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Abstract

Lignin is one of the most abundant waste biomasses from the pulp and paper industry and
the largest natural source of aromatic chemicals. Due to its complex polymeric structure,
Kraft lignin is under-utilized and usually burnt for heat generation, thus, resulting in CO>
emission in the Kraft process. To valorize lignin with renewable electricity and to convert it
into value-added aromatic chemicals, efficient electrochemical methods need to be
discovered not only based on its apparent yield of certain chemicals, but also based on its
energy efficiency. In this study, the electro-oxidative performance of six different metals is
systematically evaluated. The results showed that the synthesized Ni-based catalyst can
increase the vanillin and vanillic acid apparent yield by 50-60% compared to when no Ni-
based catalyst is used. In conventional electrochemical oxidation reactions, the tests are
usually performed before the oxygen evolution reaction (OER) region to avoid competing
for electron supply. This requires applying a smaller voltage; thus, a smaller reaction rate is
also expected. However, with the newly proposed notion of charge efficiency, we found that
the OER serves more than a competing reaction where the oxygen generated from the anode
could synergistically help oxidize the lignin for more aromatic products. We showed that,
utilizing a thinner layer of Ni catalyst balances the OER and the oxidative reaction of lignin

to improve the charge efficiency.



Résumé

La lignine est I'une des biomasses de déchets les plus abondantes de 1'industrie des pates et
papiers et la plus grande source naturelle de produits chimiques aromatiques. En raison de sa
structure polymere complexe, la lignine Kraft est sous-utilisée et généralement briilée pour
générer de la chaleur, ce qui entraine des émissions de CO> dans le procédé Kraft. Pour
valoriser la lignine avec de 1'¢lectricité renouvelable et la convertir en produits chimiques
aromatiques a valeur ajoutée, des méthodes électrochimiques efficaces doivent étre
découvertes non seulement sur la base de son rendement apparent de certains produits
chimiques, mais également sur la base de son efficacité énergétique. Dans cette étude, les
performances électro-oxydantes de six métaux différents sont systématiquement évaluées.
Les résultats ont montré que le catalyseur a base de Ni synthétisé peut augmenter le
rendement apparent de vanilline et d'acide vanillique de 50 a 60 % par rapport a l'absence de
catalyseur a base de Ni. Dans les réactions d'oxydation électrochimique conventionnelles, les
tests sont généralement effectués avant la région de réaction de dégagement d'oxygene (OER)
pour éviter la concurrence pour l'apport d'¢lectrons. Cela nécessite d'appliquer une tension
plus faible ; ainsi, une vitesse de réaction plus faible est également attendue. Cependant, avec
la notion nouvellement proposée d'efficacité de charge, nous avons constaté que 'OER sert
plus qu'une réaction concurrente ou I'oxygeéne généré par 1'anode pourrait aider de maniere
synergique a oxyder la lignine pour des produits plus aromatiques. Nous avons montré que
l'utilisation d'une couche plus mince de catalyseur Ni équilibre I'OER et la réaction oxydative

de la lignine pour améliorer l'efficacité de la charge.
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1 Introduction

As climate change becomes a more and more important issue for human society, fuel
consumption by humanity is shifting from massively relying on fossil fuels to renewable
energy sources. Biobased products such as biofuels and biochemicals are considered one of
the most promising sustainable chemical sources as they often involve underutilized
agricultural and forestry wastes thus reducing the dependence on petroleum for chemical

production. !

Lignin, among all the types of lignocellulosic biomass, takes up to 15%-30% by weight, and
40% by energy, making it the largest renewable source for renewable aromatic bioproducts.**
However, traditionally in the pulp and paper industrial application, the black liquor which
contains the Kraft lignin, is usually incinerated for power generation in the Kraft process,*
resulting in CO2 emission from the pulp and paper industry, albeit its low heat efficiency.

5> such as pyrolysis,®

Numerous methods have been investigated for lignin valorization,
bacteria treatment,’ and traditional thermal catalysis methods to yield bio-oil and bio-char,

which can be applied as the replacement fuel for coals for existing industrial boilers,® as well

as yielding valuable organic small molecular products and carbon-based gas products.

Among all the methods to valorize lignin, electrochemical degradation and valorization has
become a promising route for its usage of green electricity, which is often from renewable
sources,” and more importantly, the reaction can be controlled by adjusting the applied
current, applied voltage, and supplied charge for better yield and selectivity of the value-

added products, as well as by optimizing the reaction conditions.



Researchers have been performing studies on the topic of electrochemical valorization of
lignin using different catalysts manufactured from different synthesis methods with various
experimental setups. Nickel-based material has been the most tested catalyst for its
outstanding activity towards biomass oxidation as well as its stability against corrosion.!® Ni
and Co nanoparticles were deposited on a Pt disk electrode using the water-ethanol dispersion
method and tested for lignin reaction in a typical three-electrode setup.!! Ni-Co catalysts
were also prepared by electrodeposition on a 1.5 cm X 1.5 cm titanium foil in a typical three-
electrode setup for softwood alkali lignin oxidation.'? In another three-electrode setup, nickel
foam was tested for organosolv lignin oxidation.!* Several commercially available Ni, Co,
Fe, and Ti-based alloys as well as black liquor activated Ni foam were tested for Kraft lignin
degradation. '° For higher overall product yield, high-temperature electrolysis was performed
in a sealed three-electrode cell with nickel foam and nickel sheet as the working electrode.’
Besides Ni-based anodes, PbO>-based catalysts were also tested for BHT (butylated
hydroxytoluene) production from black liquor lignin.'* PbO»-based catalysts were also tested
with Aspen lignin for 4-Methylanisole production' and discussed different cathode pairing
for bamboo lignin'®, rice straw lignin!’, corn stover lignin from paper-making black liquid,'®
and cornstalk lignin'? in a single-cell reactor. To develop a more uniform deposition of PbO,
nanoparticles and avoid surface defects, a deposition method with a multi-wall nanotube on

a rotating disk electrode (RDE) was developed and tested for lignin depolymerization.?’

However, due to different catalyst preparation methods, catalyst sizes, reaction conditions
such as temperatures and pressures, reaction time, and lignin types, results were reported in
various styles, making it difficult for scientific researchers to compare the characteristics of

the catalyst itself. Moreover, to the best of our knowledge, most literature used undivided



cells for lignin electrolysis which mixes both oxidation and reduction processes, making it
difficult to distinguish the effects from oxidation to reduction. The exact structure of lignin
is still unknown, as well as the exact reaction mechanism. Consequently, monitoring the
charge transfer for each product and calculating the Faradic efficiency (i.e., electron

selectivity and electrical efficiency) is extremely difficult.

In this project, I utilized a divided H-type cell reactor to focus only on the Kraft lignin
oxidation process under room temperature and pressure with several pure metal catalysts
prepared through the same method. Instead of optimizing the product yield by recycling the
reactant flow or having a longer reaction time, we propose novel normalization metrics for

catalyst comparison for their energy efficiency.



