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Abstract

Today, the energy, industrial, and transport sectors rely heavily on fossil resources
as energy and carbon source. An economy based on fossil carbon leads to
high emissions of green house gases, such as carbon dioxide, which cause the
anthropogenic climate change. In order to prevent a further increase in the
average global temperature and combat the adverse impacts it entails, power-
to-x technologies and biorefineries are on the rise. Until now, the technological
breakthrough of biorefineries is hampered by numerous barriers: For example,
harsh chemical pretreatment conditions with the use of harmful solvents for
biomass fractionation lead to high investment costs and high complexity due to
non-integrated processes.

This thesis presents integrated biorefinery processes based on green solvents,
lignin-first conceptualization, and the coupling of electrochemical processes to
cellulose depolymerization. Lignin was extracted from beech wood chips by
employing hydrotropic and deep eutectic solvents. Subsequently, lignin was
depolymerized via Fenton’s chemistry in the hydrotropic solvent and coupled
with an in situ extraction. Fenton’s chemistry was additionally investigated for
the depolymerization of cellulose that was studied using the model compound
cellobiose. The process was electrified as electro-Fenton and coupled with an in
situ membrane separation.

Lignin was extracted with up to 80% yield with deep eutectic and hydrotropic
solvents. The highest yields were obtained with high pretreatment temperatures
of 120 and 200 ℃, respectively, and small wood chip sizes. The lignin that was
extracted in a hydrotropic solution was depolymerized to aromatics in the solvent
itself. Even though the depolymerization was successful and an in situ extraction
was employed, only low amounts of value-added aromatics were obtained. Organic
acids were found to be the main product of the depolymerization with a yield
of up to 30% based on the initial lignin concentration. Glucose was successfully
formed by the depolymerization of cellobiose using Fenton’s reagent. However,
the selectivity was limited to values below 30% for all parameters tested in this
work. With increasing reaction time, the selectivity decreased continuously due
to the oxidation of glucose by Fenton’s reagent. Thus, a nanofiltration separation
stage was coupled to the (electro-)Fenton process. Experimental and simulation
results demonstrated that the separation prevents overoxidation of glucose while
simultaneously retaining the reactant cellobiose and the catalyst iron in the
Fenton reactor.

This thesis emphasizes the need for integrated processes in biorefineries. Elec-
trochemical processes provide the opportunity to drive reactions by an electrical
potential that is powered by renewable electricity. When using Fenton’s chemistry
for the formation of value-added compounds a strong focus must be laid on in
situ separation techniques to prevent degradation of the target products.
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Zusammenfassung

Die derzeitige auf fossilen Rohstoffen basierende Wirtschaft verursacht einen
hohen Ausstoß an Treibhausgasen wie Kohlenstoffdioxid. Als technologische
Alternativen können Bioraffinerien und sogenannte Power-to-X Prozesse eingesetzt
werden. Der kommerzielle Durchbruch von Bioraffinerien wird bislang durch
Hemmnisse wie hohe Investitionskosten durch den Einsatz korrosiver Medien,
oder auch durch den Einsatz toxischer Lösungsmittel und nicht integrierter
komplexer Prozesse verhindert.

In der vorliegenden Dissertationsschrift wird ein integrierter Bioraffinerie-
prozess untersucht, welcher auf grünen Lösemitteln basiert, eine chemische
Ligninnutzung untersucht und die Cellulosedepolymerisierung mittels einem
elektrochemischen Verfahren behandelt. Ausgehend von Buchenholz wurde Li-
gnin mit hydrotropen Lösemitteln und sogenannten “Deep Eutectic Solvents”
extrahiert. Anschließend wurde das Lignin unter Einsatz des Fenton-Prozesses in
der hydrotropen Lösung depolymerisiert und die entstehenden Produkte in situ
extrahiert. Der Fenton-Prozess wurde in seiner elektrifizierten Variante, dem soge-
nannten electro-Fenton, für die Depolymerisierung von Cellulose eingesetzt. Eine
gekoppelte Membranstufe ermöglichte eine in situ Abtrennung des Zielmoleküls
Glukose.

Der Einsatz von “Deep Eutectic Solvents” und hydrotropen Lösungen er-
möglichte Ligninextraktionsausbeuten von bis zu 80%. Die höchsten Ausbeuten
konnten bei hohen Temperaturen von 120 und 200 ℃ und einer kleinen Holz-
spangröße erzielt werden. Das mittels Hydrotropen extrahierte Lignin wurde im
Lösemittel selber zu Aromaten depolymerisiert. Auch mit einer in situ Extraktion
der werthaltigen Produkte blieb deren Ausbeute gering. Das Hauptprodukt der
Fenton-Depolymerisation waren organische Säuren mit einer Ausbeute von bis
zu 30%. Bei der Depolymerisation von Cellobiose mittels electro-Fenton-Prozess
entstand Glukose mit einer Selektivität von maximal 30%. Cellobiose wurde als
Modellsubstanz für Cellulose eingesetzt. Mit fortschreitender Reaktionsdauer
sank die Selektivität, da die reaktiven OH-Radikale des Fenton-Prozesses das
Produkt Glukose abbauten. Simulationen und Experimenten zeigten, dass eine in
situ Abtrennung der Glukose mittels Nanofiltration eine konstant hohe Selektivi-
tät unter Rückhalt des Eduktes Cellobiose und des Eisenkatalysators ermöglichen
kann.

Diese Arbeit verdeutlicht die Notwendigkeit integrierter Prozesse in Bioraf-
finerien. Elektrochemische Prozesse, elektrifiziert durch erneuerbare Energien,
können in Bioraffinerien integriert werden und zur Sektorkopplung beitragen.
Mittels Fenton-Prozess können Polymere wie Lignin oder Cellulose zu werthalti-
gen Produkten abgebaut werden, allerdings sollte ein starker Fokus auf die in
situ Abtrennung eben dieser gelegt werden.

xiii





1
1. Introduction

Increasing greenhouse gas (GHG) concentrations in the atmosphere
continue to change the world climate [Mass2018]. Immediate action is
required for the average global temperature increase to remain below
1.5 ℃ compared to pre-industrial levels [Mass2018]. In 2019, the
major contributors in Germany for GHG emissions of an estimated
805 MtCO2 eq. were the energy (31%), industrial (23%), and transport
sector (20%) [Umwe2020]. The "Klimaschutzplan 2050" of the German
government sets a goal to reduce the emissions — depending on the
individual sectors by 26 % to 42 % — until the first milestone in 2030
is reached [BMU2016]. These goals were fixed in a national law in
2019 [Deut2019].

Power-to-X (P2X) technologies based on renewable electricity are re-
garded as enabling technology on the road towards a sustainable energy
future [Ausf2019]. Electrochemistry couples the energy, industrial,
and transport sector. Thus, sustainable electrochemical processes facil-
itate the inevitable electrification of said sectors [Schi2017; Lewi2006;
Orel2018]. To achieve the large-scale use of electrochemistry, diverse
obstacles such as catalyst and cell development, up-scaling, and prod-
uct separation need to be tackled [De L2019]. A promising route to
achieve (partial) substitution of fossil resources is the valorization of
lignocellulosic biomass — the world’s largest renewable carbon source
— to contribute to a sustainable future [Robe2017; Chan2018]. A care-
fully established biomass-based economy can close the carbon cycle
and mitigate the emission of carbon dioxide to the atmosphere while
avoiding fuel-food conflicts [Robe2017]. In a lignocellulosic biorefinery,
woody biomass is disintegrated into its primary constituents cellulose,
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hemicellulose, and lignin [Wage2019, pp. 2–4]. Subsequently, the
fractions are valorized via different process routes [Wage2019, pp. 2–
4]. Rising interest can be recognized in the field of electrochemical
transformations with bio-based molecules [Vedo2020; Akha2020]. This
synergetic coalescence of biorefineries and electrochemistry is coined
electrobiorefinery [Harn2018]. Up to date, obstacles in the biomass
supply chain, the process steps, and the product recovery need to be
addressed [Chan2018; Rege2018].

This thesis aims for the development of an integrated biomass frac-
tionation coupled with a subsequent cellulose and lignin conversion
through (electro-)chemical conversion techniques that are cost-efficient
and environment-friendly. Two promising chemical fractionation ap-
proaches using hydrotropic and deep eutectic solvents are investigated.
Subsequently, the (electro-)Fenton process is applied for the degra-
dation of the lignin and cellulose fractions to value-added chemicals
in integrated processes. An overview of this thesis is given in Fig-
ure 1.1, which highlights the investigated unit operations and their
combination to a viable process chain.

The fundamentals of biorefineries, cellulose, and lignin valorization,
electrochemical conversions, the (electro-)Fenton process, and sepa-
ration strategies for the products are reviewed in Chapter 2. As
a first process step, the extraction of lignin from beech wood chips
is presented in Chapter 3. The influence of wood chip size and
temperature on the lignin dissolution with two hydrotropic and two
deep eutectic solvents was studied. The enzymatic digestibility of the
solid pretreatment residues was assessed. Size exclusion chromatogra-
phy, scanning electron microscopy, computer tomography, and NMR
techniques supplement information on the structure of the extracted
lignin and the remaining solid.

Oxidative lignin depolymerization and valorization is a commonly
used technique to obtain value added compounds from the biopoly-
mer. Chapter 4 presents a new approach: Fenton’s chemistry, which
produces OH radicals, was used for the degradation of lignin in hy-

2
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Figure 1.1.: Overview of the investigated process chains of this thesis.
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drotropic solvents. In a first step, Kraft lignin was degraded in the
hydrotropes to study the influence of the hydrogen peroxide con-
centration and the pH value on the molecular weight distribution.
Degradation products were identified and quantified with GC analysis
and liquid chromatography. An in situ extraction of aromatic products
into an organic solvent is presented as a strategy to prevent degrada-
tion of the products. Finally, the hydrotropic lignin from Chapter
3 was used in the Fenton process to demonstrate the viability of the
process chain.
Cellulose, which is a polymer of glucose, makes up for the highest
proportion of the beech wood constituents. The monomer glucose is a
viable substrate for the fermentation to value-added chemicals. As a
possible alternative to the costly state of the art enzymatic hydrolysis
of cellulose to glucose, the Fenton process is presented in Chapter 5.
The model compound cellobiose functions as well defined substrate
to study the influence of a broad range of process parameters on the
conversion and selectivity towards glucose: the cellobiose, ferrous iron,
and hydrogen peroxide concentration are varied. Additionally, the
influence of dissolved oxygen, the chelator dihydroxybenzoic acid, and
the salt sodium sulfate is investigated.

The electro-Fenton process represents the electrification of the Fen-
ton process, in which hydrogen peroxide is produced electrochemically
in situ and the catalyst ferric iron is reduced to ferrous iron at the
cathode to enhance the reaction rate. Chapter 6 presents tubular
and planar electrochemical reactors that are capable of producing
hydrogen peroxide and can thus be employed in the electro-Fenton
process. In addition to the geometry of the electrodes, different cat-
alysts, a polymeric binder, the operating voltage, the gas flow rate,
the gas flow mode, and different spacers for the liquid channel of
the electrolyzer are investigated. The experimental parameters are
summarized in Figure 1.2. The most promising reactor from Chapter
6 is subsequently utilized for the electro-Fenton in Chapter 7 to
convert cellobiose to glucose. Findings from Chapter 5 are compared
to the electrified process. Subsequently, the electro-Fenton process is
coupled to an in situ membrane filtration to prevent oxidation of the

4
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product glucose by OH radicals. Different commercial and self-made
membranes are tested for the separation of glucose from cellobiose
and ferrous iron. The experimental findings are transferred to a math-
ematical model, which is then used to demonstrate the potential of a
continuous electro-Fenton process with coupled membrane separation
for a steady high selectivity towards glucose. An overview of the
investigated parameters is given in Figure 1.2.

The most important findings of the thesis are compiled in Chapter
8. The implications of the use of Fenton’s chemistry for cellulose
and lignin degradation are discussed. The developed electrochemical
reactors, especially for an application in the electro-Fenton process,
and a combination with in situ separations, are assessed on a level
beyond biorefinery applications. Finally, challenges for future work
are identified.

5
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Figure 1.2.: Experimental parameters investigated in Chapters 6 and 7.
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Chapter 2. Fundamentals

2.1. Biomass and Biorefineries

One promising route to achieve (partial) substitution of fossil resources
is the valorization of biomass in biorefineries [Robe2017; Chan2018]. In
this regard, the valorization of lignocellulosic substrates is attractive,
because lignocellulose represents the world’s largest renewable organic
carbon source [Schu2018; Hube2006]. The definition of biorefineries
highlights integrated processes and use of all of the constituents of
biomass:

A biorefinery is characterised by an explicitly integrative,
multifunctional overall concept that uses biomass as a
diverse source of raw materials for the sustainable genera-
tion of a spectrum of different intermediates and products
(chemicals, materials, bioenergy/biofuels), whilst including
the fullest possible use of all raw material components. Co-
products can also be food and/or feed. These objectives
necessitate the integration of a range of different methods
and technologies. The biorefinery process chain consists es-
sentially of the pre-treatment and preparation of biomass,
as well as the separation of biomass components (primary
refining) and the subsequent conversion and processing
steps (secondary refining). ([Wage2012])

Biorefineries are classified depending on the raw material, platform,
products, and processes. The platform, e.g., biogas, syngas, or ligno-
cellulosic components, is most frequently used for classification. In the
latter type, a lignocellulosic feed, such as woody biomass, is disinte-
grated in the primary refining step into the major components cellulose
(40-50%), hemicellulose (20-30%), and lignin (20-30%) [Silv2015], see
Figure 2.1. Subsequently, the intermediates are valorized via different
process routes [Wage2012, pp. 50–54]. In addition to the three major
constituents, low molecular weight components such as extractives
and inorganic substances as well as minor carbohydrate fractions
such as pectins and starch are found in biomass to a much lesser
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extent [Sixt2006, p. 22]. The carbohydrate fractions of cellulose and
hemicellulose are most often depolymerized to fermentable sugars
via cost-intensive enzymatic hydrolysis [Ashr2017]. A subsequent
fermentation then yields value-added products [Wage2012, pp. 50–54].
Lignin, on the other hand, is often only thermally valorized given its
recalcitrance and heterogeneity. However, lignin is the world’s largest
renewable source for aromatics and for a successful implementation
of biorefineries in the world, more value must be derived from lignin
besides the generation of heat [Abu-2020]. For successful commer-
cialization of biorefineries challenges in the biomass supply chain,
the process steps, and the product recovery need to be overcome
[Chan2018; Rege2018].

Figure 2.1.: Sketch of a lignocellulose biorefinery with primary and sec-
ondary refining.

2.1.1. Pretreatment of Biomass

Different techniques and processes exist for biomass pretreatment and
fractionation. For a long time, the main goal of biomass pretreatment
was to give enzymes access to the plant carbohydrates to convert them
to fermentable sugars [Silv2015; Chan2018]. However, because a viable
biorefinery must also utilize lignin, so-called lignin-first approaches
are gaining attention, in which the valorization of lignin is regarded
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as equally important [Abu-2020]. Silveira et al. [Silv2015] give a
comprehensive overview of the different categories of pretreatment
technologies. As described previously, a suitable pretreatment is
imperative to overcome physical and chemical barriers, and to access
and separate the major constituents cellulose, hemicelluloses, and
lignin. The recalcitrance of biomass is caused by the recalcitrant
polymers themselves, but also to the structure, in which cellulose is
the framework, hemicelluloses the matrix, and lignin the encrusting
material [Sixt2006, p. 41]. The complex structure of lignocellulose
is depicted in Figure 2.2. Available pretreatment methods can be
categorized as physical, biological and chemical pretreatments, which
each offer a spectrum of distinct subprocesses, see Figure 2.3. The
effectiveness of each technology is highly influenced by the type of
biomass. Currently, hydrothermal and dilute acid/base pretreatments
are predominant in industry. Alternatives such as Organosolv or dilute
ammonia still require additional development [Wage2019, pp. 177–185].
Many pretreatments are limited by high costs for corrosion resistant
vessels, harmful solvents, or slow kinetics. Thus, it is necessary to
utilize green chemicals in the preatreatment steps and, in the best
case, mitigate effluent streams to the environment [Silv2015].

the prevail ing lifestyle of most microorganisms
(Flemming and Wuertz 2019; Sivadon et al. 2019).

This review provides an overview of the impact of biofilms
on cellulose degradation in aerobic and anaerobic ecosystems
such as soils or the ruminant digestive tract as well as in
defined laboratory systems. Furthermore, attempts to realize
the benefits of biofilms in targeted applications such as the
production of cellulolytic enzymes and the direct fermentation
of cellulose to different target products are highlighted.

The role of biofilms in lignocellulose degradation
in the biosphere

Approximately 85% of the decomposition of organic material
is caused by natural microbial communities comprised of fun-
gi, bacteria, algae, archaea, and protozoa (Bärlocher 2016;
Burmølle et al. 2012). In nature, lignocellulose is degraded
under both aerobic and anaerobic conditions in various eco-
systems, whereas profound differences exist in, e.g., the cel-
lulolytic enzyme systems, the cell mass yield, and the final end
products (Wei et al. 2009).

Lignocellulose degradation in predominately aerobic
ecosystems

Under aerobic conditions, non-complexed extracellular cellu-
lases are secreted (see Box 1) and typically high cell masses
are produced with CO2 and H2O as the accompanying meta-
bolic end products of the respiratory chain. Ecosystems, where
aerobic cellulolytic microbial communities dominate, are for
example streams and soils (Wei et al. 2009).

In streams and rivers, biofilms consisting of prokaryotic
and eukaryotic microorganisms are formed on practically ev-
ery available surface, visible by the typical slimy appearance
(Bärlocher 2016). Organic detritus such as leaves, needles,
and twigs derived from the riparian vegetation is the dominat-
ing carbon source and also serves as a substrate for biofilm
formation. The amount of microbial biomass and the commu-
nity structure varies with the type of substrate, but fungal
diversity is typically higher than bacterial diversity (Hellal
et al. 2016; Gollady and Sinsabaugh 1991). The biofilm ma-
trix consisting of EPS allows for the retention of extracellular
enzymes mainly by their interaction with polysaccharides.
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Fig. 1 Components and structure of lignocellulosic plant cell walls.
Lignocellulosic plant cell walls are mainly composed of cellulose,
hemicellulose, and lignins. Cellulose is a homopolysaccharide of D-
glucose monomers which are glycosidically linked in the β-(1–4)
configuration. The repetitive unit is cellobiose. Multiple linear cellulose
chains form an elementary fibril stabilized by hydrogen bonds. Multiple
bundles of cellulose fibers coagulate and form macrofibrils.
Hemicellulose is in contrast to cellulose an often branched
heteropolysaccharide composed of glucose and dependent of the plant

species different pentoses such as xylose, mannose, and arabinose. The
monomeric building blocks of lignin are coniferyl alcohol, ρ-coumaryl
alcohol and sinapyl alcohol which are linked by carbon-carbon and ether
linkages. The structure of lignin is adapted from Rozmysłowicz et al.
(2019). The three polymers cellulose, hemicellulose and lignin form the
highly recalcitrant composite structure lignocellulose. Please note that the
3D structure of the composite material is simplified for better visualiza-
tion. As example, the number of elementary cellulose fibers which con-
gregate to micro- and macrofibrils is significantly higher

5202 Appl Microbiol Biotechnol (2020) 104:5201–5212

Figure 2.2.: The structure of lignocellulose. Reprinted with permission
from Brethauer et al. [Bret2020]. © 2020, Springer Nature.
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Figure 2.3.: Classification of pretreatment methods according to Silveira
et al. [Silv2015]

Hydrotropic Solutions and Deep Eutectic Solvents for Lignin
Extraction

Carl A. Neuberg introduced the term hydrotropy in 1916 as he observed
anionic organic salts to tremendously increase the solubility of other-
wise poorly soluble solutes [Dhap2015]. Today, hydrotropes are defined
as a class of water-soluble amphiphiles with surface-active properties.
Often, they have an aromatic ring structure with a sulfate, sulfonate, or
carboxylate group. In contrast to surfactants, they do not aggregate in
ordered structures, e.g., spherical micelles, and have a rather short but
bulky and compact hydrophobic part [Subb2012]. If the concentration
is increased above the so-called minimum hydrotrope concentration
(MHC), self-aggregates form. In an effort to move towards green
chemicals for pretreatment methods [Silv2015], hydrotropic aqueous
solutions are a promising chemical pretreatment candidate, as they are
cost-effective, nontoxic, and environment-friendly [Subb2012]. Many
applications for hydrotropic solutions have been proposed such as
the development of pharmaceutical formulations, detergent solutions,
food stuffs, paint industry, coatings, plastic additives, alterations in
reactions kinetics, selective separations, electrochemical reactions and
lignin dissolution [Subb2012; McKe1946]. Lignin can be dissolved
up to 350 g L−1. Although early interest was raised for wood frac-
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tionation utilizing hydrotropic solutions [McKe1946; Proc1971], only
recently efforts have increased to evaluate the potential of hydrotropes
for biorefinery purposes [Fard2013; Ma2018b; Chen2017; Wang2019].
In comparison to other pretreatment methods, the degradation of
cellulose is mitigated, because the hydrotropic solution is pH neutral
[McKe1946]. Hydrotropes have been shown to potentially increase the
enzymatic digestibility in comparison to pretreatment methods such as
hydrothermal pretreatment and organosolv pretreatment [Mou2017].
Additionally, hydrotropic solutions can be easily recovered: after
lignin extraction the solution can be diluted until lignin precipitates
[McKe1946].

