to be the most energetically favored according to
Gibbs free energy difference calculations (see Table S17 for all
values). The calculated values for these two main sites can be
found in Table 1.

It is noteworthy that the SSE contains two bonding sites
which strongly promote the catalytic activity (increase the
bond length of B-O-4 ether). After analyzing the stable struc-
ture of binding sites 3 and 5, we conclude that the half-sand-
wich structure is formed in the 3 position for both cases (GGE
and SSE), additionally, between ferrous iron and oxygen in SSE
on binding site 5 (Fig. 3). WBO information for ferrous iron
binding with each model molecule indicates that it is forming

View Article Online
Green Chemistry
Table 1 DFT calculated values of catalyst binding affinity and the

resulting length of the p-O-4 ether bond. Values for bind to site 3 for
the GGE model and site 3 and 5 for the SSE model

Gibbs free
energy difference Bond
Dimer Catalyst [keal mol™] length [A]
GGE None NA 1.427
Ferrous iron [Fe*'] (3) —301.52 1.479
Calcium [Ca™] (3) —-162.62 1.465
Potassium [K'] (3) —34.163 1.442
SSE None NA 1.425
Ferrous iron [Fe**] (3) —-313.96 1.477
Ferrous iron [Fe*'] (5) —295.47 1.484
Calcium [Ca**] (3) -173.36 1.462
Calcium [Ca*'] (5) —-171.84 1.476
Potassium [K'] (3) -38.31 1.440
Potassium [K'] (5) —37.33 1.447

strong half-sandwich complexes (average WBO is 0.144 for Fe
(n)-GGE and 0.146 for Fe(u)-SSE) compared to the small
average WBO of 0.06 and 0.083 for K(1) and Ca(u), respectively.
These differences in average WBO indices compare with the
bonding energies observed for the metal ions binding in posi-
tion 3. For the position 5, unlike the other binding positions
(1, 2, and 4) with two bonds, its complex is composed of 3
intramolecular bonds, which explains the additional stable
structure that should be considered for estimating the catalytic
effect.

Further theoretical NBO was done to investigate why the
5-position induced longer bond lengths during pyrolysis than
position 3. Theoretically calculated charges in each structure
shows that the stronger positive charge in ferrous iron induces
an increased negative charge in the oxygen of f-O-4 ether
bond. These stronger charges ultimately weaken the covalent
bond. This result provides important information for obtain-
ing new catalytic effects from various metal ions for future
analysis of lignin deconstruction (Fig. 4).

GGE

SSE

Fig. 2 GGE (Left) and SSE (Right) lignin model dimers with OFT calculated metal catalyst binding sites. The -O-4 ether bond broken during pyrol-

ysis is denoted by the red arrow in each molecule.
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Fig. 3 Optimized each metal-SSE complexes for different binding position with (A) Fe(n), (B) Ca(i), and (C) K()). It shows the additional half-sandwich
structure for position 3 and one more chemical bond (light blue arrow) for position 5.

From the above analysis, ferrous iron was determined to
have the greatest affinity for binding to lignin with a Gibbs
free energy of around —304 kcal mol™". Calcium’s affinity was
only about half that of ferrous iron at approximately —169 kcal
mol~'. While potassium only weakly binds to lignin having a
Gibbs free energy of only about —37 kcal mol™". The bond
length difference between the softwood model and the hard-
wood model was minimal at only 0.002 A. Although relatively
minor, this suggests that the ether bonds in softwood lignin
are easier to break than hardwood lignin. When metals were

This journal is © The Royal Society of Chemistry 2022

bond to the dimer systems there was a significant stretching of
the Cg-O bond. This stretching destabilizes the bond by lower-
ing the dissociation energy (activation energy), making it
easier to break. Somewhat surprisingly, DFT modeling indi-
cates that ferrous iron is the strongest of the catalysts investi-
gated. For both lignin dimers ferrous iron was the strongest
catalyst followed by calcium and potassium, respectively. This
finding was contrary our expectation based on previous
research™ that ferrous iron was a weaker catalyst than the
native AAEM.

Green Chem., 2022, 24, 6189-6199 | 6193


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc04837f

Open Access Article. Published on 18 July 2022. Downloaded on 12/4/2025 7:44:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(A) Fe(ll) — SSE
position 3

&
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(C) Fe(ll) — SSE
position 5

<
Fe: + 0.792 Fe : + 0.801 Fe: + 1.077
O :-0.564 O :-0.571 O :-0.605
C :+0.127 C :+0.128 C :+0.123

Fig. 4 Optimized structures for Fe(i) with GGE and SSE. Highlighted atoms are ferrous iron, oxygen, and carbon. Atomic changes for each structure

support the bond length difference.