2 Literature review

2.1 Lignin overview

Lignin is a polymer mixture whose composition changes with respect to plant types. However,
it is generally believed that all lignin is made of three basic phenolic monolignols: p-
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol and their aromatic residues
accordingly are named p-hydroxyphenol (H), guaiacyl (G), and syringyl (S) units.?! Their

structures are shown below in Figure 1.

p-coumnaryl alcohol (M1H) coniferyl alcohol (M1G) sinapyl alcohol (M1S)

~
> Monalignols
i J
' ' i 3
' = I = l = Aromatic residues
HO MeO OMe > in polymer
OH OH OH
p-hydroxyphenyl (H) guaiacyl (G) syringyl (S) J

Figure 1 Monolignols and their residues presented in lignin. Adapted from Calvo-Flores et al.??

Lignin structure is constructed with the three aforementioned monolignols with various
linkages, such as f-O-4, a-O-4, f-1 and many other linkages in Figure 2 as well as more

linkages to be discovered by future researchers.
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Figure 2 Typical linkages between the lignin units. Adapted from Li et al.?®

2.2 Vanillin production from lignin

Vanillin is naturally extracted from vanilla beans and is used for scent and flavoring in the
food, pharmaceutical and cosmetic industries. However, natural vanilla only constitutes less
than 5% of the global market demand and as a result, artificial vanillin is needed to meet the

world’s demand.?*

The use of lignosulfonates for vanillin production was the dominant procedure for artificial
vanillin. According to the literature, a pulp and paper mill in Ontario took the global market
share for synthetic vanillin by 60%. However, due to the number of waste effluents and the
cost of the effluent treatment, the vanillin production from pulp and paper mills was closed
gradually.?! A competing process, the Kraft process, has been implemented in the pulp and
paper industry for energy which burns the waste black liquor stream that contains a great

amount of lignin for energy generation.*



With the development of the petrochemical industry, a synthesis route from petrochemical
guaiacol® took over 85% of the global market share of synthetic vanillin and only 15% of
the market share is from lignin. Figure 3 depicts the vanillin synthesizing route from guaiacol
by adding the aldehyde group onto an aromatic ring. The condensation reaction of guaiacol
with glyoxylic acid is followed by the oxidation of the resulting mandelic acid, resulting in
the phenyl-glyoxylic acid. Then the phenyl-glyoxylic acid is put through decarboxylation

which gives vanillin.?®

Glyoxylic acid
CHO
COOH
HsCO CHCOOH COCOOH HyCO
Guaiacol Mandelic Acid Phenyl-glyoxylic Acid Vanillin

Figure 3 Synthesis vanillin from guaiacol®

As a result, the global artificial vanillin production from guaiacol is largely dependent on

petroleum and the vanillin price is very sensitive to the global oil price.**

In contrast, a Norwegian company, Borregaard, plays a leading role in producing vanillin
from lignosulfonate oxidation using a Cu-based catalyst, as depicted in Figure 426 under

about 100 °C to 185 °C. %’
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Figure 4 Borregaard's oxidation of lignosulfonate to vanillin, adapted from M.Lersch, 2009%¢

It is also reported by previous studies that, experimental conditions such as temperature,
lignin concentration, oxygen partial pressure and OH™ concentration have a relatively high
influence on the vanillin yield. While oxygen partial pressure should be taken into account
carefully where too much oxygen could result in vanillin over-oxidation while too little

oxygen hinders the lignin degradation reaction.?*

In this project, vanillin, which is derived from the oxidative cleavage of the f-O-4 aryl ether
linkage within the lignin polymer and electrochemically transformation of the coniferyl
alcohol groups inside the lignin,?® along with its oxidated form, vanillic acid, are the targeted
products for this lignin oxidative valorization project. To crack the aryl ether carbon-carbon
bonds and to yield the aromatic compounds, oxidative depolymerization was selected to be
the valorization strategy for lignin.?> A mechanism for lignin oxidation into vanillin was
proposed by Tarabanko et al. where coniferyl alcohol acts as the intermediate product.”
However, not many electrochemical catalysts have been tested on Kraft lignin for oxidation,
this literature review section also draws insights from traditional thermal catalysts used in

the lignin oxidation projects as electrocatalysts selection guidance.



2.3 Lignin Electrochemical Valorization Catalysts
2.3.1 Nickel-based catalysts

Nickel-based electrocatalysts have shown a good catalytic effect on the OER (oxygen
evolution reaction)*® as well as biomass valorization for its catalytic effects towards alcohol
groups.’! There are many publications regarding nickel-based electrocatalysts on lignin
valorization in recent years. Smith et al. tested lignosulfonate oxidation with nickel anodes
under constant current density in a high pressure, high temperature, highly alkalic 3 M NaOH
flow reactor system, yielding vanillin as their targeted product. They also suggested that the
vanillin product could be over-oxidized into other products.>? With reaction conducted by
Yan et al. under room temperature with organosolv lignin with an undivided three-electrode
setup'® or by Zirbes et al. under high temperature with Kraft lignin’ using nickel foam in an
undivided cell, value-added products such as vanillin and syringaldehyde were yielded,
suggesting that nickel can be used as an effective catalyst in the process of electro-oxidation
and depolymerization of lignin. Di Fidio et al. reported that using NiOOH electrode prepared
with Ni wire in an H-cell setup also gives the possibility of yielding value-added chemicals
from P1000 soda lignin such as vanillic acid, syringic acid, acetovanillone, 2,6-
Dimethoxyphenol, 2,4-Dihydroxyacetophenone, and 3,5-Dimethoxy-4-
hydroxyacetophenone, vanillin and syringaldehyde.** Stiefel et al. worked with a flow cell
system testing Ni catalysts with different morphologies: Ni plates, Ni wire, Ni fleece, and Ni
foam. After the reaction, the lignin solution was recirculated back into the reactor feed while
the ultrafiltration captures the value-added products to prevent product over-oxidation, as

depicted in Figure 5.34
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Figure 5 Scheme of the flow cell system combined with ultrafiltration unit, adapted from Stiefel et
al.3

On the other hand, some researchers are working on lignin valorization focusing on other
targeted products besides vanillin. Di Marino et al. used Ni foam electrodes as both working
and the counter electrode in a ‘Swiss-roll’ reactor producing carboxylic acids as their targeted

products.*

In addition to simply using pure Ni, researchers have been investigating on binary metallic
electrode materials such as Ni-Co electrocatalysts for lignin upgrading. Gharemani et al.
synthesized Ni-Co catalyst via electrochemical deposition and found that increasing the Co
content in the electrocatalyst can lower the overpotential of the lignin electrooxidation
process and that Co can also increase the active surface area by providing more roughness
on the surface thus improves the electrocatalytic activity as well as slows down the
deactivation of the catalyst. They also found that the increase of the Co percentage in the

catalyst can lead to an increase in their targeted product vanillin.'?
2.3.2 Lead-based catalysts

Although lead-based materials are toxic, the lead/lead oxide anode has been widely studied
in the field of lignin electrochemical upgrading. Gang Li’s group has been investigating