Deep Eutectic Solvents (DES) are a family of ionic fluids. A DES
is a mixture of two or three Lewis or Brønsted acids (hydrogen-bond
donor) and bases (hydrogen-bond acceptor), which form a eutectic
solution with a lower melting point than the individual components.
Compared to ionic liquids, DES’s have similar physico-chemical prop-
erties, but are generally less cost-intensive and often environment-
friendly [Zhan2012; Smit2014]. DES’s are applied in the field of metal
processing, electrochemistry, environmentally benign alternatives for
synthesis, gas absorption, biotransformations, and biorefinery appli-
cations [Zhan2012; Smit2014; Vigi2015]. Compared to conventional
chemical solvents for biomass processing, DES’s offer potential advan-
tages inhibiting water reactivity, stabilizing carbohydrates and furanic
derivatives, decreasing polyol visocosity, and increasing enzymatic
compatibility [Vigi2015]. As the family of DES’s is very large, the
potential benefits need to be assessed for each application. Franisco et
al. [Fran2012] studied the dissolution of lignin, cellulose, and starch
in different DES’s. Lignin was generally well dissolved with up to
14.9 wt.-% in a maleic acid/proline mixture, while cellulose solubility
was negligible. As DES’s are also suitable solvents for the conver-
sion of lignin [Di M2016] and carbohydrates [Vigi2015], integrated
biorefinery processes are attainable. However, compared to the high
dissolution of pure lignin, lignin extraction from biomass was found
to be low and needs to be investigated in more detail [Fran2012].
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2.1.2. Lignin Valorization

Lignin is a recalcitrant biopolymer, which is nowadays often only
valorized thermally [Abu-2020]. The economic feasibility and the
sustainability of biorefineries can be improved by not only valorizing
cellulose and hemicellulose, but also lignin, which constitutes up to
30% of biomass [Schu2018]. Lignin is an amorphous, three-dimensional
biopolymer, which is embedded in the cellular walls of land plants. A
random and radical polymerization of the three primary monomers
(monolignols), p-coumaryl-, coniferyl- and sinapyl-alcohol results in the
highly-branched structure of lignin, characterized by several carbon-
carbon and carbon-oxygen bonds, see Figure 2.4 [Zakz2010; Schu2018].
The precise composition of lignin molecules differs notably depending
on the source (softwood, hardwood, grass, etc.) [Pu2008]. Due to
its structure, lignin is chemically and enzymatically highly stable.
Uncertain reactivity and heterogeneity impede the degradation of
lignin [Argy2016; Stie2016a]. Lignin represents the largest renewable
source of aromatic compounds and consequently numerous valoriza-
tion processes have been proposed [Abu-2020; Zakz2010][Sixt2006,
pp. 30–31]. Even though many attempts have been made to gain
value-added chemicals and materials from lignin [Zakz2010], several
challenges remain such as non-integrated processes as well as low
product selectivity and concentration [Behl2016]. Recently, lignin-
first approaches are gaining attention, in which lignin utilization
is considered in the process design phase. The goal of the lignin-
first approach is to extract lignin from the biomass matrix without
changing the chemical structure of lignin and avoiding condensation
to more recalcitrant structures [Abu-2020]. Valorization of lignin
can be achieved through lignin-based functional materials, includ-
ing mechanically reinforced composites [Kai2016], antioxidants and
antimicrobial agents [Yang2018b], carbon fibers [Shi2018], phenol-
formaldehyde resins [Ma2018a], and biomedical materials [Figu2018].
Another approach addresses the depolymerization of lignin to value-
added products, especially aromatic compounds and carboxylic acids
[Di M2019b]. Eligible processes are generally divided in cracking, hy-

15



2

Chapter 2. Fundamentals

Figure 2.4.: Monolignols produced by the phenylpropanoid pathway and
the resulting lignin sub-structures with characteristic bonds. Reproduced
from [Schu2018] with permission from The Royal Society of Chemistry.

drolytic, reductive, and oxidative processes [Chat2014]. Even though
a general technical feasibility was shown, several challenges remain
such as non-integrated processes, low selectivity, low product con-
centrations, harsh reaction conditions in terms of temperature and
pressure, as well as difficult separation and purification [Behl2016].

2.1.3. Cellulose and Hemicellulose Valorization

Cellulose is the world’s largest renewable polymer resource with up to
1010 to 1011 tons produced via photosynthesis each year [Klem2005b].
It is a linear homopolymer, which consists of anhydroglucose units
(AGU) linked by β-1,4-glycosidic bonds. Each neighbouring AGU is
rotated by 180° and thus, two AGU form the repeating unit cellobiose.
Cellobiose represents the basic unit of cellulose, which can therefore
be considered to be a isotactic polymer of cellobiose, see Figure 2.5.
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The degree of polymerization varies depending on the biomass source
and is between 300 - 1700 in the case of wood, and 800 - 10000 in the
case of cotton and plant fibers [Klem2005a]. The cellulose molecule is
terminated on one end by an AGU unit with reducing end, and on
the other by a non-reducing end. Due to the ability of cellulose to
form intra- and intermolecular hydrogen bonds, the polymer devel-
ops crystalline and amorphous regions [Sixt2006, pp. 25–27]. In the
lignocellulosic biorefinery, a biochemical conversion of the carbohy-
drate fractions is the most frequently applied route [Wage2019, p. 8].
After a suitable pretreatment, lignin is separated from the cellulose
and hemicellulose stream. Often, also cellulose and hemicellulose are
processed separately. As state of the art, the enzymatic hydrolysis
is employed for cellulose conversion to glucose, because it potentially
offers high sugar yields, high sugar selectivity, little side products,
mild operation conditions, low energy costs, and low environmental
impacts [Chan2018; Yang2011]. The crystallinity of cellulose, the
content and distribution of residual lignin and hemicellulose, porosity
and particle size are important parameters that affect the enzymatic
digestibility of the homopolymer [Park2010]. The depolymerization
product glucose can be subsequently fermented to value-added prod-
ucts [Dean2008]. Nonetheless, enzymes are a major cost driver in
biorefineries [Ashr2017]. Alternative depolymerization techniques in-
clude acid, alkaline, hydrothermal, oxidative, and mechanocatalytic
treatments [Yun2008; Lute2014; Schu1978].

Figure 2.5.: Molecular structure of cellulose. The repeating cellobiose
unit is shown in brackets. Reprinted with permission from John Wiley and
Sons [Sixt2006, p. 25]. © John Wiley and Sons (2006).

In contrast to cellulose, hemicellulose is a branched heteropolymer,
consisting of a multitude of different sugar monomers (pentoses, hex-
oxses, hexuronic acids, deoxy-hexoses), with a degree of polymerization
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of up to 200 [Sixt2006, p. 28]. Hemicelluloses are more susceptible
to hydrolysis than cellulose and can readily be transferred to, e.g., a
biochemical transformation after pretreatment in the liquid stream
[Wage2019]. Recently, electrochemical conversion of carbohydrates
attracts increasing attention due to benefits arising from the use of
renewable energy, an increase in production efficiency, and a decrease
in negative environmental impacts [Vedo2020].

2.1.4. Fenton’s Reagent for Biomass Valorization

In nature, brown rot fungi employ the non-enzymatic Fenton chem-
istry for the biodegradation of plant cell walls [Aran2012]. Arantes
et al. [Aran2012] describe that cellulose, and hemicellulose may be
degraded through fragmentation or oxidative cleavage. The same
authors report that Fenton’s chemistry cleaves the β-O-4 ether bonds
of lignin and occurs in the natural breakdown of lignocellulose in
nature [Aran2012]. Inspired by nature, Fenton processes are inte-
grated into biorefineries: a preceding Fenton treatment improves the
enzymatic hydrolysis [Jeon2016; He2015]. Additionally, the complete
solubilization of cellulose by Fenton chemistry was demonstrated in
the 1960s by Halliwell et al. [Hall1965]. The conversion of cellulose
to glucose via Fenton-related processes is gaining attention and is
proposed as an alternative to the enzymatic hydrolysis [Kwon2012;
Wang2011; Meng2011; Yang2014]. Similarly, the degradation of lignin
to organic acids and aromatics is investigated as an alternative ox-
idative valorization method [Ma2014; Zeng2015; Sagu2018; Kell2020;
Bhan2015; Kent2015; Kent2018]. A detailed overview of previous
works is presented in Chapters 5, 7 and 4.
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2.2. Electrochemistry

2.2.1. Basic Principles

In electrochemical reactors, chemical reactions are driven by the
transfer of electrons at electrode-electrolyte interfaces. A typical
electrochemical reactor encompasses an anode and a cathode for oxi-
dation and reduction reactions, respectively. To facilitate the passage
of charge inside the electrochemical cell, ion-conducting electrolytes
and separators are employed. Figure 2.6 depicts an electrochemical
cell for hydrogen peroxide synthesis, where H2O is oxidized at the
anode and O2 is reduced to H2O2 at the cathode. Electrochemical

Figure 2.6.: Sketch of an electrochemical cell for hydrogen peroxide syn-
thesis.

reactions take place spontaneously if the change in Gibbs Free En-
ergy of the overall reaction is negative. In this case, one speaks of a
galvanic cell and chemically stored energy is converted to electrical
energy. If the Gibbs Free Energy is positive, an external potential
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needs to be applied via a current source in order to drive the reaction
of the so-called electrolytic cell. Efficient electrochemical cells require
active and selective catalysts on the electrodes, highly ion conductive
electrolytes and separators, and efficient mass and heat transfer at the
(reactive) interfaces. The overall cell reaction for the electrochemical
hydrogen peroxide synthesis is

O2 + 2 H2O←−→ 2 H2O2 (2.1)

with a Gibbs Free Energy of ∆G0
H2O2 = 206 kJ mol−1 at standard

conditions1. Thus, this reaction is driven by an applied electrical
potential in an electrolytic cell. The Gibbs Free Energy is connected
to the cell potential via

|∆G| = −z ∗ F ∗ |E| (2.2)

where F is the Faraday constant, z the stoichiometric number of
electrons, and E the cell potential. The equilibrium cell potential for
the hydrogen peroxide synthesis at standard conditions is consequently
0.535 V. However, in practice the applied cell potential to drive
the reaction will be higher due to, e.g., ohmic resistances of the
electrolytes, membrane and electrodes, and overpotentials at the
electrodes. Overpotentials, such as charge-transfer or mass-transfer
overpotentials, describe the deviation from the equilibrium potential
required to drive the reaction [Faul2002, p. 7].

The overall cell reaction in eq 2.1 can be split up two so-called
half-cell reactions. The Gibbs Free Energy ∆G of a half-cell reaction

νOO + ze←−→ νRR (2.3)

in which νi are the stoichiometric coefficients, z is the stoichiometric
numbers of electrons, e the electronic charge, O the oxidized and R

1Standard conditions are T = 25 °C, p = 100 kPa, ai = 1 according to A. J.
Bard, J. Jordan, and R. Parsons, Eds., "Standard Potentials in Aqueous Solutions,"
Marcel Dekker, New York, 1985 [Bard1985, p. 2]
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the reduced species, is

∆G = ∆G0 +RT ln
aνRR
aνOO

(2.4)

where ∆G0 is the Gibbs Free Energy at standard conditions. Thus,
the half-cell potential of the reaction in eq 2.3 is described via the
Nernst equation by connecting eqs. 2.2 and 2.4 to

E = E0 +
RT

zF
ln
aνOO
aνRR

(2.5)

with E0 as standard potential. The activity of the species ai are con-
nected to the concentrations ci or partial pressure pi of the reactants
via the activity coefficients

ai = γ
ci
c0

(2.6)

ai = γ
pi
p0

with c0 and p0 as standard concentration and pressure. The standard
potential of the reduction of O2 to H2O2 is 0.695 V vs. SHE, and the
standard potential of the water oxidation is 1.229 V vs. SHE. Because
it is impossible to measure a single half-cell potential experimentally,
the standard potentials are referenced towards a well-defined electrode
reaction, the standard hydrogen electrode (SHE). Equation 2.5 shows
that the half-cell potentials change if the concentration, activity
coefficient, partial pressure, or temperature of a reaction change.

The current efficiency ηCE of an electrochemical reaction describes
how much of the total current is utilized to drive the desired reaction.
For the hydrogen peroxide synthesis, the current efficiency can be
calculated with the following equation

ηCE =
nH2O2,measured

nH2O2,theoretical
(2.7)

where nH2O2,measured represents the molar amount of experimentally
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measured H2O2, whereas nH2O2,theoretical represents the theoretically
attainable molar amount of H2O2. nH2O2,theoretical can be calculated
with Faraday’s law

Q = zFnH2O2,theoretical (2.8)

It = zFnH2O2,theoretical

with Q as passed charge, I as current and t as time. The current I is
frequently normalized to the geometrical surface area of the electrode
and named current density, which allows a facile comparison of the
results obtained in different studies. For reactions involving a gaseous
reactant, the stoichiometric excess factor λ is an important parameter,
defined as

λ =
ṅO2zF

I
(2.9)

and describes the excess of, e.g., oxygen supplied to the electrode in
relation to the stoichiometrically required oxygen.

2.2.2. Electrochemical Reactors and Electrodes

An electrochemical reactor generally consists of anode, cathode, elec-
trolytes, and a separator, e.g. an ion exchange membrane. Anode
and cathode must ensure a high electrical conductivity, chemical and
mechanical stability, and a high electrochemical activity [Schm2012,
pp. 239–240]. When gaseous reactants with a low solubility in the
electrolyte are used, as is the case in the H2O2 synthesis, so-called
gas diffusion electrodes (GDEs) can significantly enhance the rate
and selectivity of the reaction. In comparison to solid, non-porous
electrodes, GDEs create a three-phase-boundary between gas phase,
electrocatalyst, and liquid electroyte. Thus, mass transfer limitations
due to limited solubility of gases can be circumvented by a direct
transport of the gaseous reactant to the reaction interface. The struc-
ture of GDEs is thoroughly explained in [Zhan2008]. In brief, a gas
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diffusion electrode is a porous multicomponent structure. It contains
a top layer, which is the catalyst layer (CL) where the electrochem-
ical reactions takes place. Often, the CL contains the catalyst, an
ionomer, and a substrate such as carbon black particles. The catalyst
layer must thus ensure contact to the electrolyte and gas phase by
being electrically and ionically conductive, porous, and provide a high
electrochemical activity. Because many catalysts are expensive, the
loading should be as low as possible. The catalyst layer is placed on a
microporous layer (MPL), which is responsible for electrolyte manage-
ment and reactant supply. Last, a macro-porous substrate layer (SL)
provides mechanical and chemical stability, high electronic and heat
conductivity, high porosity, and adequate wettability. The electrolyte
and ion exchange membranes must have a high ionic conductivity to
reduce ohmic losses, and be chemically inert. Additionally, the ion
exchange membranes should have a high permselectivity for the de-
sired main charge-carrying ion, while retaining reaction products and
reactants. In general, many electrochemical reactors are designed with
planar electrodes and membranes, as depicted in Figure 2.6. However,
tubular reactors can provide numerous advantages compared to their
planar counter-part such as a higher power and packing density, and
lower manufacturing costs [Perc2020; Gend2014a; Gend2014b].

2.2.3. Electrochemical Hydrogen Peroxide
Synthesis

Hydrogen peroxide (H2O2 )is a chemical with numerous applications
such as industrial bleaching, wastewater treatment, chemical synthesis,
and fuel cell technologies [Perr2019; Camp2006]. Additional applica-
tion and technology fields are being developed and the world capacity
increases steadily [Perr2019; Ciri2016]. From the 1990s, where H2O2

was produced with a capacity of 1.5 Mt, the annual production reached
5.5 Mt in 2015 [Ciri2016]. In 2005, 95% of H2O2 was produced via
the so-called anthraquinone process, which belongs to the group of
organic autooxidation processes (AO process) [Camp2006]. Up to
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date, alternative routes like the direct or electrochemical synthesis
do not play a significant role in industry [Goor2019]. AO processes
marked the breakthrough for industrial high capacity production of
H2O2 [Goor2019] and the modern AO process was developed in the
1930s by Riedl and Pfleiderer for I.G. Farbenindustrie AG [Ried1939].
Due to challenges such as waste generation, mass transfer limitations
in the hydrogenation and oxidation reactors, organic contamination
of the product and by-product formation, alternative approaches
for the direct or electrochemical synthesis may provide advantages
[Camp2006]. Additionally, electrochemical approaches can be operated
decentralized, at ambient pressure and temperature [Kotr2008] and
contribute to the electrification of the chemical industry via sustain-
able energy conversion technologies [Schi2017; Lewi2006; Orel2018].
The synthesis of H2O2 via an electrochemical route was observed by
Meidinger [Meid1853] in 1853 during the electrolysis of sulfuric acid.
In this indirect route, peroxodisulfuric acid is formed and subsequently
hydrolyzed to H2O2 and sulfuric acid [Goor2019]. After further devel-
opment, this process was implemented in Austria by the Konsortium
für Elektrochemische Industrie in 1908 [Goor2019]. Nowadays the
focus is on the direct cathodic reduction of O2 to H2O2, which was
first reported by Traube in 1882 [Trau1882].

Paramount characteristics of electrochemical reactors for the H2O2

synthesis are

• the type of catalyst: metals, transition metals, metal alloys and
metal oxides [Kim2018; Perr2019], carbon materials [Hasc2016],
quinones and their derivates [Song2008], and metal complexes
[Fuku2012]

• the type of reactor: trickle bed, fuel cell like or one-side buffered
[Perr2019; Camp2006; Fuku2012; Foll1995]

• the type of separator: ion exchange membrane or diaphragm
[Foll1995]
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The electroreduction of O2 may yield H2O or H2O2, mainly depending
on the catalyst [Song2008; Tara1983]. Unwanted side and competing
reactions to the two-electron reduction reaction (eq 2.10), e.g., as
described by the comprehensive work on oxygen electrochemistry by
Tarasevich, Sadkwoski, and Yeager [Tara1983] and Song and Zhang
[Song2008], are the four-electron oxygen reduction reaction (eq 2.11)
and reduction of H2O2 (eq 2.12).

O2 + 2 H+ + 2e− ←−→ H2O2 E0 = 0.695V vs. SHE2

(2.10)

O2 + 4 H+ + 4e− ←−→ 2 H2O E0 = 1.229V vs. SHE2

(2.11)

H2O2 + 2 H+ + 2e− ←−→ 2 H2O E0 = 1.763V vs. SHE2

(2.12)

Not only electrochemical side reactions decrease the selectivity for
H2O2, but also the decomposition of H2O2

H2O2 −−→ H2O + (1/2) O2 (2.13)

H2O2 + HO2
− −−→ H2O + O2 + OH− (2.14)

H2O2 + Xn −−→ Xn+1 + OH− + OH• (2.15)

where the self-decomposition in eq 2.13 is often truly a base-catalyzed
decomposition (eq 2.14) or a metal-catalyzed decomposition as in
eq 2.15 [Qian2002; Perr2019; Abel1952]. Qiang et al. [Qian2002]
demonstrated that the stability of H2O2 strongly decreases above a
pH of 9 and at elevated temperatures. In practice, H2O2 is stabilized
by organic or inorganic compounds [Goor2019].