One potential reason for this discrepancy might arise from
differences in dispersion of the metal ions in real biomass.
Naturally incorporated AAEM in whole biomass is likely to be
heterogeneously dispersed into various components of the cell
wall. While the method used to infuse ferrous iron more homo-
geneous dispersion of metal ion throughout the biomass. The
addition of ferrous iron beyond the molar concentrations
typical of naturally occurring AAEM likely results in its nonpro-
ductive binding to other components of the biomass such as
cellulose. This artifact of the incorporation process would make
ferrous iron appear to be less effective than AAEM.

3.2 Apparent activation energies of extracted lignin

The apparent activation energy of lignin depolymerization was
determined with the short column micropyrolyzer/FID, con-
figuration described in the Materials and methods section.
These tests were conducted with technical lignin to avoid poly-
saccharides in whole biomass contributing to the FID signal.

All samples tested with the short column micropyrolyzer/
FID generated similar FID signal traces as the one illustrated
in Fig. 5. Apparent activation energies for the devolatilization
of lignin assuming first order reaction rates were calculated.
From previous research,® the FID signal is known to be the
result of lignin monomers released from the lignin. We specu-
late this is due to the breakage of lignin polymer bonds, such
as the p-O-4 ether bond, and therefore devolatilization on can
be used a s a proxy for the deconstruction rate. The activation
energies determined from the Arrhenius plots in Fig. 6 are
listed in Table 2. As a result of the high heat and mass transfer
rates in the micropyrolyzer and the small size of samples, we
do not think potential differences in melting of samples would
affect the apparent activation energies.

6194 | Green Chem., 2022, 24, 6189-6199
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Fig. 5 FlO signal response to pyrolysis of loblolly pine milled wood
lignin at 400 °C. Reaction start time (tp), 1% of maximum signal, and end
time (tp), 3% of maximum signal, are denoted by red vertical lines.

Interestingly, the apparent activation energy for lignin depo-
lymerization in the absence of catalysts (control cases) was 40%
lower for MWL from the loblolly pine vs. MWL from red oak.
Syringyl is prominent in hardwood and lacking in softwood,
this suggests that the additional methoxy group found on the
aromatic ring of syringyl acts to stabilize the p-O-4 ether bond.
This makes the presence of catalyst to destabilize the ether
bond ever more important for hardwood lignin.

All the metals measured a decrease in apparent activation
energy for lignin depolymerization. Ferrous iron proved the
most powerful catalyst, reducing activation energy by 44% and
61% for red oak MWL and loblolly pine, respectively, com-
pared to the control cases (no catalyst). These results agree
with the DFT calculations, which found ferrous iron to cause
the largest elongation of the Cg-O side of p-O-4 ether bonds.
There was no statistical difference between the activation ener-

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc04837f

Open Access Article. Published on 18 July 2022. Downloaded on 12/4/2025 7:44:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

Temperature [°C]
A

527 468 417 372 333

2.5 '
=
215 3
k3] e
e .
[ Bs.
=B i
.
o : R
2
3 0.5 *
0 9
1.25 1.35 1.45 1.55 1.65

Inverse Temperature [1000/K]

View Article Online

Paper

Temperature [°C]

oo

i
55 527 468 417 372 95
Q
< 2
e,
215
B
g i,
2o e 8
S
o
205 L
0
125 135 145 155 165

Inverse Temperature [1000/K]

Fig. 6 Arrhenius plots for lignin fast pyrolysis devolatilization rates. (A) Red oak milled wood lignin (B) loblolly pine milled wood lignin. Data points
represent triplicate tests and trend lines are linear fits. (@) Control lignin, (@) potassium acetate, (@) calcium acetate, and (@) Ferrous acetate. Error

bars represent 95% confidence intervals.

Table 2 Apparent activation energies for various feedstocks from short column micropyrolysis/FID experiments. The +represents 95% confidence

intervals

Red oak milled wood lignin

Apparent activation Apparent pre-

Loblolly pine milled wood lignin

Apparent activation Apparent pre-

Feedstock energy [keal mol™] exponential factor Feedstock energy [keal mol™] exponential factor
Control 15.3+1.9 110 000 Control 9.2+0.8 1800

Ferrous iron 8.6 +2.3 3000 Ferrous iron 3.6 £0.9 49

Calcium 11.1 + 2.8 2600 Calcium 7.5%£0.5 540

Potassium 13.4+2.6 75000 Potassium 6.4+1.0 500

gies for calcium and potassium catalyzed depolymerization of
lignin from either hardwood or softwood.