Pb/PbO; electrode as the anodic material on lignin degradation pairing with different types



of cathode materials as depicted in Figure 6, such as copper sheet under 40°C with bamboo
lignin, '® copper sheet with Kraft lignin under ambient temperature,'* stainless steel wire mesh
with aspen lignin under 30°C to 90°C,'? stainless steel plates and different steel alloys such
as FeWoCr4Vs and FeWoCrsVsCos on wheat straw lignin under elevated temperatures and in
this project the optimized operating conditions such as current density were different for
different targeted products,*® Cu/Ni-Mo-Co with corn stover lignin optimized at 40 °C and
constant current density at 25 mA/cm?,>” and nickel plates with cornstalk lignin optimized at
30 °C with a constant current density of 30 mA/cm?.!” All these mentioned tests were
conducted in undivided three-electrode setups. They found that the hydroxyl radicals
generated on the Pb/PbO; electrode contribute to the C-O and C-C bonds cleavage and lead
to the formation of small molecular weight products such as BHT (butylated hydroxytoluene),
vanillin, syringaldehyde, toluene, and acetovanillone. Staser’s group also manufactured PbO>
electrode on multi-walled carbon nanotubes on a rotating disk electrode (RDE) and used Pt
as the counter electrode for biorefinery lignin under constant applied potential that was lower
than the OER potential for 48 hours. It can be reasonably postulated that in an undivided cell,
different anode and cathode pairing could lead to different aromatic products. However,
across all these trials, the final optimized conditions and the lignin types were different,

making it hard to draw conclusions from different publications.
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Figure 6 A schematic for lignin valorization using Pb/PbO2 catalyst and Cu cathode, adapted from
Liu et al.'®

2.3.3 TiO;-based

Aicheng Chen’s group utilized TiO;-based electrocatalysts for lignin oxidation from a
wastewater treatment point of view. In 2012, they tested PbO supported on TiO> nanotubes
for lignin oxidative degradation at 60 °C with constant applied current optimized at 100 mA
and they monitored the lignin concentration decrease with UV-Vis as well as the chemical
oxygen demand (COD) of the lignin solution. Vanillin and vanillic acid were identified as
the main two products but not much attention was given to the quantification of the two main
products.*® Later in 2020, Chang et al. from the same research group published their work
using reduced TiO; nanotubes for lignin oxidation with Pt as the counter electrode in an
undivided three-electrode setup. In this project, after optimization of the system, the TiO>
grown on the Ti plate has shown great potential in lignin degradation by decreasing the lignin
solution concentration after 16 hours of reaction. Besides, this publication also introduced
the total organic carbon (TOC) method to monitor the organic content inside the lignin

solution, through which they found that after oxidation, the total organic carbon removal

11



level in the lignin solution increased, which implied the degradation of lignin.** However,
from a valorization point of view, the organic chemical decrease is unfavored as it is mostly
because of over-oxidation of the small product molecules into gas products as CO thus

leaving the system.*
2.3.4 Stainless steel and silver

Besides the ones mentioned above, stainless steel (SS304) has also been tested for wheat
straw soda lignin oxidation for vanillin production*! and the system was optimized to achieve
a 6% yield of vanillin after thermal treatment in a furnace at 200 °C for 2.2 hours and 7.7

hours electro-oxidation under 3.05 mA/cm?.*

Silver (Ag) electrode was also tested with alkali lignin in an undivided cell at 80 °C with a
constant current density of 1.9 mA/cm?, in which patent filed by Stecker et al. they claimed
that under the same experimental condition, their silver catalyst performed better than the

nickel sheet in vanillin production after 22 hours of oxidation.*’

2.4 Non-electrochemical metallic catalysts

As depicted in Figure 4, Borregaard used Cu catalysts to produce vanillin from lignin,*®

where Cu*/Cu** was utilized as the redox couple for electron transfer. This phenomenon
could be easily extended to the field of electrochemistry where the Cu ion redox could be
happening on the surface of the electrode as well as the constant electron supply from the

power source.

Aluminum (AI**) was found to be interactive with guaiacol through Al-O and Al-H bonds in
the aforementioned guaiacol — glyoxylic acid condensation reaction in producing vanillin.

As APP" helps improve the selectivity of the Mandelic Acid, which is the important

12



intermediate in the guaiacol condensation reaction.** However, it is also mentioned that the
precipitated form of Al(OH); is unfavourable for the condensation reaction. It is still worth
testing if the A" on the surface of the electrocatalyst has any effects on vanillin production

from an electrocatalyst point of view.
2.5 Schematic of the reaction pathway

Based on the information from the literature discussed above, a simplified mechanism for
electrochemical lignin oxidation for this project could then be proposed as shown in Figure
12. The depolymerization of lignin results in the monolignols, the aforementioned G, H, and
S units. The monolignols were then further oxidized into smaller molecules such as guaiacol,
vanillin and syringaldehyde. Vanillin, however, could be further oxidized into vanillic acid,
making the apparent yield of vanillin lower. It is also possible that the vanillic can be
produced directly from the oxidation of coniferyl alcohol without passing through the

intermediate aldehyde state.*> Further discussion was conducted in section 5.1.
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3 The objective of the thesis

The objective of this master’s thesis project is to focus on the problem of lignin
electrocatalytic oxidative valorization into vanillin and vanillic acid. To fill the knowledge
gap that there is neither optimized reaction operating conditions nor unified metrics for
electro-catalysts characterizations for them to be easily compared from paper to paper.*®
Different metallic catalysts were prepared via different methods, as a result, their
electrochemical performances cannot be compared fairly with the interference from the
various preparation methods that is resulting in different morphologies. Often in the
literature, the electrochemical reaction for lignin valorization was conducted in an undivided
three-electrode setup. Although it might boost the yield of certain chemicals by taking
hydrogenation effects into account, the oxidative effect from the anode material cannot be
isolated for analysis, making it hard for future researchers to investigate new anode materials

for the oxidation-only side of the lignin depolymerization.

To address these issues, in this project, 6 metallic catalysts were prepared with the same
physical vapor deposition method with identical controlled thickness. The manufactured
catalysts would then be tested in a divided electrolytic H-cell reactor under ambient
temperature and pressure. In addition, besides vanillin and vanillic acid, other possibilities of
potential products would also be identified. However, given the low concentration in the final
product solution as well as the availability of the commercial standard chemicals, only
qualitative analysis would be conducted for the non-targeted products and the targeted

products will be quantified with the analytical methods with standard chemicals purchased.
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4 Materials and methodology

4.1 Chemicals

The Kraft lignin was obtained from Hinton Pulp, a division of West Fraser Mills. Vanillin
(ReagentPlus®, 99%), Vanillic Acid (97%), Guaiacol (= 98%), Syringaldehyde (= 98%),
and Acetovanillone standards were purchased from Sigma-Aldrich. The organic solvent used
for extraction, HPLC grade Dichloromethane (= 99%, contains 40 - 150 ppm amylene as
stabilizer) was also purchased from Sigma-Aldrich. The sodium sulfate anhydrous was from

Fisher Scientific.
4.2 Catalyst synthesis

In all sample preparations, YLS-T30® carbon papers from Futiantian Technology Co. were
utilized as the catalyst support. Copper samples with 200 nm thickness were prepared by
physical vapor deposition (PVD) method, using NexDep® platform from Angstrom
Engineering. An electron beam was utilized to evaporate copper pellets (99.9999% purity
provided by Angstrom Engineering) at 6 x 107 torr vacuum to sputter a 100 nm layer and
after a 10-minute break, the next 100 nm layer was deposited. The deposition rate was set at
1.0 Axs! in both steps. The same procedure was developed to sputter 200 nm samples of
titanium, chromium, aluminum, and nickel by BJD® platform from Angstrom Engineering.
The same purity of metal targets, base pressure and deposition rates were respected. Silver
samples were also prepared by the e-beam evaporation inside BID®, but with a 2.0 Axs!
deposition rate, mandated by the provider’s recipe. Regarding the 100 nm Ni sample in the
later comparison, the same procedure was followed with no need for the 10-minute break

between the sputtering steps.
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4.3 Reactor setup

The electrolysis was conducted in a divided 3-electrode H-type electrolytic cell (Corrtest)
with a Fumasep anion exchange membrane (Fumatech) separating the cathode and anode
chambers and an Ag/AgCl electrode (3 M KCI with saturated AgCl, Sigma Aldrich) as the
reference electrode. On the cathode side, a 2 cm X 2 cm platinum foil (Corrtest) was used as
the counter electrode for all the electrolysis experiments. All the electrochemical experiments

were performed with a Metrohm Autolab PGSTAT204 potentiostat.