2Standard potentials taken from A. J. Bard and L. R. Faulkner "Electrochem-
ical Methods: Fundamentals and Applications", Jon Wiley and Sons, New York,
2001 and A. J. Bard, J. Jordan, and R. Parsons, Eds., "Standard Potentials in
Aqueous Solutions," Marcel Dekker, New York, 1985 [Faul2002, p. 809][Bard1985]
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Catalysts

In principal, H2O2 can be obtained through the oxidation of H2O at
the anode, see eq 2.12. Catalysts for the cathodic reduction of O2

to H2O2 must be highly selective, as thermodynamics favor the four-
electron ORR, which is apparent by the standard electrode potentials
of eqs 2.10 and 2.11 [Kim2018; Perr2019; Verd2014]. Additionally,
the catalysts should have a high activity for low catalyst loadings,
a high energy efficiency as well as long-term stability [Verd2014]. A
frequently employed descriptor for the catalyst activity is the Sabatier
volcano, which correlates the overpotential of the electrochemical
reaction to the binding energy of an intermediate, which is OOH* (∗

refers to the surface adsorbed species) in the case of the two-electron
ORR [Verd2014]. If the intermediate is bound to strongly, a four-
electron ORR takes place. If the binding energy is too low, the
catalyst fails to form sufficient OOH* from O2 [Verd2014]. E.g., gold
binds the intermediate weakly and is highly selective, but not highly
active for H2O2 [Perr2019]. A key for achieving a high selectivity is
the coordination of adsorbed oxygen on the catalyst. In general, a
side-on or end-on coordination of oxygen is possible, see Figure 2.7
[Tara1983; Yeag1976]. An end-on coordination favors H2O2 formation,
as the O–O bond cannot dissociate in this case [Perr2019]. Thus,

O  =  O

S

A. Griffiths model

O

S

O O

O

S

120°

B. Pauling model C. Bridge model

SS

OO

Figure 2.7.: Coordination of oxygen on substrates. Based on Yeager et al.
and Tarasevich et al. [Yeag1976; Tara1983]

.

a frequently employed approach for metal and metal alloy catalysts
is to isolate active catalyst centers, which are highly active, e.g.,
Pd or Pt, but are not selective enough as bulk material [Verd2014;
Perr2019]. As state of the art catalysts, Pd-Hg and Pt-Hg enable
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the highest activity in acidic media and graphene-based catalysts in
caustic media [Verd2014; Siah2013; Park2014; Jirk2011; Zhen2016;
Lee2012]. Recently, a moderately reduced graphene oxide catalyst was
developed by Kim et al. [Kim2018], which shows the highest reported
mass activity in caustic conditions with basically no overpotential and
close to 100% selectivity. Current densities and overpotentials of the
most active catalysts can be seen in Figure 2.8. In general, gold and
carbon catalysts catalyze the two-electron ORR well in caustic media,
while they are sluggish in acidic media [Yeag1984; Tara1983]. Many
catalysts show a more or less pronounced dependence of the H2O2

formation on the pH value and the origin of this effect is still under
debate [Yang2018a]. Yang et al. [Yang2018a] propose that the barrier
preventing the dissociation of adsorbed intermediates such as OOH*

or H2O2* is lower in caustic than in acidic media. Thus, only the
weakest binding catalysts in caustic media, carbon-based catalysts,
show high activities and selectivities at high pH values. Further, Yang
et al. [Yang2018a] hypothesize that pH-dependent rearrangement of
the electrical double-layer may be connected to the observed trends,
similar to recent findings for H2 evolution [Lede2017]. As mentioned
before, the self-decomposition of H2O2 is enhanced at high pH values
[Qian2002]. Thus, the electrochemical H2O2 is attractive in the acidic
environment [Agla2007; Yang2018a].

Reactors

Presumably, the only process on industrial scale for the cathodic
reduction of oxygen is the Huron-Dow process, which was first pi-
loted in the pulp industry in Muskogee, USA [Goor2019; Foll1995].
Historically, the electrochemical H2O2 production was especially in-
teresting for the pulp and paper industry, as a) H2O2 was needed
in high quantities to replace chlorine and b) a mixture of caustic
soda and H2O2 can be directly transferred from the electrolyzer to,
e.g., the Kraft process [Foll1995]. The Huron-Dow process is char-
acterized by a trickle-bed reactor operated with an alkaline solution
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Figure 2.8.: Mass activity of different catalysts for H2O2 electrosynthesis
based on data from literature [Kim2018]. Reprinted with permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Nature
Catalysis, Efficient H2O2 generation using reduced graphene oxide-based
oxygen reduction electrocatalysts, Kim, H.W., Ross, M.B., Kornienko, N.,
Zhang, L., Guo, J., Yang, P., McCloskey, B., © (2018)

[McIn1984; McIn1985; Dong1990; Foll1995]. The cathode is a packed
bed of graphite particles, which are covered with a high-surface carbon
with fluorpolymer binder. Anolyte and catholyte are separated by a
polypropylene microporous separator, which feeds caustic soda to the
reduction compartment. The oxygen, which is converted to H2O2, is
supplied by the OER at the anode. In order to produce H2O2 concen-
trations of 3 wt.-% to 4 wt.-%, the caustic soda to H2O2 ratio must be
at least 1.6. At lower ratios, the current efficiency decreases, because
the perhydroxyl ion and the hydroxyl ion both migrate and diffuse
towards the anode, where they are oxidized [Foll1995]. An excess of
hydroxyl ions ensures the preservation of perhydroxyl ions [Foll1995;
Olom1979]. Typically, a current density of 65 mA cm−2 is reached at
a cell potential of 2.3 V with a current efficiency of 95%. Over a six
month operation period, this efficiency declined to 80% [Foll1995].
Gupta and Oloman [Gupt2006] replaced the particulate electrode
by a carbon felt and introduced a perforated bipolar plate, which
ensured direct passage of anodically generated oxygen towards the
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cathode. This design enables a high current density of 120 mA cm−2

at a cell potential of 1.8 V. However, the current efficiency was rather
low at 60% and the caustic soda to H2O2 ratio was high at above
two. Muddemann et al. [Mudd2020] showed that a carbon-based
gas diffusion electrode in combination with a cation exchange mem-
brane as separator between anode and cathode enables a Faraday
efficiency above 90% at cell voltages between 1.5 V to 3.5 V at pH
14 and 15 °C. The caustic soda to peroxide ratio was approximately
2:1. The membrane prevented cross-over of H2O2 to the anode. The
caustic soda concentration in the product stream can be reduced,
if an acidic anolyte is used. However, a higher cell voltage is the
consequence [Foll1995]. In principal, oxygen and air can be used as
feed for the cathode. Muddemann et al. [Mudd2020] reported high
CE for air and pure oxygen, but the cell voltage was significantly
higher if air was used.

An electro-Fenton process typically requires an acidic solution of
H2O2, which is described in detail in Section 2.2.4. For this type of
H2O2 product stream, the caustic soda in the catholyte needs to be
replaced with salt as supporting electrolyte, e.g., sodium sulfate or
sodium chloride, which is usually acidified to a pH of 3. The use of a
carbon-based GDE and a cation exchange membrane as separator have
shown promising results. Giomo et al. [Giom2008] investigated a pilot
plant with a Vulcan XC-72 coated gas diffusion electrode. A catholyte
compartment separated the cathode from the cation exchange mem-
brane and the anode. After 19 h of operation, a H2O2 concentration
of 0.13 M was achieved at 56 mA cm−2. This corresponds to a CE of
70%. Agladze et al. [Agla2007] also employed a gas diffusion electrode,
catholyte gap and cation exchange membrane. They showed, that
sodium chloride can be advantageous to sodium sulfate due to a low
price and higher conductivity. A H2O2 concentration of approximately
0.3 M at 50 mA cm−2 was reached, which corresponded to about 85%
CE. Recently, a liquid electrolyte-free cell was constructed for the gen-
eration of pure H2O2. The outstanding characteristics of the reactor
were achieved by employing a cation exchange membrane at the anode
side - for the migration of protons - and an anion exchange membrane
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on the cathode side - for the migration of perhydroxyl anions. The
two ions migrate towards a central compartment and form H2O2. The
central compartment is additionally filled with a porous ion exchange
resin which renders a supporting electrolyte obsolete. Up to 20 wt.-%
H2O2 at 200 mA cm−2 and 90% CE were reached [Xia2019].

These examples from literature show that an electrochemical re-
action system for the production of H2O2 needs to be tailored to
the envisaged utilization. The current efficiency for carbon-based
catalysts depends on the functional groups of the carbon [Kim2018;
Hasc2016; Assu2011], the type of electrolyte [Hasc2016], the pH value
[Mudd2020; Hasc2016], the temperature [Mudd2020] and process engi-
neering parameters such as liquid and gas feed flow rate [Mudd2020],
which are in turn influenced by the reactor design.

2.2.4. The Fenton and electro-Fenton Process

The so-called Fenton reaction is a process for the generation of hydroxyl
radicals using ferrous iron (Fe2+) and H2O2. In the Fenton reaction,
H2O2 reacts with ferrous iron to produce OH radicals and ferric iron as
described in eq 2.16. Subsequently, ferric iron can be reduced by H2O2

(eq 2.17) to close the catalytic cycle. The reaction was discovered in
1894 by the British chemist H.J.H. Fenton and the mechanism was
unravelled in a series of studies by Barb et al. [Fent1894; Barb1949;
Barb1951a; Barb1951b]. Hydroxyl radicals are powerful oxidants and
degrade a variety of molecules [Pign2006; Bril2009].

Fe2+ + H2O2 −−→ Fe3+ + HO• + OH− (2.16)

Fe3+ + H2O2 −−→ Fe2+ + HO2
• + H+ (2.17)

Fe3+ + e− ←−→ Fe2+ (2.18)

Fe2+ + HO• −−→ Fe3+ + OH− (2.19)

H2O2 + HO• −−→ HO2
• + H2O (2.20)
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Today, the Fenton reaction is mostly employed in advanced oxidation
processes in the wastewater industry [Bril2009; Pign2006]. In the pulp,
paper, and biorefinery context, Fenton’s chemistry is investigated as a
delignification step [Makh2008]. Increasing research is conducted in or-
der to use the oxidative (pre)treatment as a technology in biorefineries
[Kato2014].

In the electro-Fenton process, H2O2 is produced at the cathode
through the reduction of oxygen, see equation 2.10 [Bril2009]. Addi-
tionally, ferric iron can be reduced electrochemically, see equation 2.18
[Bril2009]. In general, the advantages of the electro-Fenton process
compared to the Fenton process are an increased iron regeneration
rate and a localized H2O2 production [Pign2006; Bril2009]. Carbon
materials are frequently employed as catalysts in the electro-Fenton
process as they are nontoxic, have a high overpotential for H2 evolution
and a low catalytic activity for H2O2 decomposition. Additionally,
carbon materials are characterized by a high mechanical stability,
electrical conductivity, and chemical resistance [Bril2009]. Often, gas
diffusion electrodes are used in electro-Fenton processes to mitigate a
negative influence of the low oxygen solubility in aqueous electrolytes.
The main operating parameters that affect the electro-Fenton process
are the pH value, the applied current, the catalyst concentration, the
electrolyte, temperature and initial organics concentration [Plie2015].
In order to prevent the precipitation of ferric iron, pH values below
three must be employed [Pign2006]. Additionally, the pH value should
be above 2.5, to prevent a decrease in reaction rate [Plie2015]. The pH
range can be extended, if the iron catalyst is immobilized in a solid
state. The process is coined heterogeneous electro-Fenton [Plie2015].
The applied current should be as high as possible. However, if a
certain threshold is reached parasitic reactions diminish the efficiency
of the process [Plie2015]. In the Fenton reaction, a peroxide-to-iron
molar ratio of 100 to 1000 is recommended [Pign2006]. If the iron
concentration is high, the conversion of H2O2 to OH radicals is high.
However, if the concentrations of OH radicals is too high, scavenging
reactions occur. Similarly, H2O2 can scavenge OH radicals [Plie2015].
Starting with ferrous iron can lead to very high initial degradation
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rates, which result from an eruption of radicals. After this initial
phase, the reaction rate decreases [Pign2006]. As in any electrochem-
ical reaction, the supporting electrolyte in electro-Fenton processes
ensures a high ionic conductivity and thus, mitigates ohmic losses
in the cell. However, many inorganic ions may also show adverse
affects on the process by leading to iron precipitation, scavenging
of OH radicals and coordination to ferric iron [Pign2006]. Sulfate,
for example, does not scavenge OH radicals but coordinates with
ferric iron, reducing the reaction rate. Bromide and chloride ions,
on the other hand, scavenge OH radicals [Pign2006]. An increase in
temperature generally increases reaction rates in the Fenton process
[Plie2015]. However, a rising temperature also leads to an increase in
H2O2 self-decomposition and a decrease in O2 solubility [Qian2002].

2.3. Membrane Separation Processes

Membranes are used as semi-permeable barriers in separation pro-
cesses driven by a (partial-)pressure, electric field, or concentration
gradient. The separation is achieved based on size-exclusion and
solution-diffusion mechanisms, as well as electro-static interactions.
In this thesis, nanofiltration (NF) will be investigated to purify a
mixture of low molecular weight compounds and ions.

With the help of nanofiltration membranes, retention of molecules
above approximately 200 Da can be achieved, which corresponds to a
molecule size of 1 nm. Additionally, nanofiltration separates ions based
on their ionic charge and size. Generally, multivalent ions are retained
to a higher degree than monovalent ions. Polymeric and ceramic NF
membranes are utilized in processes for the separation of monovalent
from divalent ions (e.g., water softening), for the separation of organic
molecules from salts (e.g., water treatment), and for the separation of
low molecular weight from high molecular weight compounds (e.g.,
wine purification). Typically, NF is operated between 3 bar to 30 bar,
which is in between ultrafiltration and reverse osmosis. The separation
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of the solutes is dependent on the trans membrane pressure (TMP),
solute concentrations, type of membrane and temperature. [Meli2007,
pp. 285–308]

Figure 2.9.: Membrane module operation in cross-flow and dead-end mode.

Membrane modules are operated either in cross-flow or dead-end
mode, whereas cross-flow is preferred to mitigate mass transport
limitation such as concentration polarization. The trans membrane
pressure, the driving force of nanofiltration, is calculated as

∆pTMP =
pfeed + pretentate

2
− ppermeate (2.21)

Key performance indicators of membranes are the permeability P , the
selectivity S, and the retention R. The permeability is calculated as

P =
Q

Amembrane∆pTMP
(2.22)

where Q is the volumetric permeate flow and Amembrane the membrane
area. The selectivity and retention are calculated as

Si,j =
ci,permeate/cj,permeate
ci,retentate/cj,retentate

(2.23)

Ri = 1− ci,permeate
ci,retentate

(2.24)

with ci as the concentration of the individual solutes.
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An emerging technology in the field of nanofiltration is the fabri-
cation of so-called layer-by-layer polyeelectrolyte membranes. Layer-
by-layer (LbL) polyelectrolyte membranes are fabricated through
deposition of polyelectrolyte multilayers (PEM) on a charged mem-
brane support. In an alternating fashion, positively and negatively
charged polyelectrolytes are deposited on the support, each pair cre-
ating a so-called bilayer. Through variation of , e.g., the number of
deposited layers, the polyelectrolytes themselves and salt addition
the rejection of solutes can be tailored to the desired application
[Groo2015; Ilya2015; Juri2015; Sany2015; Jose2014].
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Hydrotropic Solutions and
Deep Eutectic Solvents
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35



3

Chapter 3. Wood Pretreatment

3.1. Introduction

The conversion of cellulose, hemicellulose and lignin relies on efficient
processes, which fractionate lignocellulosic biomass into the individ-
ual constituents. The currently available pretreatment methods can
be categorized in physical, biological, and chemical methods. The
individual strategies can be combined to utilize synergies. Up to
date, research in all areas is pursued, because, e.g., biological pro-
cesses suffer from slow kinetics and chemical treatments from high
costs for corrosion resistant equipment. In general, viable methods
should minimize the generation of inhibitors, ensure a high carbon
efficiency, provide a pure accessible lignin stream, and minimize energy
consumption. [Silv2015]

In this chapter, a lignin-first approach is investigated in order to
provide a lignin rich stream for a subsequent Fenton treatment. Even
though long known as a solvent for lignin [McKe1946; Proc1971],
hydrotropic solvents have only recently attracted attention again
in biorefinery pretreatment steps [Fard2013; Ma2018b; Chen2017;
Wang2019]. Deep eutectic solvents have emerged as a new family of
solvents at the beginning of the century [Smit2014]. Hydrotropes and
deep eutectic solvents (DES) are an alternative to ionic liquids or
mineral acids, which are frequently applied for biomass pretreatment
[Tade2011; Tang2017]. In comparison to ionic liquids, hydrotropes
and deep eutectic solvents may be more cost competitive [Subb2012;
Smit2014]. An advantage of hydrotropes over DES is their recyclabil-
ity through precipitation of the solute below the minimum hydrotrope
concentration [Wang2019; Ma2018b]. Possible low-temperature opera-
tion and simple chemistry are another benefit [Ma2018b; Proc2015].
Gabov et al. [Gabo2013; Gabo2014; Gabo2017] investigated the frac-
tionation of birch wood and sugarcane bagasse at temperatures of 150
℃ in the hydrotrope sodium xylene sulfonate. According to Gabov
et al. [Gabo2014], the lignin underwent substantial changes through
the pretreatment. Hemicellulose was removed from the lignin matrix.
Recently, Chen et al. [Chen2017] reported the near-complete disso-
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lution of wood lignin in a hydrotropic solution of p-toluenesulfonic
acid at a temperature of 80 ℃ in less than two hours. After the
biomass fractionation, the sugar fraction was successfully hydrolyzed,
the lignin was precipitated, and the hydrotrope recycled by crystal-
lization. The study by Chen et al. [Chen2017] highlights the potential
of hydrotropes in a biorefinery context and was extended in a re-
cent study to produce lignocellulosic nanofibrils, lignin nanoparticles,
and furfural [Ma2018b] and a flow-through reactor was established
[Wang2019]. Deep eutectic solvents have been shown to increase
the enzymatic hydrolysis of pretreated biomass [Proc2015] and many
different DES are well suited to dissolve lignin [Fran2012].

This chapter investigates the capabilities of two hydrotropic solvents
and two deep eutectic solvents for their ability to dissolve lignin
from beech wood. In addition to the different solvents, the influence
of temperature and particle size on the lignin extraction yield was
investigated. Further, the enzymatic digestibility of the solid residue
was evaluated.

3.2. Experimental

3.2.1. Lignin Extraction from Beech Wood

For the hydrotropic solvents, lignin was extracted from beech wood
with sodium cumene sulfonate (SCS) and sodium xylene sulfonate
(SXS) solutions of 400 g/L hydrotrope concentration. Beechwood
of particle size dp 1 mm to 3.15 mm was mixed with the hydrotrope
solution in the ratio of 1:20 wwood/wsolution. The pretreatment of
wood was then performed in a high pressure stirred tank reactor
(BR-300 Berghof GmbH) at temperatures of 120 ℃, 150 ℃, and
200 ℃. The pretreatments lasted 6 h, excluding heating and cooling
the reactor for 20 min. There was no pressure regulation; the pressure
in the vessel was the vapor pressure of the mixture.
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A cholin chloride–oxalic acid DES with the molar ratio 1:1 and a
cholin chloride–lactic acid DES with the molar ratio 1:10 was used.
For the DES pretreatments, a glas piston was filled with the solvent
and subsequently preheated to temperatures of 80 ℃, 100 ℃, and
120 ℃. After the temperature was reached, the wood chips were
added to the solution for 6 h, which was continuously stirred. A reflux
condenser was placed at the outlet of the piston to condense vapors.
Beechwood of particle size dp 0.038 mm to 2.8 mm was mixed deep
eutectic solvents in the ratio of 1:20 wwood/wsolution.

The lignin extraction yield was calculated based on the measure-
ments of extracted lignin via UV-Vis and gravimetric measurements.
The lignin content of the raw biomass was 31.2 wt.-% , based on acid
hydrolysis of wood (41.2 wt.-% glucose, 22.0 wt.-% xylose), extractives
determination via Soxhlet extraction (5.2 wt.-% ), and ash content
via TGA measurement (0.4 wt.-% ).