Catalyst turnover frequency (TOF) is also important in under-
standing lignin depolymerization. The number of bonds that
must be cleaved to produce phenolic monomers from lignin is
large compared to the number of metal cations available in the
samples to catalyze this cleavage. Thus, if lignin is to be decon-
structed in the few seconds that characterizes fast pyrolysis,
these TOF must be large. The diversity of linkages in lignin pre-
vents an exact quantitative determination of TOF. However,
since the molar concentrations of catalyst was the same for all
tests (1.9 mmol g'), and if the lignin is assumed to be com-
posed of purely -O-4 ether bonds between identical monomer
units, an approximate TOF can be calculated eqn (3).

number of -O-4 ether bonds

TOF = - - .
number of catalyts x reaction time

(3)

We stress these values are not definitive numbers for the
TOF of these catalysts but are used purely as a means of com-
parison between the metals in this study. As a point of refer-

This journal is © The Royal Society of Chemistry 2022

ence Zhou et al.>* found sodium to have a turnover frequency
on cellulose of 25 s7*.

Table 3 indicates that calcium has a lower TOF than either
ferrous iron or potassium for both hardwood and softwood
lignin. This lower TOF explains why calcium was measured to
have a slower reaction rate than potassium even though their acti-
vation energies are similar. This data demonstrates the impact
turnover frequency can have on a catalyst’s properties. While the
activation energy is important for initiating the reaction, if the
catalyst is unable to migrate to other binding sites quickly its

Table 3 Approximate turnover frequency for the catalytic depolymeri-
zation of lignin at 500 °C

Loblolly pine milled wood

Red oak milled wood lignin lignin

Catalyst TOF [1 57" Catalyst TOF [1 5]
Ferrous iron 26 Ferrous iron 12
Calcium 12 Calcium 11
Potassium 28 Potassium 17
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overall effectiveness is reduced. The practical benefit of a high
turnover frequency is a reduction in the catalyst loading required
for catalytic lignin deconstruction. Ferrous iron has a similar
TOF as calcium and potassium in catalyzing reaction of softwood
lignin. Thus, its lower activation energy makes ferrous iron an
attactive catalyst for the deconstruction of softwood wood lignin.
Interestingly, hardwood lignin had higher TOFs for potassium
and ferrous iron catalysts but due to its higher activation energy,
hardwood lignin is more difficult to deconstruct.

3.3 Investigation of internal bond changes during fast
pyrolysis

The selectivity of the catalysts was assessed by investigating
internal bonding changes during pyrolysis. To achieve this,
experiments were conducted using the CPD-quench with the

View Article Online

Green Chemistry

micropyrolyzer held at 500 °C to generate two samples.
Truncated pyrolysis samples were ejected after reaching 400 °C,
ensuring the acetate anion had decomposed and active catalyst
was present, but pyrolysis was only in the initial stages.
Complete pyrolysis samples were held for 60 seconds, at which
point only char remained in the sample cups. By combining the
truncated pyrolysis of the CPD-quench system with the structural
insights provided by infrared spectroscopy the changing internal
structure can be probed. Determination of lignin melting was
done in a manner we previously established where in sample
cups were overturned to dump out loose char then visually
inspected for any residual char in the cups. The presence of
residual char indicated melting had occured during pyrolysis.
The results of this testing for red oak derived MWL can be
seen in Fig. 7. Both untreated and pretreated lignin have
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Fig. 7 FTIR spectra of red oak milled wood lignin. (A) Untreated milled wood lignin (B) potassium acetate pretreated milled wood lignin, (C) calcium
acetate pretreated milled wood lignin, (D) ferrous acetate pretreated milled wood lignin. Top line represents sample before pyrolysis, middle line
truncated pyrolysis after 3 seconds in a 400 °C micropyrolyzer, bottom line char remaining after 60 seconds in a 500 °C micropyrolyzer (unlabeled
chart at top of figure is a magnified view of FTIR spectra for untreated milled wood lignin before pyrolysis for chart A).
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several large absorption bands expected to be found in MWL.
Many of these adsorption bands are attributed to the aromatic
ring or side chain functional groups. The main bond of inter-
est in this study is the p-O-4 ether linkage evident in the mir-
rored peaks of 1224 cm™" and 1032 cm™". These twin peaks
are split by the sharpest peak measured at 1124 cm™" also
belonging to an ether bond, in this case an aliphatic one. The
lack of differences between control and pretreated lignin indi-
cates no deconstruction has occurred during the pretreatment
process.