Potentiostat ‘
Working
Electrode Pt Counter Electrode
% —— > Ag/AgCl reference electrode H
| ‘ |
| | |
| \
| ! |
\J A\
Ani h b
Kraft lignin dissolvedin 01 O ange membrane 1 MKOH

1 M KOH

Figure 7 H-cell configuration for Kraft lignin oxidation with 1 M KOH on both sides of the cell

In one chamber of the H-cell described above in Figure 7, 0.4 g of Kraft lignin was dissolved

into 40 mL of 1 M KOH, making the final lignin concentration of 10 g/L. The anode chamber
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is stirred by a magnetic stir bar at a stirring rate of 400 rpm with 1 cm X 1 cm sized catalysts
immersed in the lignin solution. The other cathode chamber is filled with 1 M KOH. All the
electrochemical experiments and the product analysis results in the thesis were repeated at
least three times and the averaged value was presented with error bars indicating the

difference of the results between repetitions.

4.4 Electrochemical Characterization

4.4.1 Cyclic Voltammetry

The cyclic voltammetry method (CV) is the most common electrochemistry analytical
method for measuring the electrocatalyst characteristics. A CV is a cyclic potential sweeping
method between two set potential values at a certain sweeping speed. This method is mainly
used to determine the catalyst activity, current-voltage relation, system onset potentials, mass,
or electron transfer limits. In this work, the CV was used to determine the redox peaks for
each metallic catalyst and to observe the current density of the system with and without the
addition of lignin throughout the whole potential window. In contrast, linear sweep

voltammetry (LSV) only scans half of the cycle and is associated with no backward scan.
4.4.2 Electrochemical Active Surface Area (ECSA)

ECSA is a common technique for benchmarking electrochemical catalysts as it measures the
real active surface area of the catalyst regardless of its shape and morphology. It is usually
determined via the measurement of the capacitive current associated with the double-layer
capacitor effect on the surface of the catalyst by scanning cyclic voltammetry (CV) with

different scan rates. The CV window is typically centered at the open-circuit potential (OCP)
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of the system with a range of 0.1 V,*’ and it is in the non-Faradaic region where the macro-

LSV looks like a flat curve.
4.4.3 Chronoamperometry (CA)

Chronoamperometry (CA) test is done by applying a fixed potential across either a half cell
(3-electrode setup) or across the entire electrolyzer (2-electrode setup) and the resulting
current and the charge supply in the electrolyzer is recorded. Over time, the behaviour of the
current reveals the reaction kinetics and catalyst stability. In this project, the

chronoamperometry test was performed at a potential of 1 V vs Ag/AgCl.
4.5 Product analysis

4.5.1 Liquid-Liquid Extraction and Rotary Evaporation

After the reaction, 25 mL of the lignin solution was taken from the H-cell and acidified with

a 1:1 volume ratio of 1 M H>SO4so that the unreacted lignin solid could be precipitated out.

Figure 8 Lignin solution acidified with an equal volume of 1 M H,SOy, before (A) and after (B)
centrifuge
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To accelerate the solid-liquid separation, the mixture was then centrifuged with a Beckman
Coulter Allegra® X-12R centrifuge at 3500 rpm and 25 °C for 15 minutes. According to the
literature, the most commonly used extraction solvents are ethyl acetate,” dichloromethane,*
chloroform.'>!” In this project, dichloromethane was selected as the organic solvent for
product extraction. After the centrifuge, 20 mL of the clear solution was transferred into a
separation funnel and extracted with 20 mL HPLC-grade dichloromethane for three times
(60 mL in total). The organic phase from liquid-liquid solvent extraction was collected from
the bottom of the separation funnel and put through a fine filter paper filled with sodium
sulfate anhydrous to remove the moisture as well as to remove the small lignin solid particle

remainder from the centrifuge.

Figure 9 Separation funnel with aqueous phase (product solution from centrifuge) on top and
organic phase (dichloromethane) at the bottom
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The filtered organic solution was then put into a BUCHI® R-210 rotary evaporation system
with a water bath at 47 °C, pressured at 773 mbar, and the coolant temperature set at 18 °C.
After around 10 minutes, a dried light-brown solid was seen at the bottom of the evaporation
flask. The dried solution was then re-concentrated in 3 mL of HPLC-grade dichloromethane

before entering GC-MS.

Figure 10 Overview of the rotary evaporation system

4.5.2 GC-FID/GC-MS

Gas chromatography (GC) is widely utilized in the field of lignin valorization. It is a common
type of chromatography used for separating and analyzing the products retained from the

degraded lignin.
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The GC methods that are used in this project are both GC-FID (Gas Chromatography -Flame
Ionization Detector) and GC-MS (Gas Chromatography-Mass Spectrometry). GC-FID,
which uses a flame ionization detector, combusts the gaseous organic compounds in a
hydrogen flame and the ion generated is proportional to the concentration of the organic
species in the sample. For the commercially available products, standard chemicals were
purchased for calibration in a range from 0 ppm to 200 ppm and for method validation with
the GC-FID for quantitative analysis. Given the low yield of the reaction, the product solution
should be concentrated via evaporation described above before being put into the GC-FID.
In this GC-FID method, nitrogen is used as the carrier gas and hydrogen, air and the second
cylinder of nitrogen is used as the make-up gas. The column used is RXI-5MS, 30 m, 0.25
mm inner diameter. The internal standard method was used for quantification analysis to
exclude the environmental influences on the sample injections. The initial temperature is 50
°C and held for 5 minutes, with a temperature ramp of 15 °C/min until the temperature
reaches 250 °C and it is then held for another 5 minutes. The internal standard used in this
project is 75 ppm (mass based) of 2-Florophenol, which is proved to be a distinctive chemical
that is not present in the product lists and has a similar chemical structure with the targeted
chemicals'?. The calibration curves built with the GC-FID are shown below. The peak area
of each standard chemical was normalized to the peak area of the internal standard to decrease

the variation between each injection.

21



L6 0.9
A B
0.8 -
14
& "
" 07 |
12 b y=0o0ssx_ 00456 T
g g06
g ! Z
g Sos |
g g
208 8
T =] .
| 04
E 0.6 o E
7z - Z 03 - -
0.4
0.2 -
02 0.1
0 . . . . T . . .
0 50 100 150 200 250 0 50 100 150 200 250
Concentration{ppm) Concentration(ppm)
6
C
5 b
y=0M7c+ 00071 o
£ 4| RE=0.9954 .o
E
g
g
SK]
= -
2 o
=}
Z
. >y
1] ‘ - - t - -
0 50 100 150 200 250 300

Concentration (ppm)

Figure 11 GC-FID Calibration A: Vanillin B: Syringaldehyde C: Guaiacol

However, as the GC-FID results were not as consistent as HPLC (high-performance liquid
chromatography) in our tests, it was not selected as the final quantification method. This is
because the GC machine used required more frequently maintenance and after each

maintenance, the result was found varied to some extent from the old data.