Chemicals

Kraft lignin (370959), sodium hydroxide (NaOH, 98%), and SXS
(90%) were purchased from Sigma-Aldrich. SCS (93%) was purchased
from Julius Hoesch. Cholin chloride, lactic acid and oxalic acid were
supplied by Sigma-Aldrich. The pH was adjusted with sulfuric acid
(H2SO4, 75%) from Carl Roth. Beech wood chips were supplied by
Wilhelm Eder. The wood chips were dried at 50 ℃ prior to use. All
chemicals were used without further purification and adjusted to the
desired concentrations with deionized water.

38



3

3.2. Experimental

3.2.2. Analytics

Determination of the Lignin Molecular Weight Distribution

The average molecular weight of the different lignin fractions was de-
termined using size exclusion chromatography (SEC). Lignin samples
were precipitated by the addition of 0.01 M H2SO4 with a dilution
ratio of 1:10 v:v, centrifuged (4083 g) for 30 min and the precipitated
solid was freeze-dried. For SEC analysis, the solid residue was resus-
pended in 2 mL of 1 M NaOH. The measurements were performed
using an Agilent 1200 system equipped with a UV-Vis detector at
a wavelength of λ= 280 nm. The eluent was 0.1 M NaOH (99 % ,
Sigma Aldrich) in water (HPLC grade, Carl Roth) with addition of
0.01 wt.-% sodium azide (NaN3, extra pure, Merck). The internal
standard was a 12.5 g/L glucose monohydrate solution (Merck). One
pre-column (8 x 50 mm) and three MCX gel columns (8 x 300 mm)
were used at a flow rate of 1.0 mL/min at 40 ℃. The diameter of the
gel particles was 5 µm, the nominal pore widths were 1000 Å for the
three columns. Calibration was performed using narrowly distributed
poly(styrene sulfonate) standards (Polymer Standards Service).

Determination of the Lignin Concentration

Lignin concentrations were determined by UV-Vis measurements with
a Thermo Scientific Genesys 10S UV-Vis-Spectrophotometer (Thermo
Fisher Scientific Inc, USA). After the pretreatment, 5 mL of the
supernatant was collected in a Falcon tube and diluted 1:10 v:v with
0.01 M H2SO4. Afterwards the sampled was stored for 12 h and lignin
precipitated. The solution was then centrifuged (4083 g) for 10 min
to separate the solids from the liquid phase. The supernatant was
removed and the remaining solids were washed two times with 30 mL,
respectively 20 mL, 0.01 M H2SO4 and each time the supernatant
was discarded after 10 min of centrifugation at 4083 g. The remaining
solids were freeze dried and redissolved in 1 mL of 1 M NaOH vor
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the UV-Vis measurement. The calibration curve was established with
Kraft lignin in 1 M NaOH.

Determination of the Chemical Linkages of Lignin

Lignin contained in the liquid phase was precipitated by addition of sul-
furic acid or water, centrifuged, and freeze-dried, as described before.
2D Heteronuclear Single-Quantum Coherence (HSQC) NMR mea-
surements were conducted to characterize the type of lignin chemical
linkages. The details of the measurement can be found in [Dabr2015].

Enzymatic Hydrolysis

Cellulases from Trichoderma reesei (Aq. solution, 700 Units/g, Sigma
Aldrich) were mixed with a buffer solution. The resulting mixture
was composed of 85.95 vol.% 100 mM sodium acetate buffer solution
at pH 4.8 and 14.05 vol.% of cellulases. Reaction tubes were placed
in a thermo mixer (HLC-Heating Mixer MHR, Ditabis, Germany)
at 45 ℃ and 1000 rpm. The hydrolysis was started by mixing 1 mL
of enzyme solution with 0.1 g of biomass sample. Biomass samples,
which were pretreated with DES or hydrotropic solvents, were washed
twice with dilute sulfuric acid to remove residual solvent. Samples
sugar concentration determination were taken after 30 min, 4 h, 24 h
and 48 h. The samples were rapidly cooled in ice to stop the reaction.
A HPLC Agilent 1100 equipped with an organic acid resin column
and precolumn with RI detector and 0.8 ml/min 5 mM sulfuric acid
as eluent was used for sugar quantification.

Surface and Volume Analysis of Wood Chips

A Bruker Skyscan 1272 with 50 kV and 200 µA was used for computer
tomography scans of the biomass. A Hitachi SEM S 3000 was used
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for scanning electron microscopy to determine the surface changes of
the wood structure.

3.3. Results and Discussion

Lignin was extracted from beech wood in 400 g/L hydrotropic solu-
tions of sodium cumene sulfonate and sodium xylene sulfonate for
6 h between 120 °C to 200 °C and in different deep eutectic solvents
between 80 °C to 120 °C. The deep eutectic solvents were: cholin
chloride–lactic acid and cholin chloride–oxalic acid. Figure 3.1 shows
a quantification of the extracted lignin by means of UV-Vis and gravi-
metric measurements for the two different hydrotropic salts and the
three investigated temperatures, namely 120 ℃, 150 ℃ and 200 ℃.
With an increase in temperature up to 200 ℃ a lignin yield of 80 -
90% can be reached. The results are in line with the literature, e.g.,
Gabov et al. [Gabo2014], who extract 91% of spruce wood lignin with
SXS at 170 ℃. Overall, there is no significant difference between the
lignin extracted with SXS and SCS. Figure 3.2 shows beech wood
pretreatment in lactic acid and oxalix acid based DESs. The yield
again rises with temperature, whereas the lactic acid DES is superior
to the oxalic acid DES. The lactic acid based DES additionally outper-
forms the hydrotropic solutions, especially if very small wood particles
of ≤ 38 µm were used. Small particle sizes help the dissolution of
lignin due to an increased surface area [Schä2018]. Acid hydrolysis
measurements qualitatively confirmed the lignin extraction yields.

The enzymatic hydrolysis of the hydrotropic pulp reveals that low
temperatures yield the highest sugar concentration, see Figure 3.3.
Apparently, some kind of inhibitor is formed at high temperatures,
e.g., sugar degradation products. Another possibility could be the
redeposition of highly condensed lignin residues on the cellulose. Even
though lignin is nearly completely extracted from the beech wood at
200 ℃, the enzymatic hydrolysis is greatly hampered.
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(a) Quantification via UV-Vis.
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(b) Gravimetric quantification.

Figure 3.1.: Quantification of extracted lignin relative to absolute lignin
content in raw beech wood with SCS/SXS pretreatment at 120, 150 and
200 ℃ for 6 h.
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(a) Pretreatment in a lactic acid based
DES.
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Figure 3.2.: Quantification (UV-Vis) of extracted lignin relative to absolute
lignin content in raw beech with wood deep eutectic solvents at 80, 100 and
120 ℃ for 6 h

.
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Mou et al. [Mou2017] studied the influence of a hydrotropic treatment
on the enzymatic digestibility compared to an organsolv treatment.
In this study, a positive effect of the hydrotropic pretreatment was
observed. However, no variation of temperature was reported. Thus,
it may be beneficial to operate at low temperatures with a different
hydrotrope, which is capable of high lignin yields [Chen2017; Ma2018b;
Wang2019]. The low xylose yield can additionally be explained by
another effect: xylan is extracted and hydrolyzed during hydrotropic
pretreatments [Gabo2014; Gabo2013; Ma2018b]. Thus, the available
xylan may have dissolved during the pretreatment leading to a low
enzymatic yield [Mou2014]. After pretreatment with the deep eutectic
solvents, the enzymatic digestibility is very low. Di Marino [Di
M2019a] showed that the enzymatic digestibility of DES pretreated
wood is not enhanced compared to raw wood if a low temperature
pretreatment of 80 °C is applied. An increase in temperature may
additionally lead to an increase of inhibitory substances as is the case
in acid hydrolysis [Silv2015]. In this chapter, the glucose yield of
the enzymatic hydrolysis after pretreatment at 120 °C is even below
that of raw beech wood. Residues of the solvent may impede the
enzymatic hydrolysis [Di M2019a]. The CT and SEM images in
Figures 3.4 and 3.5 visualize the effect of pretreatment temperature.
With increasing temperature, the wood structure becomes more and
more disintegrated due to the lignin removal.

The SEC molecular weight distributions of the extracted lignins in
dependence of temperature and solvent and wood particle size are
shown in Figure 3.6 and 3.7. Figure 3.6a) shows the results from the
extraction using SXS and Figure 3.6b) from the extraction using SCS.
For all the curves, two main peaks can be recognized: a low molecular
weight peak at around 100 Da and a high molecular weight peak, which
shifts depending on the temperature. For both hydrotropes, a higher
temperature pushes the high molecular weight peak from 1000 Da
up to 4000 Da, indicating that high molecular weight lignin can only
be extracted in high quantities at temperatures higher than 150 ℃.
Additionally, just as in the molecular weight distribution for Kraft
lignin (see Figure 4.5a), an additional characteristic peak at 400 Da
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Figure 3.3.: HPLC results for the sugar concentration during the enzymatic
hydrolysis of hydrotropic (SCS and SXS) beech wood.

can be observed. In general, the trend of a higher lignin yield at higher
temperatures is the same for DESs, see 3.2. Interestingly, it can be
seen in Figure 3.7 that a smaller particle size — i.e. a high surface area
— of wood does not shift the curve of the distribution of the molecular
weight significantly. Thus, a smaller particle size enables higher lignin
dissolution, but the average molecular weight of the dissolved lignin
polymer chain does not change. High molecular weight lignin can be
extracted independently of the wood chip size with the parameters
tested in this thesis. Table 3.1 summarizes the average molecular
weight of the hydrotropic, DES and Kraft lignins and confirms the
observations of the SEC molecular weight distributions.

Lignins extracted by SXS at different temperatures show differences
in characteristic bonds as demonstrated by 2D HSQC measurements
in Figure 3.8. The aliphatic ethers region is intensified at 150 ℃
compared to 120 ℃, indicating the influence of the temperature
on the typology of extracted lignin. By raising the temperature
to 200 ℃, the ether region shows less intense signals. This may
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Figure 3.4.: Computer tomography images of raw beech wood (top) and
beech wood after treatment in SCS at 200 ℃ for 6 h (bottom).
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120°C 150°C 200°C

Figure 3.5.: SEM images of beech wood after treatment in SCS at 120,
150 and 200 ℃ for 6 h.

be due to the cleavage of the ether bonds, triggered by the high
temperature, as suggested by Rinaldi et al. [Rina2016]. Gabov et
al. [Gabo2014] also report the cleavage of β-O-4 bonds through
hydrotropic lignin extraction, whereas Wang et al. [Wang2019] show
that β-O-4 bonds can be preserved under the right conditions, e.g., a
low pretreatment temperature. A similar behavior can be observed for
the SCS experiments in Figure 3.9, although the NMR measurement
at 120 ℃ could not be performed due to an insufficient amount of
extracted lignin. The ether bonds contents in lignin are known to be
a crucial factor affecting most of the valorization processes [Schu2018].
In fact, several catalysts are able to cleave ether bonds selectively and
generate aromatic monomers as products [Dabr2015]. Researchers
have proposed a mechanism in which OH-radicals are involved in
the cleavage of the β-O-4 bonds [Ma2014; Zhao2010; Zeng2015] and
Arantes et al. [Aran2012] have identified β-O-4 cleavage as one of the
main chemical changes occuring in lignin upon attack of OH radicals.
These studies indicate that a high β-O-4 content in lignin is favorable
for degradation via OH radicals. Additionally, for Fenton’s chemistry
may also cleave C-C bonds [Klet2017]. Thus, with the parameters
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(a) Molar mass distribution of extracted
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Figure 3.6.: Molar mass distribution of lignin extracted in a pretreatment
with SXS, respectively SCS, at 120, 150 and 200 ℃ for 6 h.
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Figure 3.7.: Molar mass distribution of lignin extracted in a pretreatment
with lactic acid based DES at 120 ℃ for 6 h.
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tested in this chapter, a hydrotropic pretreatment at 150 ℃ is the
most promising route.

Table 3.1.: Average molecular weight Mw and polydispersity D of hy-
drotropic, DES, and Kraft lignin.

SCS SXS
Temperature [℃] 120 150 200 120 150 200
Mw [g/mol] 774 1597 2903 459 1356 2449

Lactic Acid DES Lactic Acid DES
≤ 38 µm

Temperature [℃] 120
Mw [g/mol] 3740 3489

Kraft
Temperature [℃] as received
Mw [g/mol] 3702
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Figure 3.8.: 2D-NMR of hydrotropic lignin (SXS) for pretreatment tem-
peratures of 120, 150 and 200 ℃.
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Figure 3.9.: 2D-NMR of hydrotropic lignin (SCS) for pretreatment tem-
peratures of 150 and 200 ℃.
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3.4. Conclusion and Outlook

The dissolution of lignin is viable with hydrotropes (SCS, SXS) and
deep eutectic solvents based on cholin chloride with either lactic acid
or oxalic acid. High temperatures led to high lignin extraction yields.
With hydrotropic solvents, up to 80-90% lignin extraction was reached
at 200 °C. No significant difference between SCS and SXS was ob-
served. Lactic acid is superior to oxalic acid. Up to 40% of lignin
was dissolved at 120 °C. A reduction of wood particle size to less
than 38 µm enhanced the extraction to close to 80%. With increasing
pretreatment temperature, the average molecular weight of the dis-
solved lignin increased. The DES pretreated biomass showed a very
poor enzymatic conversion, possibly due to the formation of inhibitors
at high temperatures and the DES adsorption on the biomass. The
hydrotropic solvents SCS and SXS proved to be superior in terms
of enzymatic digestibility, especially when moderate pretreatment
temperatures between 120 °C to 150 °C were applied. At 200 ℃ no
enzymatic conversion of the residue was observed. NMR measure-
ments showed that the β-O-4 content of lignin was especially high,
when lignin was extracted from beech wood at 150 ℃. These linkages
can be cleaved upon OH radical attack through Fenton’s chemistry
[Aran2012]. Thus, 150 ℃ can be identified as best pretreatment
temperature for the substrate and hydrotropic solvent chosen in this
chapter.

Overall, the hydrotrope shows the most promising pretreatment
characteristics: Lignin can be dissolved with high yields from biomass
and the enzymatic digestibility is ensured. Additionally, the hy-
drotropic solution can be directly utilized in a Fenton treatment,
which will be elucidated in detail in Chapter 4. Solutions of deep
eutectic solvents an lignin, on the other hand, can be directly utilized
in the electrochemical depolymerization of lignin [Di M2016]. In
future, the solid residue must be characterized more thoroughly to
understand the low enzymatic digestibility. Further, the fate of the
hemicelluloses must be elucidated and valorization strategies must be
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developed. At last, the overarching goal of a lignin-first biorefinery
concept is the preservation of the original lignin functionalities and
bonds. The NMR studies in this work showed that a low pretreatment
temperature is favorable to achieve this goal. In future, a further
decrease in pretreatment temperature can be achieved by substituting
the hydrotrope with, e.g., p-toluensulfonic acid.

Acknowledgements Karolin Bach is acknowledged for her experi-
mental support.
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4.1. Introduction

In biorefineries, renewable resources are converted to value-added
chemicals. During processing of lignocellulose and lignin, the lignin
structure is modified by base-catalyzed, acid-catalyzed, reductive,
oxidative and thermal processes [Schu2018]. Oxidative lignin treat-
ment is known to degrade lignin [Schu2018]. In particular, Fenton’s
chemistry has been shown to cleave β-O-4 bonds of lignin and to
occur in the natural breakdown of lignocellulose [Aran2012]. Thus,
degradation through Fenton’s chemistry may prove to be a feasible
alternative to the established processes.

A major drawback for lignin depolymerization via Fenton’s reaction
is the acidic pH value of at least 3, which is required to prevent the
precipitation of iron hydroxides [Pign2006]. Usually, lignin cannot be
dissolved in aqueous solutions at a pH of 3. Thus, most studies are con-
ducted using lignin suspensions, organic solvents, and heterogeneous
catalysts. Bentivenga et al. [Bent1999; Bent2003] performed lignin
depolymerization in a mixture of acetonitrile-ethanol and observed
lignin modification, polymerization, and degradation. Subsequently,
recycled paper was treated with Fenton’s reagent and successfully
degraded. Zeng et al. [Zeng2015] depolymerized organosolv hardwood
lignin in supercritical ethanol at 7 MPa and 250 ℃ after pretreating
the lignin with Fenton’s reagent in a suspension with ethanol. Mono-
and oligomeric aromatics, phenols and dicarboxylic acids (DCA) were
detected and a considerable yield of up to 60% bio-oil was achieved.
Further, Zeng et al. [Zeng2015] suggest that the Fenton process
cleaves β-ether bonds between lignin residues and lignin recondensa-
tion is depressed by the formation of a lignin-iron chelating complex.
Sagues et al. [Sagu2018] extended the work of Zeng et al. [Zeng2015]
and pretreated sweet sorghum bagasse with Fenton’s reagent before
depolymerization in supercritical ethanol (150 ℃, 6.5 MPa). They
detected six valuable monomers with a maximum yield of 19.1 wt.-%
. Bhange et al. [Bhan2015] used the Fenton reaction to delignify
lignocellulosic biomass in an aqueous solution without adjusting the
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pH. They demonstrated that catalyst and reactant concentration
need to be chosen carefully in order to degrade lignin and cellulose
efficiently. Cronin et al. [Cron2017] adopted an approach of Ma et al.
[Ma2018a] and depolymerized lignin at pH 4 under mild conditions
with hydrogen peroxide and chalcopyrite as heterogeneous catalyst.
Even though DCAs were produced, the yield compared to the lignin
dry weight was low. Cronin improved the method by switching to
an alkaline electrolyte and using percarbonate as catalyst. At high
temperatures of 200 ℃ the DCA yield was improved by 85%. One
reason for this observation might be the solubility of lignin in alkaline
environment. Kent at al. studied the breakdown of lignin films and
the conversion into water-soluble polymers [Kent2015; Kent2018]. In
another approach, a high yield of carboxylic acids was reached with
alkaline solubilized lignin and electrochemical oxidation [Di M2019b].

This chapter aims to improve the promising approaches reported in
literature by employing an environment-friendly solvent that dissolves
lignin at room temperature, independently of pH, and that is also
suitable as a medium for subsequent treatment by Fenton’s reagent.
First, the influence of the hydrotropic solvent and the iron catalyst
on the lignin degradation is presented. Then, the degradation of
Kraft lignin with a coupled in situ extraction of low molecular weight
aromatic products is presented in dependence of the hydrogen peroxide
flow rate and the pH value. Subsequently, lignin, which was extracted
from beech wood with environment-friendly hydrotropic solvents in
Chapter 3, was used as substitute for Kraft lignin in the Fenton
process. Hence, this chapter proposes a two-stage process for biomass
pretreatment and lignin valorization in a hydrotropic solution.
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4.2. Experimental

4.2.1. Fenton Experiments

Batch Reactor Setup

Batch experiments for Fenton treatment of lignin were performed in
a beaker with 100 mL solution volume to study the influence of Kraft
lignin dissolution (with and without hydrotropic salt) and Fenton
chemistry (with and without iron catalyst) at room temperature. The
concentration of the hydrotrope sodium cumene sulfonate (SCS) was
400 g L−1, and Kraft lignin was added to 5 g L−1. The pH value of
the solutions was adjusted to 3 with H2SO4. Following other Fenton
studies with lignin, the catalyst concentration of iron sulfate (FeSO4)
was adjusted to 1 mM [Esca2005; Kent2015]. The different reaction
parameters are listed in Table 4.1. In each experiment, samples were
taken for gas chromatography-mass spectrometry (GC-MS) and size
exclusion chromatography (SEC) after 0 h, 1.5 h, 3 h, and 4.5 h,
followed by the addition of 100 µL of 30 wt.-% hydrogen peroxide
(H2O2).

Table 4.1.: Reaction parameters for the batch experiments.