Incomplete pyrolysis (3 s reaction duration) of untreated
lignin resulted in melting but very little deconstruction. The
weak ether bonds in lignin are still evident in the melted
lignin indicating that melting does not involve chemical
changes in the lignin. Similarly, little change is found in
lignin treated with calcium during this short duration pyrol-
ysis. In contrast, both potassium and ferrous iron pretreated
lignin showed significant chemical changes as measured by
FTIR spectra even though the former melted and the latter did
not. The apparent activation energy for ferrous iron catalyzed
lignin depolymerization was lower than for AAEM, indicating
depolymerization occurs at a much lower temperature for this
metal. This low activation energy explains why ferrous iron was
the only catalyst that circumvented melting during the early
stages of depolymerization. In contrast, while potassium has a
higher TOF, its higher activation energy prevents deconstruc-
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tion of lignin until the melting point of lignin is exceeded.
One consequence of the lower activation energy of depolymeri-
zation is since the lignin monomers are being liberated at
lower temperatures, they will also have lower vapor pressures.
While product yields were not measure in this study, we
suspect lower activation energies will lead to reduced product
yields and result in a tradeoff between reactor operability and
yield.

The char produced from complete pyrolysis of lignin
showed little spectral structure under FTIR analysis. Only
untreated red oak MWL had two large absorbance peaks
associated with O-H bonding and aromatic oxygen, which is
likely an artifact of the analysis method and not indicative of
the solid char. The presence of a hydroxide group is probably a
result of the severe melting that occurs with untreated lignin.
Vapors formed within the melt escape as bubbles, causing the
melt to foam. The melt eventually dehydrates and carbonizes,
trapping gas in the voids left by the bubbles, which likely
contain water and light organic compounds that are detected
by FTIR when the bubbles are near the surface.

Loblolly pine MWL produced similar results as described
from red oak milled wood lignin (see Fig. 8). The same absorp-
tion peaks were evident with slightly different intensities.
Specifically, untreated lignin and calcium-pretreated lignin
showed limited depolymerization after 3 seconds of reaction
while potassium and ferrous iron pretreated lignin showed sig-
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Fig. 8 FTIR spectra of loblolly pine milled wood lignin. (A) Untreated milled wood lignin, (B) potassium acetate pretreated milled wood lignin, (C)
calcium acetate pretreated milled wood lignin, (D) ferrous acetate pretreated milled wood lignin. Top line represents starting biomass, middle line
truncated pyrolysis 500 °C micropyrolyzer for 3 seconds, bottom line char remaining after 60 seconds in a 500 °C micropyrolyzer.
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nificant depolymerization as evidenced from changes in the
FTIR spectra. The strikingly large peaks observed for calcium
treated char is due to the presence of a carbonate group, a
decomposition product of calcium acetate. There was no large
hydroxide group peak present in the untreated char as the
loblolly pine lignin did not foam as severely as the red oak
lignin. This was likely due to the higher deconstruction rate of
softwood lignin, reducing the severity of the melt formation.
Like the red oak lignin, only the ferrous iron pretreated
sample of loblolly pine did not melt during pyrolysis.

4 Conclusions

This study demonstrates that ferrous iron is a much stronger
lignin depolymerization catalyst compared to AAEM naturally
found in biomass. However, the effectiveness of catalyst in
lignin depolymerization depends upon more than simply redu-
cing activation energy. For example, although calcium and pot-
assium catalysts reduced apparent activation energy by a
similar amount, calcium was less effective in lignin decon-
struction due to a lower turnover frequency. Solving the
problem of lignin melting and agglomeration during pyrolysis
requires a catalyst like ferrous iron to reduce the temperature
for depolymerization below the melting point for lignin. The
ideal lignin depolymerization catalyst for lignin pyrolysis
would combine the effectiveness of ferrous iron in bond desta-
bilization with the high TOF of potassium. A low-cost and
effective pretreatment of lignin to promote lignin depolymeri-
zation could significantly advance the pyrolysis of ligno-
cellulosic biomass for production of fuels and chemicals.
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