GC-MS (Gas Chromatography-mass spectrometry) is also widely used in the lignin
valorization field to identify the product species. The GC-MS was performed on Agilent

6890N with a Rxi-5ms column (length: 30 m, inner diameter: 0.25 mm, film, 0.25 um) with
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an Agilent 5975B MS detector. The GC-MS test runs for 26 minutes with an initial
temperature of 40 °C and the temperature increases at a rate of 15 °C/min and the temperature
1s maintained at 250 °C until the end of the analysis. Helium was used as the carrier gas at a
flow rate of 1.5 mL/min. The ion masses were recorded in the range of 40 to 300 (m/z) in the
scan mode. The detected compounds were identified according to the NIST library database.
As the reaction time of 1500 s was not long enough for the system to generate enough
products to significantly differentiate the products with small yields from the noises, to
enlarge the absolute product yield. The electro-oxidative reaction was performed in the same
H-cell described above under 1 V vs Ag/AgCl electrode for 10 hours and Ni foam was used

for the GC-MS product preparation.
4.5.3 HPLC-UV

After the reaction, a 2 mL reaction solution sample was mixed with an equal volume of 1 M
H>SO04 to fully precipitate the unreacted lignin. The mixture was then filtered with a 0.2 uL
PTFE syringe filter (Sigma-Aldrich) and then analyzed by the HPLC-UV for product
quantification. HPLC tests were performed on a Thermo Ultimate 3000 HPLC system using
a Thermo Acclaim 300 C-18 column with a UV detector. The mobile phase was prepared
according to previous studies* where two solutions A and B were used. Solution A is
composed of water, methanol, and acetic acid at a volume ratio of 89:10:1, and solution B is
prepared by mixing water, methanol, and acetic acid at 9:90:1. The HPLC method runs for
60 min. It starts with 100% A and a linear gradient of B is run to increase B from 0 to 40%
in the first 30 min. After B reached 40%, the mobile phase mixture is held for another 30
min. The results are collected with a UV detector at 280 nm for phenolic compound

characterization.*’
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5 Results and discussion

5.1 Proposed schematic for lignin reaction

2 2D

Cnmferyl Alcohol Guaiacol Acetovanillone Vanillin Vanillic acid
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4-Hydroxyl-benzaldehyde

Sinapyl alcohol Syringaldehyde

Figure 12 Proposed simplified lignin oxidative depolymerization for aromatic chemical production

Based on the information from the literatures, a simplified mechanism for electrochemical
lignin oxidation for this project could then be proposed as shown in Figure 12. The
depolymerization of lignin results in the monolignols, G-type, H-type, and S-type
monolignols, respectively coniferyl alcohol, p-coumaryl alcohol, and sinapyl alcohol.?* And
the main product from lignin depolymerization, vanillin, is derived from the oxidative
cleavage of the f-O-4 aryl ether linkage within the lignin polymer and electrochemically
transformation of the coniferyl alcohol groups inside the lignin.?® Although syringaldehyde

and guaiacol are also deemed as products, in this project however, the change between before
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and after the reaction was too minor to draw useful conclusions regarding these two

chemicals’ yield, as a result, they were not quantified in the latter product analysis section.

In the proposed scheme of this project, the G and S monolignols were then further oxidized
into smaller molecules such as guaiacol, vanillin, acetovanillone, and syringaldehyde.
However, acetovanillone could also act as an intermediate and be oxidized into vanillin.>
Vanillin could be further oxidized into vanillic acid. Besides, it is also possible that vanillic
acid can be produced directly from the oxidation of coniferyl alcohol without passing through

the intermediate aldehyde state.*’
5.2 Electrochemical characterization of electrode materials

Firstly, cyclic voltammetry (CV) was performed on all the sputtered materials at a scan rate
of 5 mV/s from -0.5 V to 1 V vs Ag/AgCl electrode (saturated in 3 M KCl) as depicted in
Figure 13A. Ag, Ni and Cu all showed a reversible pattern in the CV window from -0.5 V to
1 V. Ag showed two oxidation peaks, one at 0.3 V and the other at around 0.68 V, and two
reduction peaks at 0.3 V and -0.06 V respectively, where the formation and reduction Ag>O
and AgO occurred.’! The oxidation peak for Ni was seen at 0.4 V and reduction at 0.25 V.
For Cu, a small oxidation peak was seen around 0.33 V and a reduction peak around 0.56 V.
In contrast, Cr and Ti only showed their oxidation peak in the first CV cycle and no oxidation
nor reduction peak was seen in the later CV tests. This indicates that the electrochemical
oxidation and reduction process on the surface of Cr and Ti under the prescribed experimental
condition is not reversible in the tested potential window. This also reveals the ‘valve
properties’ of Ti, where surface TiO> shows poor conductivity and protects the base layer of

Ti.!” The surface of the catalysts remains in the oxidized form of CrO>*? and TiO>."7

25



For Al as the catalyst was exposed to open air after the sputtering process, the surface of the
catalyst is all oxidized into Al>O; and it did not show any oxidation peak during the entire
CV scans. It is acknowledged that under 1 V, the tested metals are all in their oxidated form
on the catalyst surface, which aligned with the main objective of this project which is to

compare these catalysts under the same applied voltage.

011

A
0.065 014+ B
woss | Ni —Ag --Cu Ni Ag Cu Al
0.09
Al —-Cr —Ti 012
[é Ti —YLS
0.035
007
Foms 01 4
E
Soms
_ 005 ~
N 0.005 1 > o008
£ 3
Q
0.03 0015 4 0.06
025
015 025 0.35 045 038 0.65 0. —
0.01 Potential(V} vs Ag/AgCI 004
-0.01 002
0.03 : . . : . Le
05 03 Q1 0.1 03 05 07 09 1 0 200 400 600 800 1000 1400

Potential(V) vs Ag/AgCl Time(s)

Figure 13 A: Cyclic Voltammetry of tested physical vapor deposited metallic catalysts with 200 nm
thickness in 1 M KOH from -0.5 V to 1 V vs Ag/AgCl B: Chronoamperometry test for tested
physical vapor deposited metallic catalysts and YLS carbon paper base with 10 g/L Kraft lignin
under 1 V