Batch exp. nr. SCS concentration Fe2+ concentration
[-] [g/L] [mM]

1 400 0
2 0 0
3 400 1
4 0 1
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Continuous Reactor Setup

A sketch of the reactor setup for the continuous Fenton reaction is
depicted in Figure 4.1. Experiments were performed at room temper-
ature with 5 g L−1 Kraft lignin and with lignin extracted from wood
chips. The aqueous phase (150 mL Volume, 400 g L−1 hydrotrope, pH
2 or 3, 1 mM FeSO4) was recirculated with a pump through the organic
phase (Methyl isobutyl ketone, MIBK) to extract aromatics. A Schott
bottle served as the reaction vessel. The reaction mixture was circu-
lated using a peristaltic pump (Ismatec, ISM831C) at 40 mL min−1.
The in situ extraction was performed with 150 mL MIBK. By means
of a syringe pump (Harvard Pump 11 Elite) and a long cannula, 30
wt.-% H2O2 was injected with a flow rate of either 1 or 2 mL h−1

into the aqueous lignin phase for three hours. The aqueous solution
was agitated with a magnetic stirrer. Gas chromatography (GC) and
size exclusion chromatography (SEC) samples were taken from the
organic phase as well as SEC and liquid chromatography (LC) samples
from the aqueous phase. To demonstrate the feasibility of the inte-
grated two-step process consisting of pretreatment and valorization,
additional experiments were performed with hydrotropic lignin from
Chapter 3. The hydrotropic lignin solution was diluted 1:4 v/v to
100 g L−1 SCS, FeSO4 was added (1 mM), and the pH was adjusted
to 2 with H2SO4.

Chemicals

FeSO4 (99.0%), H2O2 (30%), Kraft lignin (370959), Methyl isobutyl
ketone (99%), NaOH (98%), SXS (90%), sodium sulfite (Na2SO3, 98-
100%) and 2-methyltetra-hydrofuran (2-MTHF, 99%) were purchased
from Sigma-Aldrich. SCS (93%) was purchased from Julius Hoesch.
The pH was adjusted with H2SO4 (75%) from Carl Roth. All chemicals
were used without further purification and adjusted to the desired
concentrations with deionized water.
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H2O2 dosing

aqueous 
phase 
recirculation

Lignin, SCS,
FeSO4organic acids

MIBK,
aromatics

agitation
Figure 4.1.: Process sketch of the continuous reactor setup for Fenton
treatment of lignin in a hydrotropic solution. Hydrogen peroxide was con-
tinuously added to the reaction vessel. The aqueous phase was recirculated
through the organic phase for aromatic product extraction.
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Sample Preparation

Lignin samples for SEC from the batch experiment were prepared
according to Chapter 3. For the SEC analysis of the continuous
experiments, 2 mL of the aqueous lignin phase were diluted with 2
mL of deionized water or 3 wt.-% Na2SO3 and 16 mL of 1 M sodium
hydroxide solution. Na2SO3 was initially used as quenching agent for
the Fenton reaction [Kwon2012]. However, the addition of NaOH also
stops the reaction and renders the Na2SO3 obsolete. Na2SO3 does not
change the SEC results significantly compared to water, see Figure
4.2. One milliliter of the diluted sample was then transferred into a
vial for analysis by SEC. Furthermore, for the analysis of organic acids
a sample of the aqueous phase of the experiments with hydrotropic
lignin was diluted 1:10 v:v with NaOH and analyzed according to the
procedure described in the next section and in Di Marino et al. [Di
M2019b]. For the analysis of the organic phase by means of GC-MS,
1 mL of sample was transferred into a vial. The GC analysis of the
organic phase was performed according to the procedure described
in subsequent sections. The concentrations of the compounds listed
in Table 4.2 were measured. The remaining sample volume after GC
analysis was mixed with 1 mL of 1 M sodium hydroxide solution for
SEC.
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Figure 4.2.: Comparison of SEC results for samples after 4.5 h of reaction
time, which were either quenched or not quenched with sodium sulfite
before 1 M NaOH was added.
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4.2.2. Analytics

Details on the SEC analysis for the moleclar weight distribution can
be found in Chapter 3.

Aromatics Quantification

Gas chromatography mass spectrometry (GC-MS) (Agilent 6890 and
N-Agilent 5975 MSD) equipped with a J&W 122-0132 DB-1MS cap-
illary column (30 m, 0.25 mm n.d., film 0.25 mm) was performed
in order to detect the monomers and oligomers produced during the
electrochemical depolymerization and subsequent extraction. Helium
was applied as carrier gas with an initial flow of 0.8 mL/min. The
initial temperature of the GC oven was 50 ℃ for 1 minute; thereafter
the temperature was increased to 120 ℃ with a rate of 15 °C min−1,
and finally 280 ℃ were reached with a rate of 25 °C min−1. The two
temperatures were kept constant for 6 and 2.5 minutes, respectively.
All identified products by GC-MS measurements (see Table 4.2) were
quantified by external calibration curves, for which chemicals were
purchased by Sigma-Aldrich with the purest available grade.

Organic Acids Quantification

The amount of organic acids in the depolymerized lignin samples was
determined by a method based on reversed-phase liquid chromatogra-
phy coupled to electrospray ionization quadrupole time-of-flight mass
spectrometry (LC-ESI-Q-ToF-MS) as described in Di Marino et al.
[Di M2019b].
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Table 4.2.: Products quantified via GC.

Nr. Compound Chemical formula

1 α-methylstyrene C9H10
2 guaiacol C7H8O2
3 p-cumenol C9H12O
4 phenylacetic acid C8H8O2
5 4-hydroxybenzaldehyde C7H6O2
6 eugenol C10H12O2
7 vanillin C8H8O3
8 4-hydroxyacetophenone C8H8O2
9 acetovanillone C9H10O3
10 syringaldehyde C9H10O4
11 acetosyringone C10H12O4
12 bisphenol-A C15H16O2

4.3. Results and Discussion

4.3.1. Batch Fenton Reaction in Hydrotropic
Solutions

Batch experiments were performed to investigate the influence of
lignin dissolution (hydrotrope vs. no hydrotrope) and Fenton’s chem-
istry (iron catalyst vs. no iron catalyst). Based on the change in
the average molecular weight an assessment of the effectiveness in
terms of average molecular weight reduction of lignin can be estab-
lished. Figure 4.3 a) shows that lignin dissolution by addition of the
hydrotropic salt SCS and subsequent Fenton chemistry (H2O2 and
Fe2+) yield a much higher apparent depolymerization compared to
systems without hydrotrope or Fenton’s reagent. In the two systems
without SCS, in which lignin is not dissolved but suspended, the
decrease of the relative average molecular weight is 20-25%. The
presence of iron (II) sulfate in a system without SCS has a minor
influence on the molecular weight reduction, even though the catalyst
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enables the generation of OH-radicals (Equation 2.16), which are
strong oxidants and have been reported to depolymerize suspended
biomass or lignin [Bhan2015; Ma2018a; Cron2017]. In this work,
the amount of added hydrogen peroxide was rather low. Thus, the
accessibility of lignin — provided by dissolution in the hydrotrope —
seems to enhance the depolymerization. Considering the two systems
with sodium cumene sulfonate (SCS) where lignin is dissolved, there
is a clear difference in the reduction of the average molecular weight.
In the presence of FeSO4, apparent depolymerization of lignin occurs
as a result of the Fenton reaction. The average molecular weight
is reduced by more than 60%. The molecular weight distribution
of experiment 3 is shown in Figure 4.3 b). On the other hand, the
system without FeSO4 shows a constant molecular weight. Overall,
the analysis of the above-mentioned data was demanding, as the
sample preparation involved multiple steps, and the precipitation of
lignin from the hydrotropic solutions was challenging. Additionally,
experiments were performed where the samples were not precipitated
before analysis and the average molecular weight reduction was not
as pronounced. The SEC results in Figure 4.4 add additional weight
to the proposed hypothesis. They compare an experiment with SCS
and hydrogen peroxide, but with and without the addition of the iron
catalyst. The SEC samples, in this case, were drawn directly from the
solution and prepared according to the procedure described for the
continuous reactor setup, which means that no precipitation step was
involved. As before, the effect of iron is clearly visible. Even though
the depolymerization is not as pronounced, a substantial increase
in low molecular weight compounds can be observed. From these
results we conclude that the Fenton treatment relies on two factors:
a) OH radicals attack lignin more effectively than hydrogen peroxide
b) dissolution of lignin improves the accessibility of the substrate.
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Table 4.3.: Total GC yield of aromatics of the batch depolymerization of
Kraft lignin.

No. of experiment Total GC yield
- wt.-%

1 0.70
2 0.29
3 2.97
4 0.12
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(a) Relative molecular weight over reac-
tion time.
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(b) SEC results for the batch Fenton
experiment Nr. 3: SCS, FeSO4, H2O2
and lignin

Figure 4.3.: Batch Fenton treatment of lignin with and without catalyst
and hydrotrope. The experimental conditions were: 5 g L−1 Kraft lignin ,
0 g L−1 or 400 g L−1 SCS, 0 mM or 1 mM FeSO4, addition of 100 µL of 30
wt.-% H2O2 after sampling at 0 h, 1.5 h, 3 h.
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The aqueous supernatants were examined with GC-MS for aromatics
after lignin precipitation and extraction . Experiments 1, 2 and 4
from Table 4.1 show a very low yield of aromatics, which was less
than 1 wt.-% . Moreover, the detected aromatics originate from the
raw lignin and no increase in concentration could be observed over
time. Experiments 2 and 4 permit only limited yield due to the poor
accessibility of lignin in the suspended state. Although a reduction
in the average molecular weight can be seen, no appreciable yield of
aromatic monomers could be detected. In experiment 3, an overall
yield of 3 wt.-% was detected. The yields for the different experiments
are summarized in Table 4.3. The analysis of the supernatants revealed
a maximum concentration of about 115 mg/L for p-cumenol. However,
in the case of guaiacol, for example, a decrease in concentration was
observed with progressive reaction: The unselective nature of OH-
radicals leads to overoxidation. Cleavage of the ring structure results
in the loss of aromaticity and the formation of alcohols, ketones, or
acids [Zazo2005]. As a remedy to this challenge, the batch addition
of H2O2 was substituted by a continuous addition with combined in
situ extraction.

4.3.2. Continuous Fenton Reaction in Hydrotropic
Solutions

Kraft lignin was dissolved in hydrotropic solutions and treated in the
continuous reactor setup with in situ extraction to study the influence
of varying process conditions such as pH value and hydrogen peroxide
flow rate. Figure 4.5 a) shows the treatment of 5 g L−1 Kraft lignin
in 400 g L−1 SCS, pH 3 and 1 mM FeSO4. H2O2 (30 wt.-% ) was
continuously added with 1 mL h−1, or 2 mL h−1. After 4 h of reaction
time, an increase in low molecular weight compounds (LMWC) can
be observed. The LMWC, which are detected at ca. 25 mL elution
volume, correspond to molecular weights of less than 300 Da. As will
be shown in the next paragraphs, the group of LMWCs consists of
guaicaol, p-cumenol, vanillin, acetovanillone and acetosyringone, but
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Figure 4.4.: SEC results for the batch Fenton treatment of 5 g L−1 Kraft
lignin with and without the iron catalyst.

also organic acids such as oxalic acid. A higher flow rate of H2O2

yields more hydroxyl radicals, as can be seen from eq 2.16, and conse-
quently, more degradation products can be formed. Correspondingly,
for medium elution volumes of 23 mL (medium molecular weight
compounds, 300 Da < MMMWC < 5000 Da, MMWC) a decrease
in concentration is observed. Additionally, polymerization to high
molecular weight compounds is apparent (HMWC), which correspond
to an elution volume < 21 mL and a molecular weight > 5000 Da,
see Figure 4.5 a). Similar trends were observed in other studies with
oxidative depolymerization, e.g., by Stiefel et al. [Stie2016b]. As the
Fenton process employs radicals, condensation of lignin fragments
is possible [Schu2018]. After a certain degree of polymerization is
reached, mainly depolymerization takes place [Stie2016b]. Addition-
ally, it has to be kept in mind that a Fenton treatment may alter the
aromatic structure of lignin [Kent2015].
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Figure 4.5.: SEC results of the continuous Fenton treatment of 5 g L−1

Kraft lignin in 400 g L−1 SCS and 1 mM FeSO4.

In general, pH 3 is the optimum pH value for Fenton’s chemistry
which is among other factors due to the poor solubility of Fe3+ at pH
values greater than 3 [Pign2006]. In this work, the precipitation of iron
was observed even at pH 3, which is attributed to the presence of SCS
in the reaction solution. A decrease of the pH value to 2 overcame
the limitations and did not show any precipitation. Accordingly,
all further experiments were carried out at this value. In Figure
4.6 the molecular weight distribution and elugram for the continuous
treatment of 5 g L−1 Kraft lignin in 400 g L−1 SCS, pH 2, 1 mM FeSO4

30 wt.-% H2O2 with 1 mL h−1, respectively 2 mL h−1, are shown.
They are qualitatively similar to the results for pH 3. SEC samples
throughout the reaction time in Figure 4.5 b) show how polymerization,
depolymerization, and extraction take place simultaneously. While
LMWCs at an elution time of 25 min are continuously formed through
bond scission, HMWCs polymerize until 2 h of reaction time, after
which a decrease in concentration can be observed. As especially
aromatic LMWCs are unstable in the highly oxidative environment of
Fenton’s chemistry [Schu2018], the presented process concept involves
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an in situ extraction to the organic phase. The molar mass distribution
in Figure 4.7 a) shows that lignin compounds between 30 - 3000 Da
are extracted by MIBK. The extracted compounds are formed by the
Fenton depolymerization but are also present in raw Kraft lignin as the
sample of 0 h demonstrates. The concentration of the LMWC increases
continuously over the course of the experiment. With the help of a
blank experiment, the behavior of the SEC results in Figure 4.6 can
be understood in more detail. In the blank experiment, no hydrogen
peroxide was added to the aqueous phase. Figure 4.8 compares the
elugrams of the aqueous and organic phase of an experiment with
and without H2O2. As can be expected, the organic phase extracts
low and medium molecular weight compounds from lignin over the
course of the reaction. The compounds are present in raw lignin,
but are also formed during depolymerization. Thus, the peak for
MMWCs at 23 mL in the aqueous phase decreases in both the blank
and Fenton experiment over the course of the reaction. However, in
the aqueous phase it is apparent that depolymerization due to radicals
forms LMWC as the peak at 25 mL increases compared to the start of
the experiment and the blank, see Figure 4.8 a). Additionally, in the
organic phase one can observe that the peak at 24 mL visible in the
blank experiment is almost not detectable in the Fenton experiment.
It is hypothesized that these compounds are degraded by Fenton’s
reagent.
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Figure 4.6.: SEC results for continuous Fenton treatment of 5 g L−1 Kraft
lignin in 400 g L−1 SCS, pH 2, 1 mM FeSO4 and different hydrogen peroxide
flow rates.
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Figure 4.7.: SEC results of the organic extractant phase over the reaction
time of a continuous Fenton treatment of 5 g L−1 Kraft lignin in 400 g L−1

SCS, pH 2, 1 mM FeSO4
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Figure 4.8.: Comparison of SEC elugrams of the blank experiment and of
the Fenton experiment.

A higher hydrogen peroxide addition leads to a slightly higher con-
centration of LMWCs in the organic phase, as shown in Figure 4.7
b). However, the concentration of LMWCs at the beginning of the
experiment is also higher for the higher flow rate. Thus, a more
detailed investigation of the extract phase was carried out by means
of a gas chromatography-mass spectrometry for quantification. The
GC was calibrated with the compounds listed in Table 4.2. Of all
the compounds, only guaicaol, p-cumenol, vanillin, acetovanillone and
acetosyringone were detected in concentrations > 1 mg/L in the GC
samples taken from Fenton experiments after 4 h. The concentrations
measured for the samples from the Fenton reaction were corrected with
partition coefficients between MIBK and the aqueous phase, which
were measured in separate experiments to obtain the total concentra-
tion (”sample”) in the organic and aqueous phase. Additionally, two
blank experiments were conducted to correct for degradation products
from SCS and extractives from lignin: One experiment, where no
lignin was added to detect degradation products of SCS (”SCS blank”)
and one experiment, where no H2O2 and FeSO4 were added to detect
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compounds extracted from raw lignin (”lignin blank”). Thus, the
”corrected sample" represents the sample value minus the two blank
values. SCS degradation products were mainly p-cumenol and acetosy-
ringone. It has been shown previously that SCS can be mineralized by
radicals generated in electrochemical, photochemical, and photoelec-
trochemical reactors [Osie2013]. From the data of this study, it was
not possible to calculate the amount of degraded hydrotrope, because
not all degradation products were measured. Nonetheless, it seems
imperative for future studies to increase the lignin to hydrotrope ratio
significantly in order to obtain more lignin degradation products and
less hydrotrope degradation products. The highest share of the total
detected GC products is accounted for by extracted lignin as can be
seen in Figure 4.9 a), which indicates that the formation of monomer
products and the extraction of products from lignin is faster than
the degradation of SCS. The main products detected in the lignin
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Figure 4.9.: Yield of GC products for Fenton reaction of lignin (5 g L−1)
in 400 g L−1 SCS, 1 mM FeSO4 and pH 2.

blank experiment were guaiacol, p-cumenol, vanillin, and acetovanil-
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lone. Figure 4.9 b) shows that the overall p-cumenol concentration
increases steeply at first and flattens after 2 h of reaction time. This
behavior can be explained by the nature of the Fenton process and
the p-cumenol extracted by lignin. In this work, Fe2+ was used as
a catalyst. At the beginning of the process, many OH radicals can
be generated due to the high abundance of Fe2+. However, once the
initial amount of Fe2+ is oxidized to Fe3+, the Fenton reaction slows
down substantially, due to the slow reduction of ferric iron to ferrous
iron (Equation 2.17) [Pign2006].

Additionally, the rate of extracted products from lignin is higher at
the beginning of the process and will naturally decline over time due
to decreasing chemical potential differences. From the SEC data
it was concluded that the concentration of LMWC increases with
increasing H2O2 flow rate due to an increased radical generation
following Equation 2.16. However, the GC analysis for p-cumenol
depicted in Figure 4.9 b) shows a higher p-cumenol yield for lower
H2O2 flow rates. This trend is similar for the total amount of GC
products. Higher yields for lower flow rates are observed for the lignin
degradation as well as the SCS blank degradation. It is hypothesized
that with a lower flow rate of hydrogen peroxide there is more time
for the extraction into the organic phase, preventing overoxidation.
Nonetheless, the yield of aromatics is very low considering an initial
lignin concentration of 5 g L−1 and a total of identified GC products
of the sample of about 150 mg L−1 (even 5 - 30 mg L−1 taking into
account the corrected sample, see Figure 4.9). A yield of 150 mg L−1

aromatics corresponds to 0.025 garomatics/gH2O2, which is low and
highlights the need for optimization. As stated before, SCS, but also
other aromatic compounds, can be degraded by the Fenton process
[Pign1997; Osie2013]. The products, which were identified via GC
analysis, are not likely to be the only LMWC the Fenton reaction yields.
Other, potentially more stable products may be formed, e.g., organic
acids [Zazo2005; Schu2018]. The organic acids represent the major
product fraction, which will be shown in the last section of this work.
Even though in situ extraction of aromatics was performed, the mass
transport from the aqueous to the organic phase may be the limiting
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step to achieve higher yields. An optimization of H2O2 dosing, Fe2+

and SCS concentration should lead to a higher aromatics yield and a
higher lignin concentration in the solution will additionally increase
the selectivity as the substrate to product ratio increases, offering
more targets for the radicals. Nonetheless, literature suggests that
C-C scission cannot be avoided completely in an oxidative treatment
[Klet2017].

4.3.3. Sequential Lignin Extraction and Fenton
Reaction in Hydrotropic Solutions

In Chapter 3 raw beech wood was pretreated in 400 g L−1 hydrotropic
solutions of SCS and SXS for 6 h at different temperatures (120, 150,
200 ℃). In this chapter, the extracted hydrotropic lignin is treated
with Fenton’s reagent. A sketch of the proposed process is depicted
in Figure 4.10. After lignin extraction, the pretreatment solution

raw wood
400 g/L SCS

pulp

water
acid
FeSO4 lignin

100 g/L SCS
pH 2
FeSO4

H2O2

aqueous 
phase 
recirculation

Lignin, SCS,
FeSO4organic acids

MIBK,
aromatics

organic acid products

aromatic products

heat

Figure 4.10.: Process sketch of sequential lignin extraction and Fenton
reaction facilitated by hydrotropic solvents. Hydrogen peroxide is contin-
uously added to the reaction vessel. The aqueous phase is recirculated
through the organic phase for aromatic product extraction.

was diluted 1:4 v:v, the pH was adjusted to 2 and FeSO4 was added.
A treatment with the Fenton process in the continuous set-up was
performed with the best parameters from the experiments with Kraft
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lignin: pH 2 for a stable system without iron precipitation and a
flow rate of 1 mL h−1 H2O2, which showed a slightly higher yield for
aromatics than 2 mL h−1. During the Fenton process, the peak of
LMWCs increased while the typical superposition of polymerization
and depolymerization was observed for HMWCs, as can be seen in
Figure 4.11. Apparently, the depolymerization slows down after the
first 2 h, which is in agreement with the observations for Kraft lignin
depolymerization, Figure 4.5 b). The molar mass distributions indicate
more pronounced changes for hydrotropic lignin originating from a
pretreatment with 150 ℃, whereas the changes for 120 ℃ and 200 ℃
are smaller. In the case of hydrotropic lignin extracted at 120 ℃, the
lignin concentration in the reaction solution is very low (~0.09 g/L).
Thus, it is likely that the OH radicals mainly attack the hydrotropic
salt, or decay in parasitic reactions. For high concentrations of lignin
(~3 g L−1), the change may not be as pronounced due to limited H2O2

supply and thus, limited degradation.

1 0 0 1 0 0 0 1 0 0 0 0

0 . 0

0 . 5

1 . 0

1 . 5

0  h
4  h
2  h

Wl
og

M 
[-]

M o l a r  M a s s  [ D a ]
(a) Pretreatment at
120 ℃.

1 0 0 1 0 0 0 1 0 0 0 0
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

Wl
og

M 
[-]

M o l a r  M a s s  [ D a ]

4  h
2  h
0  h

(b) Pretreatment at
150 ℃.

1 0 0 1 0 0 0 1 0 0 0 0
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

Wl
og

M 
[-]

M o l a r  M a s s  [ D a ]

4  h
2  h0  h

(c) Pretreatment at
200 ℃.

Figure 4.11.: SEC results of Fenton treatment of hydrotropic lignin, which
was extracted at 120, 150 and 200 °C and 400 g L−1 SCS. The hydrotropic
salt concentration was then diluted to 100 g L−1, the pH value was adjusted
to 2 and the hydrogen peroxide flow rate was adjusted to 1mLh−1.
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Figure 4.12.: Yield of organic acids via continuous Fenton reaction of
hydrotropic lignin obtained with pretreatment temperatures of 120, 150
and 200 ℃.

The Fenton experiments with Kraft lignin led to the conclusion that
the yield of aromatics is rather low. Thus, for the Fenton experiments
with hydrotropic lignin, the aqueous phase was tested for organic
acids such as oxalic acid, malic acid, and succinic acid. Reports
in literature suggest that ether bond cleavage and aromatic ring
degradation occur simulateneously [Kent2018] and that organic acids
are the main product of the Fenton chemistry with lignin [Mae2000].
Figure 4.12 shows the concentrations of malic acid (Fig. 4.12 a)), oxalic
acid (Fig. 4.12 b)) and succinic acid (Fig. 4.12 c)) in dependence of the
reaction time. All concentrations were corrected by the initially present
acid amount from the pretreatment. For 120 ℃, no succinic acid could
be detected. Figure 4.12 shows that oxalic acid is the main product of
the Fenton reaction. With increasing pretreatment temperature, more
product can be obtained. This observation is due to the fact that more
lignin is available in the solution at higher pretreatment temperatures.
Additionally, a higher pretreatment temperature may yield lignin with
different functional groups and different bonds, which can be seen from
the results of the NMR measurements in Figures 3.8 and 3.9 in Chapter
3. For hydrotropic lignin (150 ℃ pretreatment) up to 30% yield of
oxalic acid based on the initial lignin concentration were obtained.
This value was calculated based on LC measurements for oxalic acid
and the determination of initial lignin concentration via UV-Vis. It
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highlights that a mere characterization of the Fenton reaction by SEC
is not sufficient, as the high yield is not apparent here (Figure 4.11
b)). The SEC is not calibrated for, e.g., oxalic acid. All in all, 0.04
gOrganicAcid/gHydrogenPeroxide were obtained. Thus, even though the
yield of organic acids compared to the initially present lignin was
decent, the hydrogen peroxide should be valorized more effectively.
This could be achieved by increasing the lignin concentration so that
the chance of a radical attacking lignin is increased.

It cannot be ruled out that the hydrotrope or even extracted xylan
is degraded to oxalic acid. On the other hand a blank experiment with
a hydrotropic solution was performed (results not shown here), where
organic acids such as malic acid or succinic acid were detected, but
no oxalic acid. Also, the strong temperature dependence of the oxalic
acid and succinic acid concentration indicates that these products do
not originate from the hydrotrope, as the hydrotrope concentration
was the same for every pretreatment. Additionally, a batch experiment
with Kraft lignin (5 g L−1, 1 mL H2O2 every hour, 5 mM FeSO4) was
performed. Other than malic acid and succinic acid, up to about 190
mg/l oxalic acid were detected. Consequently, it can be concluded that
indeed products by a Fenton treatment of hydrotropic lignin solutions
were obtained. However, more experiments are needed to establish
reaction mechanisms and kinetics to tune the reaction towards high
yields and to gain a deeper insight into the process.

4.4. Conclusion and Outlook

The valorization of lignin in biorefineries requires solvents that extract
the polymer at high yields and which ideally can be used in subsequent
process steps. In this chapter, hydrotropic lignin from Chapter 4, and
Kraft lignin were treated with Fenton’s reagent in hydrotropic solvents.
The unique properties of hydrotropic solutions, which allow for lignin
dissolution at acidic pH values, are an enabler of the integrated
process. It was shown that lignin was attacked and altered by SEC
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analysis. In contrast to a purely aqueous solution for the Fenton
process, a pH value below three was critical for long-term operation
in hydrotropic solvents. Otherwise iron precipitated. The aromatic
products of the oxidative degradation were not stable and detected
in low concentrations. Organic acids such as oxalic or succinic acid
were the main products of this study. With increasing pretreatment
temperature of the wood, more lignin was extracted from beech wood
and consequently more organic acids are obtained. For a pretreatment
temperature of 150 ℃ up to 30% yield of oxalic acid were obtained
relative to the initial lignin content.

The proposed integrated process can be a platform for lignin valoriza-
tion studies. Alternatives to the Fenton reaction could be implemented.
Additionally, the mechanism of Fenton’s reagent in hydrotropic lignin
solutions and the interplay between hydrotrope, lignin and iron cata-
lyst should be further explored. In this study, carboxylic acids were
found to be the main product. However, in situ separation of products
should be intensified, e.g., by adjustment of the residence time of
the aqueous droplets in the organic phase, to potentially increase
the space-time yield of aromatic compounds. Additionally, the hy-
drotropic solvent allows an increase of the lignin concentration of up
to 350 g/L, which can increase the selectivity to valuable products.
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5.1. Introduction

In nature, brown rot fungi employ the non-enzymatic Fenton chem-
istry for the degradation of biomass [Aran2012]. Two of the main
constituents of biomass, cellulose and hemicellulose, are degraded
through fragmentation or oxidative cleavage [Aran2012]. Inspired
by nature, Fenton processes have been integrated more and more
into biorefineries in the last decade: a preceding Fenton treatment
improves the enzymatic hydrolysis [Jeon2016; He2015]. In fact, the
complete solubilization of cellulose by Fenton chemistry was demon-
strated in the 60s by Halliwell et al. [Hall1965]. Thus, cleavage of
the glycosidic bond of cellulose oligomers can lead to the formation of
soluble carbohydrates such as glucose [Kwon2012]. The conversion
of cellulose to glucose via Fenton-related processes as an alternative
to the enzymatic hydrolysis is gaining attention, as glucose may then
be further converted to value-added chemicals via biotechnological
routes [Kwon2012; Wang2011; Meng2011; Yang2014].

To date, knowledge gaps exist on the conversion of cellulose to
glucose via OH radicals. In general, Halliwell et al. [Hall1965] demon-
strated the dissolution of cotton fibers via Fenton’s chemistry, which
is supported by other authors [Aran2012; Aran2006; Xu2001]. Even
though a successful breakdown of the fibers was demonstrated, the
individual products were not identified. Total carbon determination
showed that only 10% of the initial mass was retained in the su-
pernatant. Different catalysts for the Fenton reaction were studied,
and ferrous and ferric iron were identified as the most promising
candidates. Kwon et al. [Kwon2012] studied the breakdown of the
model compound cellobiose using the Fenton reaction as an alterna-
tive to the acid hydrolysis. The authors found that the activation
energy based on Arrhenius plots for the radical based conversion is
only half of the activation energy found for acidic hydrolysis. They
thus emphasize the potential of the Fenton process. Furthermore,
Kwon et al. [Kwon2012] investigated the influence of temperature and
hydrogen peroxide concentration on the conversion. Increasing each
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enhances the reaction rate but lowers the selectivity. The selectivity
was always limited to values below 30%: the oxidation of glucose to
organic acids and aldehydes was observed. Next to the homogeneous
Fenton reaction, radical generation by electrochemical means, e.g.,
the electro-Fenton process or anodically generated OH radicals, was
also studied [Kwon2012; Wang2011; Yang2014; Meng2011]. Even
though the anodic generation of radicals yields a high selectiviy at low
conversions of cello-oligomers [Kwon2012; Meng2011], oxidation to
low molecular weight compounds is also observed [Kwon2012]. From a
reaction engineering point of view, the Fenton process has a significant
advantage compared to the radicals generated at electrode surfaces:
It provides radicals throughout the solution and will not be limited by
mass transport limitations as strongly, especially when a degradation
of cellulose dispersions is envisaged.

This chapter focuses on the degradation of cellobiose with OH-
radicals using Fenton’s chemistry. In order to assess the viability of
the conversion of cellulose to glucose, the model substance cellobiose
is chosen as a well defined substance, which will enable an assessment
of influencing parameters on the maximum attainable selectivity and
reaction rate. The process parameters pH value, hydrogen peroxide,
iron, Na2SO4 and cellobiose concentration, as well as the presence
of a chelator and dissolved oxygen will be evaluated. The results of
this chapter lay the foundation for an integrated degradation and
separation strategy of cellobiose, which will be presented in Chapter
7.

5.2. Experimental

Cellobiose solutions were obtained by dissolving the appropriate
amount of cellobiose (≥ 99%, Sigma-Aldrich), iron sulfate (FeSO4 · 7H2O,
≥ 99%, Sigma-Aldrich), sodium sulfate (Na2SO4, ≥ 99%, Honeywell
Fluka) and 2,3-dihydroxbenzoic acid (DHBA, 99%, Sigma-Aldrich)
in deionized water. Before the addition of FeSO4 to the solution, the
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pH value was adjusted to 3 with sulfuric acid (H2SO4, 97%, Sigma-
Aldrich). From the prepared stock solutions 10 mL were transferred
to 15 mL reaction tubes (Falcon tubes). Each experimental run was
performed in duplicate and the error bars in the diagrams repre-
sent the standard deviation. The reaction tubes were placed in a
thermo-shaker (MHR 23, Ditabis AG), which was set to 25 °C and
700 rpm. To initiate the reaction, an appropriate amount of hydro-
gen peroxide was added. The hydrogen peroxide stock solution was
obtained by diluting concentrated hydrogen peroxide (H2O2, ≥ 30%,
Sigma-Aldrich) with deionized water. The hydrogen peroxide solu-
tions were stabilizer-free and stored at 4 °C. For the experiments with
vayring oxygen concentrations, the reaction tubes were gassed with
nitrogen (N2, 99.9992%, Air Products) or pure oxygen (O2, 99.95%,
Westfalengas). The dissolved oxygen concentration was measured via
a FireSting optical sensor by Pyroscience. Samples were taken in
regular intervals throughout the reaction. The samples were quenched
1:1 v/v with a 3% aqueous sodium sulfite (Na2SO3) solution, similar
to Kwon et al. [Kwon2012]. Na2SO3 efficiently eliminates hydrogen
peroxide from the reaction solution and stops the reaction. Liu et
al. [Liu2007] found that a stoichiometric addition of Na2SO3 leaves
significant residues of peroxide and recommend the addition of an
excess of the former. In this study, Na2SO3 was always at least in
2-fold excess of the initially present H2O2. HPLC measurements
showed that Na2SO3 did not influence the measurement of cellobiose
or glucose. The quenching solutions were always freshly prepared,
as Na2SO3 reacts with atmospheric oxygen. The calculation of the
selectivity of cellobiose conversion towards glucose is based on the
assumption that a maximum of two glucose molecules can be obtained
when cellobiose is cleaved [Kwon2012].

5.2.1. Sugar Quantification

Cellobiose and glucose were analyzed via high-performance liquid
chromatography (HPLC); the method parameters are listed in Table
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5.1. Prior to analysis, each sample was quenched 1:1 v/v with 3 wt.-%
Na2SO3 to eliminate excess H2O2 [Kwon2012]. Each sample was
filtered with a 0.45 µm regenerated cellulose syringe filter.

Table 5.1.: HPLC parameters for cellobiose and glucose

Parameter Value

System Agilent Technologies, Series 1200
Column Organic acid resin 300 mm x 8 mm

and guard column
Eluent 5 mM H2SO4

Eluent flow rate 0.5 mL/min
Temperature column oven 40 °C
Temperature autosampler 20 °C
Temperature RID 40 °C
Wavelength VWD 210 nm

5.3. Results and Discussion

5.3.1. Influence of the Iron Concentration

In a first step, the influence of the ferrous iron (Fe2+) concentration
was evaluated. Based on the work of Kwon et al. [Kwon2012], a
10 mM cellobiose solution was chosen. Additionally, the pH value of
the solution was adjusted to pH 3, because this is commonly regarded
as the best value for the Fenton reaction [Pign2006; Bril2009]. At pH
values above 3, iron precipitates [Pign2006]. Fenton’s chemistry is
described in detail in Chapter 2. The range of tested ferrous iron was
0.1 mM to 0.7 mM.

Figure 5.1 shows the conversion of cellobiose to glucose via Fen-
ton’s chemistry. The cellobiose concentration in Figure 5.1 a) has
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two distinct characteristics: in the first seconds of the reaction, the
concentration drops significantly and then continues to decrease more
slowly. This trend is typical for Fenton reactions with Fe2+ [Pign2006].
The first and second phase of the reaction are more pronounced, the
higher the iron concentration is. The same characteristics can be
observed in Figure 5.1 b) for the glucose concentration. In contrast
to Kwon et al. [Kwon2012] a significant conversion can be observed
after a few minutes of reaction time. Kwon et al. [Kwon2012] used a
concentration of 2 mM ferrous iron, which is significantly higher than
the one used in this study. At increased iron concentrations, scaveng-
ing reactions increase, as described in Chaper 2, eq 2.19). However,
this is most likely not the main reason for the observed differences.
Rather, the high pH value employed by Kwon et al. [Kwon2012]
led to precipitation of iron. Usually, the use of very low amounts of
iron is preferred, because high concentrations lead to increased ferric
oxyhydroxide production [Pign2006]. Additionally, high iron concen-
trations showed adverse effects in the depolymerization of cellulose
and lignocellulose [Hall1965; Bhan2015].
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Figure 5.1.: Conversion of cellobiose to glucose via the Fenton’s reagent
with different concentrations of ferrous iron. The experimental conditions
were: 10 mM cellobiose, 50 mM Na2SO4, pH 3.
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Figure 5.2.: Selectivity of cellobiose towards glucose via the Fenton’s
reagent with different concentraitons of ferrous iron. The experimental
conditions were: 10 mM cellobiose, 50 mM Na2SO4, pH 3.

The main interest of this chapter is the conversion of cellobiose to
glucose. Figure 5.2 a) shows the selectivity of the reaction towards
glucose. Generally, the selectivity towards glucose decreases with
increasing reaction time and is limited to values below approximately
30%. Even though there are a few data points above 30%, these
have to be interpreted with care, because at very early stages of the
reaction, the rate is very high and glucose concentrations are very low.
This leads to some uncertainty.

Kwon et al. [Kwon2012] report the oxidation of glucose to organic
acids and aldehydes, which applies to this study as well and explains
the decreasing glucose selectivity with increasing reaction time. If
the selectivity is plotted in dependence of the conversion, Figure 5.2
b), it is clear that the selectivity mainly depends on the conversion
of cellobiose, and thus the ratio of cellobiose to glucose. As the OH
radicals are an unselective species [Pign2006], it is hypothesized that
a main key to steer the selectivity is the cellobiose to glucose ratio.
This hypothesis is tested in Chapter 7. In the next sections an iron
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concentration of 0.5 mM will be used.

In terms of the maximum of the achievable glucose selectivity, the
findings in this section are supported by Kwon et al. [Kwon2012], who
report a selectivity below 30% for all tested parameters. Additionally,
von Sonntag et al. [Sonn1976] report that only about 1/3 of the
glycosidic bonds of cellobiose are attacked by OH radical generated
by radiolysis of N2O. As the two studies from above employ different
reaction conditions compared to this study, the next sections will
report additional efforts in an attempt to increase the selectivity
above 30%.

5.3.2. Influence of the Cellobiose Concentration

The reaction rate of degradation via OH radicals is dependent on
the concentration of substrate as described in Chapter 2. Thus, it is
expected that an increased cellobiose concentration will lead to an
increased reaction rate for cellobiose degradation and thus a higher
selectivity for glucose. Figure 5.3 a) shows the cellobiose conversion
for systems with 10, 50 and 100 mM of initial cellobiose concentration.
The last data point of the series for 10 mM cellobiose shows a lower
cellobiose conversion than at the data point before. This is a surprising
behavior, which can only be explained by a measurement error. As
expected from theory, the highest cellobiose conversion is achieved in
the case of the highest cellobiose concentration. Accordingly, most
glucose is formed at the highest initial cellobiose concentration, see
Figure 5.3 b). It can be expected that a high cellobiose concentration
leads to a high selectivity, because less OH radicals are scavenged
by glucose. However, the selectivity, which is plotted in Figure 5.4,
does not show a clear trend. Nonetheless, the selectivity is always
below 30%, independet of the cellobiose concentration. In Chapter 7
additional data and modeling results will be presented, which support
the hypothesis of an increased selectivity for high cellobiose to glucose
ratios.
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Figure 5.3.: Conversion of cellobiose to glucose via the Fenton’s reagent
with different initial cellobiose concentrations. The experimental conditions
were: 10 mM H2O2, 0.5 mM FeSO4, 50 mM Na2SO4, pH 3.
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Figure 5.4.: Selectivity of cellobiose towards glucose via the Fenton’s
reagent with different initial cellobiose concentrations. The experimental
conditions were: 10 mM H2O2, 0.5 mM FeSO4, 50 mM Na2SO4, pH 3.
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5.3.3. Influence of the Hydrogen Peroxide
Concentration

Figure 5.5 shows the influence of an increasing H2O2 concentration
on cellobiose conversion and glucose formation. In general, a higher
concentration leads to an increased conversion of cellobiose and also
an increased formation of glucose. However, the selectivity towards
glucose is not influenced by a variation in H2O2, see Figure 5.6. Kwon
et al. [Kwon2012] state that an increasing H2O2 concentration leads
to a decreased selectivity. However, it seems likely that not the
H2O2 concentration, but the cellobiose to glucose ratio determines the
selectivity as stated in Section 5.3.1. Thus, Figure 5.6 does not show a
strong correlation of selectivity and H2O2 concentration, because the
cellobiose to glucose ratio is high in all cases (≥ 7). As will be shown in
Chapter 7, the selectivity starts to drop sharply below a cellobiose to
glucose ratio of five. Even though the exact value will not be the same
for the Fenton and electro-Fenton process, it is reasonable to assume
that the mechanism is similar for the electro-Fenton and Fenton
process. Some studies in literature report a decreasing degradation
rate, if the peroxide concentration is too high [Aran2006; Derb2004;
Torr2003]. H2O2 reacts with OH radicals, and especially at high H2O2

concentrations this reaction becomes more pronounced, see eq 2.20
[Derb2004; Torr2003]. Also, if all iron is present in the ferric species
and the reduction to ferrous iron is limiting, an increase in H2O2

concentration may not show a linear effect on the degradation of the
target compound [Aran2006]. For this work, the limiting H2O2 value
has not been reached and an additional increase is still viable.