Chronoamperometry (CA) test was conducted under 1 V vs Ag/AgCl for 1500 s where all
the metals besides Ni almost completely lost their activity as depicted in Figure 13B. The CA
test result shown in Figure 13B illustrates the current response for all the different anode
materials. Among all the tested materials, 200 nm Ni showed the highest current density for
the longest reaction time, making it the most active anode material for lignin oxidation in this
scenario. However, all other metals besides Ag and Ni were deactivated very quickly
probably due to the lack of catalytic activity for their metal oxides. It is also worth noting

that Cu was more active than Ag in the first 120 seconds, but it was deactivated quickly and
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lost its activity after around 600 seconds. Although Ni shows the highest activity, its current
density also decreases with time. This phenomenon indicated the deactivation of the catalyst
due to the phenolic radical intermediates poisoning the catalyst surface, which was reported

in one of the previous studies.>
5.3 Chemical species identification

Besides the targeted compounds vanillin and vanillic acid, GC-MS reveals some of the
unknown peaks in the HPLC that no standard chemicals were available for quantification.
Several chemicals were identified with the NIST library both increased and decreased.
Although not quantified, the relative chemical amount changes were determined by
comparing the integrated GC-MS peak area at the same retention time under the same GC-
MS operation conditions. To increase the apparent yield for a more concentrated sample for
product analysis, the GC-MS sample was prepared using a 1 cm x 1 cm Ni foam electrode

under 1 V and reacted for 10 hours.
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Table 1 Identified chemical species whose amount was decreased after the reaction

Time(min) Mame Structure
10.20 2-Methoxy-4-vinylphenol HO
|-|3u:+::|j : W
12.15 Homovanillyl aleohol HO
D\/‘}H
HyCO
13.06 Homovanillic acid HO
m
HsCO o
13.32 2, 4-Dihydroxy-3"- OCH
methoxyacetophenone HO
OH
o
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Table 2 Chemical species whose amount was increased after the reaction

Time(min) Mame Structure
7.883 Guaiacol OCH,
HO
10.55 4. Acetoxybenzaldehyde i
e

Benzaldehyde, 4-hydroxy-

11 Vanillin ML

11.76 Acetovanillone OEHy
Huwz |
”“%_,f\‘[\éﬁ*‘:'
1230 Vanillic acid e+
MO

It can be found that in our Kraft lignin, most of the identified chemicals were derived from
the G unit, inferring that in the tested Kraft lignin, most of the monolignols from
depolymerized lignin were coniferyl alcohol. Among the increased compounds, the chemical
at the retention time of 10.55 minutes was given two possible options by the NIST library

with the same probability. However, as the aromatic products are believed to be derived from
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either the G, H, or S group, 4-hydroxy-benzaldehyde is more favorable to be the product as

its structure is likely derived from a p-coumaryl group.
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5.4 The apparent yield of the targeted chemicals
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The HPLC was calibrated with standard vanillin and vanillic acid and used to measure the
quantity of vanillin and vanillic acid both before and after the reaction. The HPLC results
proved the existence of vanillin and vanillic acid in the Kraft lignin solution before the
reaction with a concentration of 0.196 ppm and 0.332 ppm respectively. The increase
presented was found by subtracting the original amount of vanillin and vanillic acid before
reaction from the HPLC measured values for samples after the electrochemical reaction, with

a benchmark of stirring in the air without applying electricity to take the oxygen effect from

the air into account.

Vanillic acid Vanillin

200 l"".,‘l '/ Reaction time: 0s and 1500s

Absorbance [mAU]

0.0 10.0 20.0 30.0 40.0 50.0 60
Time [min]
Vanillin
mAU //'
B S
43: 100 Vanillic acid i .
c A\ Reaction time: 1,2,3 hours
: bl L _
E 50 (PR N R WP ¥ | A \, A - oA
§ JIIU “‘*IL—MA_--\_/\_KW_/'W | S
o
<
20 min
0.0 10.0 20.0 30.0 40.0 50.0 61
Time [min]

Figure 15 HPLC Chromatogram A: 200 nm Ni before reaction and after 1500 s reaction B: 1 cm x 1
cm Ni foam, after 1, 2, and 3 hours of reaction. Both with 10 g/L Kraft lignin in 1 M KOH and the
reaction were under 1 V vs Ag/AgCl. Only the two targeted products were labeled in the HPLC
chromatogram.

31



It is found that almost all electrode materials except Cr and Ti have led to the increase of
either vanillin or vanillic acid due to the electrochemistry effects compared to simply stirring
in the open air. Besides, when compared to the YLS carbon paper without any sputtered
metal, Ni, Ag and Cu showed a relatively significant change toward targeted product
generation, which is corresponding to the CA results, where Ni, Ag and Cu led to an increase

in current density in lignin reaction.

The 200 nm Ni sample gave the largest yield in both vanillin and vanillic acid compared to
non-metal YLS carbon paper, yielding a 62.4% increase in vanillin and a 54.1% increase in
vanillic acid compared to YLS carbon paper. Ag and Cu did not show a huge catalytic effect
towards vanillin increase compared to bare carbon paper. Previous studies on Ag catalysts
can support the view that the AgO catalyst is less selective towards the aldehyde production.
It was found in a methanol electrooxidation study that the formate is the only product from
methanol.>* It was also found in previous studies on methanol oxidation that under 300 K
and high surface oxygen coverages, the Ag surface reconstructs into AgO which tends to
suppress the selectivity of formaldehyde formation.’>> While maintaining a similar vanillin
yield as pure carbon paper, Ag and Cu sputtered catalysts promoted the vanillic acid
generation with a 16.8% and 10.8% increase compared to carbon paper samples. In contrast,
Al did not show any improved catalytic effect towards either of the targeted chemicals. Cr
and Ti maintained the vanillic acid yield level as the carbon paper while their vanillin yield
decreased by 11.5% and 14.4% respectively, indicating the over-oxidation effects of vanillin’
surpassed the rate of vanillin generation. The slight decrease in vanillic acid yield for Cr and
Ti can be also attributed to over-oxidation of vanillic acid. According to a previous study,

the most possible aromatic product that the vanillic acid was converted to is protocatechuic
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acid®, or it was over-oxidized into gas products as CO,.** However, due to the low
conversion rate, the oxidation product of vanillic acid was not identified nor quantified in

this work.
5.5 ECSA Normalized yield

To better compare the intrinsic property of the catalyst material and normalize the effects
from surface area, shape, and morphology of the catalyst, a metric should be used to
normalize the apparent yields. Thus, an electrochemical active surface area (ECSA)
normalization was proposed for the lignin product analysis, where the yields for both vanillin
and vanillic acid are normalized to the measured ECSA, regardless of the catalyst structure
and thickness. The method of ECSA measurement through electrochemical double-layer

capacitance (Cpr) was adapted from a previous study on the OER.#

C )
ECSA = DL Equation 1

As the specific capacitance Cs was assumed the same for catalysts under the same electrolyte
condition, the ECSA normalization was simply conducted by normalizing the apparent yield

to the Cpr values.

ECSA; _ Cpui G _ Cow Equation 2
ECSA; G Cprz  Cprz

Thus, the ECSA normalized yield would be,
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Yieldl/CDLl _ YieldchLz Equation 3
Yield,/Cp,  Yield,Cprq

To assess the intrinsic characteristic of the deposited 200 nm Ni which gave the best apparent
yield for both vanillin and vanillic acid among all the 200 nm samples, a 1 cm X 1 cm Ni
foam, which was a widely tested material for lignin electrochemical valorization in previous
studies,” and a thinner layer of 100 nm Ni sample were tested for 1500 s under the same

experimental condition and used as a benchmark for the deposited Ni catalyst.