5.3.4. Influence of Sodium Sulfate

Na2SO4 was added to the reaction solutions in order to facilitate
a comparison between the Fenton (Chapter 5) and electro-Fenton
(Chapter 7) experiments. Because the electro-Fenton process is ulti-
mately envisaged, a supporting electrolyte such as Na2SO4 has to be
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Figure 5.5.: Conversion of cellobiose to glucose via the Fenton’s reagent
with different initial H2O2 concentrations. The experimental conditions
were: 50 mM cellobiose, 0.5 mM FeSO4, 50 mM Na2SO4, pH 3.
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Figure 5.6.: Selectivity of cellobiose towards glucose via the Fenton’s
reagent with different initial H2O2 concentrations. The experimental condi-
tions were: 50 mM cellobiose, 0.5 mM FeSO4, 50 mM Na2SO4, pH 3.
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added to the solution to ensure a sufficient conductivity. Thus, it is
worthwhile to investigate the influence of Na2SO4 on the process. It
is known that sulfate influences the Fenton reaction and may act as
radical scavenger and complexing agent for iron [Pign2006; De L2005;
Laat2004; Truo2004]. Whereas the decomposition of H2O2 by ferric
iron (Fe3+) is diminished when sulfate ions are present [De L2005], it
is enhanced for ferrous iron (Fe2+) [Laat2004]. Two different sets of
experiments were performed: First, 50 mM cellobiose was degraded
upon addition of 10 mM H2O2. In another experiment, the H2O2 con-
centration was increased to 100 mM. In both cases, the experiments
were performed with and without the addition of 50 mM Na2SO4.

Figures 5.7 and 5.8 show the cellobiose conversion, glucose formation,
and selectivity towards glucose for the reactions where 10 mM H2O2

was added. The conversion of cellobiose and formation of glucose are
both enhanced when Na2SO4 is absent. This observation fits to the
theory of a diminished radical generation when Na2SO4 is present.
The selectivity, however, is not affected by Na2SO4. Figure 5.8 shows
that similar to the observations in the other sections the selectivity is
limited to values below 30%.

In the experiment with a high H2O2 concentration of 100 mM,
the reaction is faster with sulfate, see Figure 5.9. Even though this
does not fit to theories described in literature [De L2005; Laat2004;
Truo2004], this chapter employs different experimental conditions
than the cited studies. The reason for the difference to literature is
unknown. Nonetheless, the main figure of merit of this work, the
selectivity, remains unchanged: initially, the selectivity of the reaction
is high, and declines with decreasing cellobiose concentration. The
selectivity is limited to values < 30% (Figure 5.10).
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Figure 5.7.: Conversion of cellobiose to glucose via the Fenton’s reagent
with and without 50 mM NaSO4 in the solution. The experimental condi-
tions were: 50 mM cellobiose, 10 mM H2O2, pH 3.
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Figure 5.8.: Selectivity of cellobiose towards glucose via the Fenton’s
reagent with and without 50 mM NaSO4 in the solution. The experimental
conditions were: 50 mM cellobiose, 10 mM H2O2, pH 3.
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Figure 5.9.: Conversion of cellobiose to glucose via the Fenton’s reagent
with and without 50 mM NaSO4 in the solution. The experimental condi-
tions were: 50 mM cellobiose, 100 mM H2O2, pH 3.
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Figure 5.10.: Selectivity of cellobiose towards glucose via the Fenton’s
reagent with and without 50 mM NaSO4 in the solution. The experimental
conditions were: 50 mM cellobiose, 100 mM H2O2, pH 3.
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5.3.5. Influence of the Chelator
2,3-Dihydroxybenzoic Acid

(Bio-)chelators play a decisive role in the degradation of cellulosic
substances in nature. The chelators are able to reduce ferric iron to
ferrous iron and increase the rate of reaction [Xu2001; Aran2006].
Additionally, chelators can decrease the amount of adsorbed ferric iron
on cellulose [Xu2001]. In this section, the use of 2,3-dihydroxybenzoic
acid (DHBA) was tested as chelator. Two concentrations of chelator
were tested, which gave a ratio of iron:chelator of either 25:1 or 2.5:1.
The chelator concentration should not be too low, as it will not have
a measurable contribution in this case. If it is too high, the chelator
scavanges radicals [Xu2001].

Figures 5.11 and 5.12 show the cellobiose conversion, glucose con-
centration as well as the selectivity. Indeed, at the low concentration
of DHBA the difference to a system without DHBA is not pronounced.
However, if the DHBA concentration is increased to 0.2 mM, the
conversion of cellobiose and formation of glucose is accelerated. Over-
all, the chelator to decreases the selectivity towards glucose to even
smaller values, see 5.12.

5.3.6. Influence of Dissolved Oxygen

Oxygen generally acts in two ways in Fenton reactions: it can be
a supplemental oxidant and it leads to an accelerated degradation
[Pign2006]. Oxygen can react with organic radicals, which are formed
during the reaction [Pign2006]. Wang et al. [Wang2011] and Meng et
al. [Meng2011] proposed a reaction scheme for the depolymerization
of cellulose via Fenton’s chemistry, in which oxygen has a central
role. However, Kwon et al. [Kwon2012], who studied the cellobiose
degradation in an oxygen free environment, reported the degradation
of the model compound to glucose. In this chapter, the influence
of dissolved oxygen on the degradation of cellobiose to glucose is
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Figure 5.11.: Conversion of cellobiose to glucose via the Fenton’s reagent
with and without the chelator 2,3-DHBA. The experimental conditions
were: 50 mM cellobiose, 100 mM H2O2, pH 3.
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Figure 5.12.: Selectivity of cellobiose towards glucose via the Fenton’s
reagent with and without the chelator 2,3-DHBA. The experimental condi-
tions were: 50 mM cellobiose, 100 mM H2O2, pH 3.
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studied. Therefore, the reaction solution is gassed with pure O2

before the reaction is initiated to increase the O2 concentration to
approximately 30 mg L−1, and also degassed with N2, to decrease the
oxygen concentration to values ≤ 1 mg L−1. Figure 5.13 shows the
conversion of cellobiose and the formation of glucose with varying O2

concentrations. If the O2 concentration is ≤ 1 mg L−1, the reaction
rate is enhanced. The difference between 8 mg L−1 and 30 mg L−1 is
barely detectable. The selectivity, again, is not affected by the oxygen
concentration, see Figure 5.14. Thus, oxygen may indeed protect
the glycosidic bond as proposed by Schuchmann and von Sonntag
[Schu1978]. However, this section shows that mainly the reaction
rate is decreased. The selectivity remains almost unaffected; a small
decrease can be detected in the case of 30 mg L−1 O2.
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Figure 5.13.: Conversion of cellobiose to glucose via the Fenton’s reagent
in dependence of the disolved oxygen concentration. The experimental
conditions were: 50 mM cellobiose, 100 mM H2O2, pH 3.
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Figure 5.14.: Selectivity of cellobiose towards glucose via the Fenton’s
reagent in dependence of the disolved oxygen concentration. The experi-
mental conditions were: 50 mM cellobiose, 100 mM H2O2, pH 3.

5.4. Conclusion and Outlook

The chapter presented the influence of different process conditions on
the conversion and selectivity of cellobiose to glucose using Fenton’s
chemistry. Overall, the selectivity was always limited to values below
30%. This finding is supported by other studies that investigated the
radical-facilitated conversion of cellobiose, but employed different reac-
tion conditions and radical sources [Kwon2012; Sonn1976]. A high con-
centration of dissolved oxygen and the chelator 2,3-dihydroxybenzoic
acid decreased the selectivity even further. The presented data show
that the decrease of selectivity towards glucose with increasing reac-
tion time is connected to the decreasing cellobiose to glucose ratio.
As cellobiose is consumed and glucose produced, glucose scavenges
radicals and is oxidized to low molecular weight acids and aldehydes.
A high cellobiose, H2O2, and Fe2+ concentration and a low dissolved
O2 concentration increased the reaction rate. The OH radical based
depolymerization of cellobiose is thus strongly limited in terms of se-
lectivity and does not seem to be a viable alternative to the enzymatic
hydrolysis.
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In Chapter 7 the electro-Fenton will be tested for the conversion of
cellobiose to glucose. Studies on the anodic conversion of cellobiose to
glucose with radicals suggest a positive effect of electrode-substrate
interactions, which may also be relevant in the electro-Fenton. Ad-
ditionally, an in-situ separation can help to retain the selectivity at
high values throughout the reaction time. Overall, future work should
focus on the pretreatment of lignocellulose via Fenton’s chemistry,
which may then aid a subsequent enzymatic hydrolysis [Jeon2016].
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6. Electro-Fenton Reactors:
Electrochemical Hydrogen
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6.1. Introduction

In light of the advent of renewable electricity, the electrochemical
hydrogen peroxide (H2O2) synthesis is a promising technology for
the substitution of the state of the art production process, the an-
thraquinone process [Perr2019; Camp2006]. In addition, the emerging
Advanced Oxidation Processes, such as the electro-Fenton, rely on
on-site electrochemical H2O2 synthesis [Pign2006; Bril2009]. The
on-site generation of the oxidant not only saves costs for transport
and circumvents the storage of hazardous H2O2 solutions, but also
enhances the slow reduction of ferric iron to ferrous iron of the Fen-
ton process [Bril2009]. Chapter 2.2.3 elucidates the vivid history of
electrochemical H2O2 generation from its origins via the electrolysis
of sulfuric acid in 1853 [Meid1853] towards the first direct cathodic
reduction of oxygen in 1882 [Trau1882] and the development of the
Dow-Huron trickle bed reactor [McIn1984; McIn1985; Foll1995]. Even
though the history of the electrochemical H2O2 synthesis is more than
a century old, the technology remains a niche application with many
challenges.

The development of modern ion exchange membranes, advanced
catalysts, and novel reactor concepts promotes an increasing interest
in the electrochemical H2O2 synthesis as well as the electrification
of the chemical industry via renewable energy [Xia2019; Kim2018;
Mudd2020; Camp2006; Verd2014; Perr2019]. In this regard, the homo-
geneous electro-Fenton described in Chapter 2.2.4 presents a special
case: many of the state of the art high performance reactors for H2O2

generation rely on a caustic electrolyte, which promotes the catalytic
activity and ensures a high conductivitiy of the electrolyte [Mudd2020;
Yeag1984; Tara1983]. However, the homogeneous electro-Fenton pro-
cess should be operated at a pH value of 3 [Pign2006; Bril2009].
Neither caustic electrolytes are feasible due to too high pH values, nor
a classical MEA approach is promising due to the very acidic surface of
cation exchange membranes that promotes H2 generation [Venn2019a].
In this chapter, a planar reactor is investigated and developed with
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a focus on the application in the electro-Fenton catalyzed cellobiose
degradation in Chapter 7. The reactor is characterized at different
operating parameters and conditions such as current density (CD),
type of catalyst, liquid and gas flow, and the choice of spacer for the
catholyte channel. Additionally, a tubular reactor was designed with
a carbon-nanotube-based gas diffusion electrodes (GDE) inspired by
the work of Gendel et al. [Gend2014a; Gend2014b]. As discussed in
Chapter 2, tubular reactors offer advantages over their planar coun-
terpart. The tubular electrodes were modified with different catalysts,
but also the polymeric binder PTFE to promote the formation of
H2O2. An all tubular reactor comprising a tubular cation exchange
membrane is introduced.

6.2. Planar Electrodes

In this section, a planar plate and frame reactor is developed and
characterized for H2O2 electrosynthesis. In Chapter 7, this reactor
will be used to depolymerize cellobiose towards glucose via the electro-
Fenton process.

6.2.1. Experimental

All error bars reported in this section represent the standard deviation
of experiments which were conducted at least in duplicate.

Electrochemical Reactor

An electrochemical plate and frame reactor was fabricated in house.
The reactor is sketched in Figure 6.1 and consisted of three com-
partments: 1) a gas supply compartment for oxygen supply to the
cathode 2) a catholyte compartment for the H2O2 synthesis, and
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3) an anolyte compartment for the oxygen evolution reaction. Sim-
ilar reactors are frequently employed in electrochemical processes
with gas diffusion electrodes [Venn2019a; Liu2019]. The catholyte
and anolyte were separated by a cation exchange membrane (CEM,
Fumapem F-14100, Fumatech). A carbon paper was used as the gas
diffusion electrode on the cathode side (QuinTech Fuel Cell Technol-
ogy, Freudenberg, H2315 I2C6), and an iridium-coated titanium felt
(Bekaert ST/Ti/20/150/85) was used as the anode. The geometrical
area of both electrodes was 24 cm². The anode was operated in a zero-

Figure 6.1.: The electrochemical cell without gaskets. 1) reinforcement
plates 2) gas distributor 3) levelling layer 4) cathode holder 5) GDE current
collector 6) GDE 7) catholyte compartment 8) separator 9) RE connection
10) CEM 11) iridium felt on titanium sinter plate 12) anode current collector
with anolyte distributor 13) anode holder 14) power connections

gap assembly: the iridium-coated titanium felt was pressed against
the cation exchange membrane with a titanium sinter plate (GKN
T10 filter metal) on a self-made titanium current collector featuring a
meandering flow path. On the cathode side, a catholyte compartment
separated the cathode and the membrane. The catholyte compart-
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ment was 10 mm wide and either a static mixer or a mere separator
was installed, see Figure 6.3.

Oxygen (O2, 99.95% Westfalen) was fed to the GDE via a flow meter
(Wagner Mess- und Regeltechnik, WAKS-SV(E)S) either in dead-end
or cross-flow mode. In the dead-end mode, the gas compartment
was sealed on the outlet, forcing the gas through the GDE. In the
cross-flow mode the outlet of the gas compartment was open to
ambient conditions. In this case, oxygen supply towards the GDE
was exclusively via diffusion. In some experiments, the catalyst 2-
ethylanthraquinone (EAQ, ≥ 97%, Sigma Aldrich) was sprayed onto
the GDE. For the application of the catalyst onto the carbon paper,
first 7.2 mg (0.3 mg/cm² with a GDE surface of 24 cm²) of EAQ were
added to 3 ml of ethanol and then placed in an ultrasonic bath for
15 minutes in order to obtain a well-mixed dispersion. Subsequently,
the carbon paper was mounted onto the heated vacuum table and a
template shield was used to define the area where the catalyst was
applied. The EAQ dispersion was sprayed onto the GDE via an air
brush pistol (Harder & Steenbeck Airbrush, Evolution), which was
operated with nitrogen. Due to the heated vacuum table, the ethanol
evaporated quickly, leaving a uniform layer of EAQ on the GDE. After
the spraying process, the GDE was left on the vacuum table until it
cooled down to room temperature. As catholyte, a 100 mM sodium
sulfate supporting electrolyte (Na2SO4, > 99%, Honeywell Fluka) was
prepared. The pH was adjusted to 3 with sulfuric acid (H2SO4, 98%,
Carl-Roth). The catholyte volume was either 80 or 100 mL. The
anolyte volume was 60 mL deionized water adjusted to pH 2.5 with
H2SO4. Anolyte and catholyte were recirculated at 40 mL min−1 with
a peristaltic pump (Cole-Parmer, ISM831C). A Knick Portamess 911
with a pH probe (SE 102N) was used to monitor pH changes in the
catholyte. A process sketch is depicted in Figure 6.2.
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Figure 6.2.: A sketch of the process for hydrogen peroxide synthesis with
the electrochemical membrane reactor (ecMR)

(a) 3D printed static mixer installed be-
tween cathode and membrane.

(b) 3D printed spacer installed between
cathode and membrane.

Figure 6.3.: Different separators installed in the catholyte flow channel
between cathode and membrane.
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Electrochemical Methods

A PGSTAT302N from Metrohm was used for all electrochemical
experiments. As reference electrodes, a home-made Ag/AgCl in
3 M KCl reference electrodes (more details in Section A.1) and a
Hg/Hg2SO4 in 0.5 M H2SO4 (Meinsberg) were used. The reference
electrodes were directly connected to the catholyte compartment via
a small hole in the cell structure. All potentials are reported as
Volt vs. Standard Hydrogen Electrode (SHE). Prior to and after
each experiment, cyclic voltammetry (CV) measurements (−0.35 V

to 1.5 V vs. SHE or −1.3 V to 1.7 V vs. SHE) were performed as pre-
and post-treatment to activate and clean the GDE.

Constant potential experiments were used for the H2O2 synthesis.
A constant potential of −0.8 V, −1.2 V, −2 V or −3 V vs. SHE was
applied. The stoichiometric oxygen excess factor λ is calculated
with the average current density (CD) of each experiment and the
assumption of a current efficiency (CE) of 100%. The calculation of λ
is explained in detail in Chapter 2. Polarization plots were obtained
from multiple constant potential experiments. Each potential was
held for 300 s. The final current was taken as steady state current.
Electrochemical impedance spectroscopy (EIS) was performed in a two-
point (impedance between working electrode and counter electrode)
and three-point (impedance between reference electrode and working
electrode) set-up to determine the resistance of the cell and of the
catholyte channel. EIS measurements were conducted in galvanostatic
mode with 1 mA amplitude from 10 kHz to 10 Hz.

Hydrogen Peroxide Quantification

The H2O2 concentration was determined with a method proposed
by Nogueira et al. [Nogu2005] using UV-Vis spectroscopy. The
method is based on the reaction of metavanadate anions and H2O2 to
peroxovanadium cations, which can be detected at a wavelength of 450
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nm. The solution was stored at 4 °C. The UV-Vis measurements were
performed with a Genesys 10S UV-Vis spectrophotometer (Thermo
Fisher Scientific). Each time a new metavanadate stock solution was
produced, a new calibration curve was determined. Calibration curves
were obtained with H2O2 from Sigma-Aldrich (≥ 30%). With the
help of the measured H2O2 concentrations, the CE was calculated.
The CE was calculated using eq 2.7.

6.2.2. Results and Discussion

Influence of the Electrode Potential

The electrochemical membrane reactor (ecMR) depicted in Figure 6.2
was characterized for its ability to reduce O2 to H2O2. In a first series
of experiments, 20 mL/min oxygen was fed to the GDE in dead-end
mode to ensure a sufficient reactant supply for the H2O2 synthesis.
The static mixer was installed in the catholyte compartment. Four
different potentials were investigated, namely -0.8, -1.2, -2, and -3 V vs.
SHE. As expected, the carbon based gas diffusion electrode produces
H2O2: the more negative the potential, the higher the amount of
produced H2O2 due to the increased driving force and reaction rate,
see Figure 6.4 a) [Reis2012; Li2016]. The GDE enables high current
densities due to an efficient oxygen supply to the catalytically active
sites. The CE was approximately 80%, even at a high potential of
-3 V vs. SHE (-0.4 vs. SHE IR-drop corrected), which corresponds
to 27 mA cm−2. Throughout the experimental time for 90 min, no
significant decrease in performance could be observed. The pH value of
the catholyte usually increased slightly from 3 to about 3.4 in the early
stages of the reaction and then decreased to values slightly below 3. It
is not clear, why the pH increases at the beginning of the experiment.
Even though protons are consumed at the GDE to form H2O2, these
protons migrate through the CEM from the anolyte to close the charge
balance. Since H2O2 is only a weak acid with a pKa of about 11, it
should not influence the pH value to a large extent. The decrease in pH
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value can be explained from the cross-over of H2SO4 from the anolyte,
which has been reported in literature [Venn2019b]. The observed high
selectivity relies on different factors: the selective catalyst, sufficient
reactant supply, and the cation exchange membrane, which separates
the catholyte from the anolyte. Unwanted cross-over of peroxide to
the anode can be prevented with a ion exchange membrane [Schm2012,
pp. 286–292][Bril2009; Mudd2020], and thus, the CE remains high
throughout an experiment. The importance of sufficient O2 supply
will be highlighted in the next sections.
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Figure 6.4.: Electrochemical H2O2 synthesis at -0.8, -1.2, -2, and -3 V vs.
SHE, 100 mM Na2SO4 at 40 mL/min, pH 3, 20 mL/min O2 in dead-end
mode.