Table 3 ECSA Normalization of Ni-based catalysts product yield

Catalyst Vanillin Vanillic Acid CpL (mF) ECSA Normalized ECSA Normalized
Type Apparent Apparent Vanillin Yield Vanillic Acid Yield
Yield after Yield after m/mF
(ppm/mF) (pp )

1500 s (ppm) 1500 s (ppm)

Ni foam 4.35 3.49 0.0002 21725 17450
200 nm Ni 0.44 1.19 0.00008 5550 15240
100 nm Ni 0.43 1.28 0.00004 10713 31878

From the apparent product yields, it is observed that Ni foam has yielded 9.78 times more
vanillin and 2.86 times more vanillic acid in the apparent yield than the 200 nm Ni catalyst.
Based on the double layer capacitance measurement, it was found that Ni foam possesses 2.5
times more active area than 200 nm Ni, suggesting that using porous structured materials

could improve the production per active surface area for both vanillin and vanillic acid.
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Figure 16 Vanillin and Vanillic acid yield comparison for 200nm Ni and 100nm Ni samples

When compared to the 200 nm Ni, the vanillin and vanillic acid apparent yield of the 100 nm
Ni remained at a similar level as shown in Figure 16 only with half ECSA as the thicker
sample. As a result, the 100 nm Ni demonstrated higher vanillin and vanillic acid yield per
active surface area. Surprisingly, its normalized vanillic acid yield is even higher than that of
Ni foam, indicating that thinner layer of 100 nm Ni sample prepared by physical vapor

deposition could significantly make the reaction more selective towards vanillic acid.
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5.6 Effects from the OER and charge efficiency
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Figure 17 CV scans with 200 nm Ni with (orange) and without (black) Kraft lignin

Comparing the CV scans for 200 nm Ni sample in 1 M KOH with and without adding lignin
as shown in Figure 17, it was found that the current density was higher with lignin presence
and Ni** before the Ni oxidation peak at 0.4 V. After the Ni*" was oxidized to Ni**, the current
density difference became larger, which indicates that the Ni** in NiOOH have a higher
activity towards lignin oxidation.** The current density was found lower with lignin present
in the system in the OER region after 0.6 V, indicating that the lignin reaction suppresses the

OER reaction.
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It was observed that stirring at 400 rpm in the air also leads to a slight increase in vanillin
and vanillic acid as shown in Figure 14, indicating that the presence of oxygen also helps the
oxidation of lignin. As a result, it is reasonable to postulate that the OER might not serve
only as the side reaction that is competing with the lignin-oxidation for the electron supply,

but also helps the lignin oxidation to some extent.
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Figure 18 Vanillin yield difference due to applied potential difference

To investigate the role of OER in the lignin electro-oxidation process, 200 nm Ni was tested
under 0.45 V, which is after the Ni oxidation peak where the catalyst surface is believed to
be oxidized to Ni*" but not high enough for OER to occur. The result showed that without
the OER, the vanillin yield decreased significantly even with the presence of Ni**, indicating
that higher voltage is helping the lignin oxidation process towards more vanillin yield with

the presence of OER.
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To exclude the effect from dissolved oxygen in the solution, N2 was purged for 20 minutes
before applying constant potential and the reaction was conducted under 1 V with the N»
continuously being purged to decrease the oxygen level in the solution. It was found that with
N> purging, the vanillin production decreased by 47% compared to without N> purging with

100 nm Ni as the catalyst.
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Figure 19 Vanillin production due to the purge of nitrogen gas with 100nm Ni under 1 V for 1500 s

The role of the OER thus can be treated as both a competition reaction that consumes
electrons for oxygen generation and a factor that accelerates the lignin oxidization reaction
for more vanillin and vanillic acid yield. To balance these two characteristics from the OER,
a new metric should be proposed to quantify the electrons that go to the wasted oxygen that
escaped the system versus the oxygen that helps the lignin reaction. In traditional

electrochemistry, Faradaic efficiency (FE) is wusually used for characterizing this
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phenomenon. However, the Faradaic efficiency (FE) has not been reported in the field of
lignin electro-oxidation as it is challenging to calculate FE because of the natural variety of
lignin structures, with varying pathways of product generation and the number of electrons
transferred for each pathway. Besides, the electron transfer cannot be monitored for those
unidentified and unquantified products. Previous study has used an estimated count of 4
transferred electrons per mole of product generation,>* however, each product might have
different reaction pathways and a fixed number might not be reflective for all products. As
an alternative, we propose a new metric for energy efficiency (¢) for lignin product analysis
based on the total charge supply, where we treated the n (charge transfer per mol of product)
as a black box parameter, neglected the Faraday constant as it is a constant and do not
interfere with the relative comparison. The apparent product concentration increase (c)
compared to before reaction lignin solution was used as the substitution for the molar amount
for the product due to the relatively low yield rate, as shown in Equation 4 and Equation 5.
Charge supply was monitored for both tests and the vanillin and vanillic acid yield was then
normalized to the total charge consumed as a representative measure for their charge

efficiency.

n X F X mol Equation 4
FE (Faradaic Efficiency) = —— quation

Ctotal

c Equation 5

&=
Ctotal

As tested in the ECSA normalization section above, as shown in Figure 16, thinner layer of

100 nm Ni had similar level of vanillin and vanillic acid production rate as the thicker 200
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nm Ni catalyst. However, from the CA tests, the charge supply for these two catalysts was

different as depicted in Figure 20.
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Figure 20 Total charge transfer for 200nm Ni sample and 100nm Ni sample

Throughout the whole 1500 s reaction time, 200 nm Ni consumed 82 C of charges while 100
nm Ni consumed 65 C of charges. Moreover, 100 nm Ni maintained 96.5% vanillin yield and
generated 105% yield of vanillic acid compared to the 200 nm Ni sample. As a result, per
Coulomb of charge supplied, thinner layer of deposited Ni catalyst is able to maintain the

high vanillin and vanillic acid production while saving the supplied electricity.

Along with the OER suppression phenomenon at 1 V as shown in the cyclic voltammetry in

Figure 17 as well as the results from ECSA normalization, it is reasonable to postulate that
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due to the bulky polymeric molecular structure of lignin, the mass transfer is intrinsically
difficult for lignin. While the OER can be generated in porous Ni layer in alkaline solution,
lignin molecules cannot access the inner-layer Ni sites and be oxidized. As a result, to have
higher reaction selectivity and charge selectivity toward lignin oxidation, we either need to
have thinner layer of active catalyst as 100 nm Ni, or foam-like 3D material as Ni foam to

allow macro molecules to go through with better flow patterns.
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6 Conclusion

In this work, six different metal catalysts prepared with the vapor deposition method were
tested in a H-cell setup under room temperature and pressure for Kraft lignin oxidation. From
the GC-MS method, various aromatic compounds such as vanillin, vanillic acid, and guaiacol
were identified. Two targeted chemicals in this project, vanillin and vanillic acid, were also
quantified with HPLC and 200 nm Ni was selected for further analysis for its higher apparent
yield among all the tested single metallic catalysts. To address the one of the many current
challenges in this field that is the lack of specific and useful metrics to evaluate the catalysts
due to the complex nature of lignin, ECSA normalization and charge efficiency were
proposed as two novel metrics to consider in the field of lignin electro-oxidation. The ECSA
normalization accounts for different shapes and morphology of the catalyst surface that can
result in different active areas given the same geometric area. The supplied charge
normalization acts as an alternative for Faradaic efficiency in this field to evaluate the charge
efficiency for different catalysts. It was found that after ECSA normalization, Ni foam
showed higher production rate towards vanillin per active surface area while less increase
was seen for vanillic acid generation per active area. Thinner deposited Ni catalyst also
showed higher vanillin and vanillic acid generation per active surface area and its ECSA
normalized vanillic acid production was even higher than that of Ni foam. It was also found
through the supplied charge normalization that the thinner deposited Ni layer can maintain a
relatively high increase for targeted products while demanding less electric charge. These
two metrics could be applied to future lignin electrocatalytic valorization projects in
designing more porous while thinner layered catalysts, lending more insights towards the

electrochemistry side into the field besides the overall yield of targeted compounds.
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7 Limitations and Future Directions

7.1 Limitations

The author acknowledges that in the 0.45 V, 200 nm Ni test shown in Figure 18 and the N>
purged test shown in Figure 19, the HPLC experienced unknown issues with the column used
where its vanillic acid detection was malfunctioning whereas the vanillin results were
correctly measured. The tests were repeated several times and confirmed that there was no
human error. However, as these two tests were done in the very late part of the project for
validation purposes, the vanillic acid results were non-comparable with the previous shown
results as in Figure 14. As a result, only the vanillin results were reported. Also, in this thesis,
no material characterization was included, to characterize the electrode surfaces, X-ray
photoelectron spectroscopy (XPS) could be used to characterize the oxidation states of the
catalyst surface. In addition, lignin conversion was not calculated in this project. However,
after acidification for both before and after reaction lignin solution, the lignin solid can be
washed and dried. By comparing the weight difference of the two lignin solids, lignin

conversion can be estimated.
7.2 Reaction under elevated temperature

The tests done in this project were all conducted under ambient temperature and pressure.
However, there were many tests that is reporting higher absolute product yield with an
undivided cell setup under elevated reaction temperatures’> and it is reasonable to postulate
that applying higher temperature with an H-cell reactor would also increase the product yield.
In future works, to investigate the possible outcomes for lignin oxidative reaction in an H-

cell reactor with higher temperature under 100 °C avoiding the boiling of the aqueous
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electrolyte. Future work could also be designed with a customized H-cell that can endure
higher temperatures and pressure while not boiling the electrolyte. Such experimental design

would be interesting to investigate the oxidative effect of different catalysts on lignin.
7.3 HPLC-MS product identification

In this project, GC-MS was used for product identification and HPLC-UV was used for major
product quantification. However, even the extraction-evaporation method was widely used
in the field of lignin valorization by Li’s, Staser’s and Waldvogel’s research group in their
previous studies,”'>!” there is inevitable product loss in the extraction process. Given the
nature that the current absolute yield of lignin oxidation product is relatively low, in the
product identification process, less processing should be applied in order to maintain an intact

1.33 in one of the

product profile after lignin oxidation. HPLC-MS was used by Di Fidio et a
previous studies for P1000 soda lignin H-cell testing with Ni/NiOOH wire as their working
catalyst and 14 products were identified. Through the application of HPLC-MS, the product
loss during sample preparation process could be potentially reduced. It could be also
combined with HPLC-UV as a HPLC-UV-MS system to integrate the product identification

as well as the product quantification, making it easier for the researchers to conduct the

product analysis processes.
7.4 Lignin structure and reaction kinetics characterization

One of the most challenges in the field of lignin valorization is the characterization of the
lignin structure as it is a polymer mixture whose structure varies from its plant origins.
Although there have been analytical techniques such as FT-IR and HSQC-NMR could be

used to detect the G and S units®’ and the organic linkages>® respectively. Additionally, GPC
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could also be used for lignin depolymerization characterization by detecting its distribution
of molecular masses. It still requires extra effort to come up with a systematic strategy to

characterize the structure of the lignin with varying origins.

Without the exact lignin structure, it is then difficult to monitor the charge transfer between
the chemicals as well as propose the exact reaction scheme based on the charge transfer and
the redox pathways. As a result, it is essential for future researchers to put more effort on a
systematic characterization process using different analytical chemistry techniques to
characterize a lignin mixture. It would be helpful if the proposed method can be universally
applied to different types of lignin. From there, a lot of deep investigation regarding the lignin
depolymerization reaction schematic could be proposed. It would also open the gate for
computational modeling work such as designed DFT experiments to discover suitable

catalysts for lignin oxidation.
7.5 Multi-Metallic systems

In this project, the metallic catalysts tested were all single metal catalysts. However, bi-
metallic catalysts such as Ni-Co have been tested on lignin valorization that could
synergistically combine both the catalytic effect where higher Co content can lower the
energy requirement as well as add more surface area to the Ni catalyst due to its roughness.!?
As Cu and Ag also showed a catalytic effect although with low stability, the Ni-Cu and Ni-
Ag bimetallic systems or even tri-metallic systems like Ni-Co-Cu or Ni-Co-Ag with different
metal ratios on the surface of the catalyst could be tested for vanillin production as well as
identifying new products through Mass Spectrometry. It is also possible that different bi- or

tri-metallic catalysts would result in a difference in product selectivity, where other chemicals,
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such as guaiacol and syringaldehyde, might become the main product rather than vanillin

which is most frequently reported in the current studies.

Besides finding the best pairing of the bi- or tri-metallic combination, it is also important to
optimize the catalyst by investigating different synthesis methods and the improving
morphology design of the catalyst surface. To acquire more insights, electrochemical
experiments should be systematically applied to further characterize the electrocatalysts

along with a deeper understanding of the lignin reaction pathway.
7.6 Apply model compound results on real lignin

With the status quo being the lignin structure unknown, it is informative to predict the
reaction mechanism and study the insights of a certain reaction pathway, such as the 5-O-4
linkage cleavage with external oxidants such as tert-butyl hydroperoxides,’® mediators such
as 2,2,6,6-tetramethyl-1-piperidine N-oxyl (TEMPO) and 4-Acetamido-2,2,6,6-
tetramethylpiperidine 1-oxyl (ACT)* and the investigation of the pathway for transformation
of lignin-related aromatic chemicals, such as reduction of guaiacol and phenols.®® All these
experiments with trackable chemicals could provide insights guiding the future application
on real lignin. Future studies could be on the possible adaption of the well-performing

catalysts or electrochemical systems from model compounds towards real-world lignin.
7.7 Closing Remarks

This study of the electro-oxidative lignin valorization successfully established a benchmark
for 6 different kinds of metals, proposed novel metrics for lignin product analysis and
discussed the potential effects from the OER. Hopefully his advancement could serve as a

guidance for future investigations towards lignin electro-oxidative reactions.
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Figure 22 A: Double-layer capacitance plot for 100 nm Ni B: ECSA scans for 100 nm Ni
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Figure 23 A: Double-layer capacitance plot for 200 nm Ni B: ECSA scans for 200 nm Ni

54



0.035

0.03 r y=0.0002x - 0.0032
R*=0.9973

0.025 | ;
2
002 |

I(mA)

0.015 ¢

0.01

0 50 100 150 200 250
v(mV/s)

0.00008

—50mV/s —100mV/s
0.00006

150mV/s 200mV/s
0.00004 -

-0.00002

-0.00004 -

-0.00006 T
-0.23 -0.21 -0.19

-0.17 -0.15 -0.13
E(V)

Figure 24 A: Double-layer capacitance plot for Ni foam B: ECSA scans for Ni foam
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Figure 26 HPLC calibration curve for vanillin and vanillic acid

57