Influence of the Gas Flow Mode

In the last section, the synthesis of H2O2 was performed with O2

supply in dead-end mode, and high current efficiencies were obtained
across a wide potential range, see Fig. 6.4 a). If the gas-supply is
switched to cross-flow mode, see Figure 6.5 a) and b), high current
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efficiencies are only obtained for low potentials, i.e., low current
densities. Accordingly, for higher current densities (high potentials),
the performance of the cross-flow mode drops, and the CE for H2O2

falls below 50% and 10% for -2 V and -3 V vs. SHE, respectively.
Apparently oxygen is not sufficiently supplied to the GDE at high
current densities, or more precisely, to the three phase boundary.
Duarte et al. [Duar2019] have made similar observations for CO2

reduction. In general, the cross-flow mode may be improved by
adjusting differential pressure between gas and liquid phase across
the GDE [De M2019; Duar2019; Jean2018; Mudd2020].
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Figure 6.5.: Electrochemical H2O2 synthesis at -0.8, -1.2, -2, and -3 V vs.
SHE, 100 mM Na2SO4 at 40 mL/min, pH 3, 20 mL/min O2 in cross-flow
mode.

Influence of the Catholyte Channel Separator

In order to achieve a well-mixed catholyte channel for the final appli-
cation of the electrochemical membrane reactor, the depolymerization
of cellulose, a static mixer was designed as separator, see Figure 6.3
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a). The influence of the mixer on the performance of the reactor was
compared to a mere separator, which was designed to create a defined
gap between gas diffusion electrode and cation exchange membrane,
see Figure 6.3 b). Figure 6.6 shows a polarization plot for the system
with and without a static mixer. Apparently, the design without a
mixer leads to a better performance, because about a two-fold increase
in CD can be achieved. However, it has to be kept in mind that the
performance should to be reevaluated for the electro-Fenton system
with a cellulose slurry as substrate. A static mixer may be advan-
tageous if slurries are used. Figure 6.7 a) shows that the two-fold
increase in CD leads to a two-fold increase in the produced amount of
H2O2. Thus, the reaction continues to run at high current efficiencies,
as Figure 6.7 b) confirms. In contrast to the results for the static
mixer (compare Fig. 6.4 b)), a more negative potential leads to a
decreasing CE in the set-up with spacer. Apparently, the CD of
about 68 mA/cm2 at - 3 V vs. SHE for a design with spacer leads
to mass transfer limitations. In order to elucidate the origin of the
decreased CE, the influence of the gas supply and electrolyte flow rate
will be analyzed in the coming sections. To analyze the increase in
performance of the system with spacer, an electrochemical impedance
spectroscopy was performed. As the mixer decreases the void fraction
of the catholyte channel, it may lead to an increase in ionic resistance
in the channel. The resistance of the electrochemical cell and of
the catholyte channel were measured with electrochemical impedance
spectroscopy measurements. The two-point EIS of the electrochemical
cell shows a resistance (x-axis intercept) of about 5.9 Ω for the set-up
with spacer and of about 10.6 Ω for the set-up with static mixer, as
can be seen in Figure 6.8 a). Thus, the static mixer approximately
doubles the resistance. Three-point measurements confirm this trend,
where the impedance was measured between the reference electrode
and gas diffusion electrode. Here, a resistance of 1.8 Ω for the set-up
with spacer and a resistance of 4.5 Ω for the set-up with static mixer
was obtained (see Figure 6.8 b)), which is even more than a two-fold
increase. As the reference electrode was placed in the middle of the
catholyte channel, the total resistance of the catholyte is 3.6 Ω and
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Figure 6.6.: Electrochemical H2O2 synthesis for an ecMR with spacer or
static mixer. The experimental conditions were: 100 mM Na2SO4 at 40
mL/min, pH 3, 20 mL/min O2 in dead-end mode.
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Figure 6.7.: Electrochemical H2O2 synthesis for an ecMR with spacer or
static mixer. The experimental conditions were: 100 mM Na2SO4 at 40
mL/min, pH 3, 20 mL/min O2 in dead-end mode.
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9 Ω, respectively. Thus, the catholyte channel represents the main
resistance of the system: the low ionic strength and broad channel
geometry lead to a high resistance.

The anolyte channel resistance was mitigated by design (zero-gap
assembly) and the membrane has a fixed resistance of about 0.053 Ω

[Venn2019a]. The impedance results confirm the results of the polar-
ization plot and H2O2 measurements. Apparently, the mixer does not
bring a benefit of enhanced mass transfer, but increases the catholyte
resistance due to added tortuosity and decreased void fraction.

(a) 2-point impedance spectroscopy of
the ecMR.

(b) 3-point impedance spectroscopy of
the ecMR.

Figure 6.8.: Electrochemical impedance spectroscopy. The experimental
conditions were: 10 kHz - 10 Hz, 1 mA amplitude, 100 mM Na2SO4 at 40
mL/min, pH 3, 20 mL/min O2 in dead-end mode.

Influence of the Gas Flow Rate

In the last section, it was shown that the CE decreases slightly when
a spacer is implemented instead of a static mixer for potentials more
negative than -2 V vs. SHE. Figure 6.9 a) shows the CE for different
gas flow rates (dead-end mode), and different catholyte separators. For
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most of the cases, the CE is between 75 - 80%. However, it decreases
in the set-up with spacer for potentials more negative than -2 V vs.
SHE. The decrease in CE is especially pronounced for 10 mL/min
O2 supply, where the CE drops to about 40%. This behavior can be
explained by the insufficient supply of the GDE with O2. In Figure
6.9 b) the CE is plotted over λ, the stoichiometric excess of O2. If λ
equals 1, just as much oxygen is supplied as is theoretically consumed
at 100% CE. It is thus not surprising that the CE drops to 40% for - 3
V vs. SHE and 10 mL/min in the set-up with spacer. In this case, λ is
0.79, which means the maximum CE is intrinsically limited to 79% and
severe mass transfer limitations are the consequence. Interestingly, an
increase of gas supply from 20 mL/min to 40 mL/min does not lead
to an increase CE, but a decrease. It is known, however, that to many
gas bubbles in dead-end mode can obstruct the electrolyte channel
and lead to process instabilities [Duar2019]. Above an stoichiometric
excess of about 2, no significant improvement in CE was achieved for
a flow rate of 10 or 20 mL min−1. These findings are supported by
literature, where the stoichiometric excess was between 1.7 - 1.8 and
an increase of λ did not lead to an enhancement of the CE [Foll1995;
Mudd2020].

Influence of the Electrolyte Flow Rate

The flow rate of the liquid electrolyte can be important because
it determines the boundary layer thickness and diffusion pathways
of reactants and products. Figure 6.10 shows the influence of the
catholyte flow rate on the achievable CD. Apparently, with the ap-
plied conditions, mass transport has a minor effect. Even though
the highest current densities can be reached with 40 mL/min of elec-
trolyte flow rate for the set-ups with spacer and static mixer, the
differences between a flow rate of 10, 20, and 40 mL/min are small:
The CD increases by 13% for the set-up with mixer when the flow
rate is increased from 10 to 40 mL/min. For the set-up with spacer
the increase is 5%. It may be that mass transport limitations are
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Figure 6.9.: Influence of O2 flow rate on the current efficiency. The
experimental conditions were: 100 mM Na2SO4 at 40 mL/min, pH 3.

reached if even higher potentials are applied. A higher liquid flow
rate rate could also lead to the observed incremental performance
enhancement, because the gas bubbles are more efficiently removed
from the liquid channel. Mass transport limitations are known to
occur when transferring catalysts from lab scale tests on, e.g. rotating
ring disk electrodes to flow reactors [Yang2018a]. In reactors, care
must be taken when increasing the flow-rate in order to maintain the
delicate pressure difference across the GDE [Li2016]. In this study it is
clear that the gas side has the highest impact on the cell performance.

Influence of the Catalyst 2-Ethylanthraquinone

In order to increase the H2O2 production even more, the GDE was
modified with the catalyst EAQ, as described in section 6.2.1. The
results will be compared to the set-up with the standard GDE, the
spacer, 40 mL/min electrolyte flow rate, and 20 mL/min gas flow rate
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Figure 6.10.: Polarization plots for different electrolyte flow rates and
separators. The experimental conditions were: 100 mM Na2SO4 at 10, 20,
40 mL/min, pH 3, 20 mL/min O2 in dead-end mode.

in dead-end configuration. Figure 6.11 a) shows a polarization plot
indicating that the resulting current was notably lower for the modified
GDE. Forti et al. [Fort2007] found that a certain on-set potential
needs to be crossed for EAQ to be active. Additionally, it may be
that the catalyst layer increased the resistance of the gas diffusion
electrode. The H2O2 yield was slightly higher than with the plain
GDE. A maximum production rate of 32.5 mg

h cm2 , compared to 30.1
mg

h cm2 for the unmodified GDE. Additionally, the CE rose form 69.2%
for the plain GDE to 76.1% EAQ-GDE. Overall, current efficiencies
and maximum concentrations were higher for each potential that was
tested. Thus, the use of EAQ as catalyst has a trade-off: the energy
consumption is higher due to the higher potential, which is needed
for electrolysis. On the other hand, more H2O2 is obtained at the
same CD. Thus, a clear conclusion can only be drawn if the system is
evaluated in a production process with a defined application.
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Figure 6.11.: Influence of the EAQ catalyst on the current density and
current efficiency. The experimental conditions were: 100 mM Na2SO4 at
40 mL/min, pH 3, 20 mL/min O2 in dead-end mode, spacer.

Summary

The planar electrochemical membrane reactor, which was described
in this section, showed high current efficiencies of up to 70% even
at a comparably high current density of 70 mA/cm2. In general, the
current efficiency remained high, as long as the excess of oxygen
compared to the stoichiometrially needed oxygen was greater than
2. A dead-end mode gas supply was superior to the cross-flow mode,
which did not supply sufficient O2 to the gas diffusion electrode. If
a slight overpressure relatively to the catholyte is applied to the gas
compartment, an increase in performance can be expected [Jean2018].
The dead-end mode showed an optimum performance for the tested
parameters at 20 mL/min. A lower flow rate led to mass transfer lim-
itations, and a higher flow rate led to a decreased performance, which
was attributed to gas bubbles in the catholyte compartment. The
static mixer implemented in this work did not lead to a performance
enhancement. On the contrary, the decreased catholyte channel poros-

113



6

Chapter 6. Electrochemical Hydrogen Peroxide Synthesis

ity and increased tortuosity led to an increase of catholyte resistance
by a factor of two compared to the spacer. The electrolyte flow rate
did not show a significant impact on the cell performance. In general,
the Reynolds numbers, calculated for the empty channel, were low:
for the highest flow rate tested, the Reynolds number was 30. As
the channel length was small, one can expect a developing boundary
layer. No mass transfer limitations could be observed on the liquid
side. As stated above, the reaction was limited by the supply of O2.
The catalyst EAQ led to an increase of current efficiency of about 5-10
percent points. However, lower current densities were achieved for
EAQ. Thus, there is a trade-off between high current efficiency and
high current density, which needs to be analyzed in future studies.

Compared to other studies, the system of this work performs well
[Li2016; Reis2012; Yu2015; Barr2013]. Due the pH value constraints
of the electro-Fenton, the current density and current efficiency of the
reactor of this work cannot reach state of the art results for H2O2

synthesis in caustic electrolytes such as presented by Muddemann et
al. [Mudd2020]. However, with an additional or modified catalysts,
the selectivity may be increased in future [Kim2018; Vali2013]. An
optimization of the reactor design could lead to an increase in energy
efficiency, current density, and H2O2 concentrations [Xia2019]. The
reactor presented herein is well suited to study the electro-Fenton
reaction, as it a) encompasses a catholyte compartment with stable
pH conditions for the homogeneous Fenton catalyst and substrate
cellobiose and b) enables a steady operation at a comparably high
current density and selectivity.

6.3. Tubular Electrodes

In the following section, tubular carbon-based gas diffusion electrodes
are evaluated for their application in electrochemical H2O2 synthesis
based on the work of Gendel et al. [Gend2014a; Gend2014b]. These
so-called microtubes are freestanding hollow fibers made of multi-
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walled carbon nanotubes (MWCNT). This section reports the results
of two separate studies:

• Modification of microtubes with a metal catalyst or a chinon cat-
alyst for enhanced catalytic activity and selectivity (CNT:Cat)

• Modification of microtubes with a polymeric binder for enhanced
performance as a gas diffusion electrode (CNT:PTFE )

The two studies are named CNT:Cat and CNT:PTFE.

6.3.1. Experimental

CNT:Cat Microtubes: Fabrication and Experiments

Tubular microtubes made of carbon nanotubes (CNT) were fabri-
cated following the work of Gendel et al. [Gend2014a; Gend2014b].
The CNT:Cat microtubes were produced with MWCNT from Sigma-
Aldrich. In contrast to Gendel et al. [Gend2014a], a pressure vessel
was used instead of a syringe pump to drive the suspension through
the membrane (5 bar trans membrane pressure (TMP)).

Tubular test-electrodes were fabricated by glueing a titanium wire
inside a 5 cm long microtube with conductive glue (Leit-C, Fluka).
The electrodes are coined test-electrodes to differentiate them from
tubular gas diffusion electrodes, which are described in the next sec-
tion. A shrinking tube was used to provide 4 cm of active length,
which yields 2.1 cm2 of surface area. For the H2O2 synthesis, exper-
iments up to four electrodes were used in parallel to reach higher
concentrations. A photo of a test-electrode can be seen in Figure
6.12. A glass H-cell was used for the electrochemical characteriza-
tion. The anolyte (150 mL) and catholyte (150 mL) were separated
by a cation exchange membrane (F-14100, Fumatech BWT). The
anolyte was prepared by adjusting deionized water to pH 2 with
H2SO4 (95-97%, Merck), while the catholyte was a 50 mM Na2SO4
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Figure 6.12.: A microtube test-electrode for the CNT:Cat trials

solution, which was adjusted to pH 3, again with H2SO4. Prior to
each measurement, the catholyte was gassed with 100 mL/min oxygen
(99.95%, Westfalen) or nitrogen (99.999%, Air Liquide). Gassing was
continued during the electrochemical measurements and the catholyte
was stirred continuously at 400 rpm. A platinized titanium mesh and
a Hg/Hg2SO4 electrode in 0.5 M H2SO4 were used as counter and
reference electrodes, respectively.

Tubular gas diffusion electrodes for testing of CNT:Cat were fab-
ricated as described by Gendel et al. [Gend2014a]. As a current
collector, a stainless steel rod (0.7 mm) was inserted into the micro-
tube and another stainless steel wire (0.15 mm) was spirally wound
around the rod, see Figure 6.13. The gas diffusion electrodes were
tested in a divided cell, which is depicted in Figure 6.14 and described
in detail in [Gend2014b]. A cation exchange membrane (Fumapem
F-14100, Fumatech) separated anolyte and catholyte. The anode was
a titanium plate (15 x 195 x 3 mm) coated with Pt70Ir30 catalyst from
Magneto. The active length of the inserted microtube was approxi-
mately 20 cm, which yielded a surface area of 10 cm2. Anolyte and
catholyte were the same as in the H-cell experiments with volumes
of 80 mL and 150 mL, respectively. The catholyte was recirculated
through a glas flask with a gear pump (Cole-Parmer, ISM405A) at
50 mL min−1. Pure oxygen was supplied to microtube from the lumen
side in cross-flow mode with a pressure of 300 mbarg. The micro-
tubes were functionalized with catalysts for H2O2 synthesis. A wet
impregnation method was chosen in order to obtain a mono-metallic
nano-particulate gold catalyst. Typically, 100 mg of microtube were
immersed in a 5 mL gold(III)-chloride (99.0%, Sigma-Aldrich) solution
of ethanol ( > 99.8%, Sigma-Aldrich), which was previously sonicated
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Figure 6.13.: Current collector and gas distributor in microtube gas
diffusion electrode as used in the CNT:Cat trials. Reprinted from Electro-
chemistry Communications, 46, Y. Gendel, H. Roth, A. Rommerskirchen,
O. David, M. Wessling, A microtubular all CNT gas diffusion electrode,
44-47, © (2014), with permission from Elsevier.

Figure 6.14.: Divided cell for testing of CNT-microtube gas diffusion
electrodes (CNT:Cat)
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for 15 min (Hielscher, UP 200S). Ethanol was chosen as solvent due to
the favorable wetting properties in respect to the MWCNT compared
to water. After 24 h impregnation in a rotator, the adsorbed ionic
catalyst was reduced via impregnation of the microtube in an aqueous
0.01 M sodium borohydride solution (> 96 %, Sigma-Aldrich) for
1 min. The microtubes were subsequently dried in a vacuum oven over
night at 30 °C and 80 mbar. Typically, the metal concentrations were
chosen so that 5 wt.-% of total metal loading relative to the microtube
weight was achieved. The organic catalyst 2-ethyl-anthraquinone
(EAQ, > 97%, Sigma-Aldrich) was immobilized on the microtubes via
a wet impregnation method. EAQ was first dissolved in ethanol while
vigorously stirring the solution. Then, a microtube was impregnated
with the solution (100 mg microtube, 5 mL solution) for 1 h. The EAQ
concentration of the solution was varied such that 5%, 10% or 15%
EAQ relative to the microtube weight were achieved. Subsequently,
the microtube was dried as described above.

CNT:PTFE Microtubes: Fabrication and Experiments

The CNT:PTFE microtubes, which were examined for the influence of
the polymeric binder polytetrafluorethylene (PTFE) , were produced
with MWCNT from Bayer (Baytubes, C150HP). The polymeric binder
was expected to increase the hydrophobicity of the microtubes and
was added to the dispersion after sonication. In order to obtain a
suspension with 90 wt.-% CNT and 10 wt.-% PTFE, the corresponding
mass of PTFE suspension (60 wt.-%, Sigma-Aldrich) was added. The
CNT dispersion was inserted into a syringe and subsequently filtered
through a polymeric membrane via a syringe pump with an injection
rate of 1.5 mL/min. The syringe pump as feed supply provided
better results than the pressure vessel described previously, because it
circumvented precipitation issues of the PTFE observed in the pressure
vessel. This was the only modification of the microtube fabrication
procedure described in 6.3.1 CNT:Cat Microtubes: Fabrication and
Experiments. After drying of the PTFE-containing microtubes, they

118



6

6.3. Tubular Electrodes

were sintered in a furnace (Carbolite, AAF1100) for one hour at either
310 °C or 340 °C. Gas diffusion electrodes were subsequently produced
by inserting a wound silver-plated copper wire (Conrad) through the
microtube. In order to achieve a conducting connection between wire
and microtube, the wire was coiled to a diameter slightly above the
microtubes diameter. Afterwards, the so created "silver spring" was
pulled through the microtube. This method of introducing a current
collector in the GDE proved to damage the microtubes less during
assembly compared to the method of Gendel et al. [Gend2014a]
described in Section 6.3.1 CNT:Cat Microtubes: Fabrication and
Experiments. Additionally, the assembly was accelerated with the new
method. The computer tomography images in Figure 6.15 reveal that
the wire retained the spiral geometry to function as current collector.

(a) Wound silver wire current collector inside a CNT-microtube.

(b) CNT-microtube with wound silver wire current collector.

Figure 6.15.: Computer tomography images of the silver wire current
collector inside the microtube for the CNT:PTFE trials
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Figure 6.16.: Sketch of the connection of the CNT-microtube gas diffusion
electrodes for the CNT:PTFE trials.

The CNT microtube gas diffusion electrodes were connected to a T-
shaped tube connector for oxygen supply and the electrical connection,
see Figure 6.16. Gases were supplied to the GDE in dead-end mode
with either 0.25 or 0.5 barg.

The active length of the tubes was 4 cm and the geometrical surface
are was 2.1 cm2. As a reference electrode, a Hg/Hg2SO4 in saturated
K2SO4 was used. Similar to the CNT:Cat trials in an H-cell, 0.05 M

Na2SO4 adjusted to pH 3 was used as catholyte (120 mL), and an
aqueous H2SO4 solution at pH 2 was used as anolyte (80 mL). The
electrolyte compartments were separated by a F-14100 cation exchange
membrane (Fumatech BWT). Additionally to the H-cell experiments,
a tubular electrochemical reactor was constructed as a prototype
reactor, see Figure 6.17.

In the reactor, the CNT-microtube GDE was at the center, concentri-
cally surrounded by a liquid catholyte. A tubular proton exchanger
membrane (Permapure, TT700, Nafion) then separated catholyte
and anolyte compartment. The membrane was separated from the
platinum-coated titanium anode (Magneto) by an anolyte layer. The
active electrode length in the reactor was 10 cm. The regions of the
microtube, which were not in contact with the cathode reaction cham-
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Figure 6.17.: Sketch of the tubular reactor.

ber, were covered with a shrinking tube in order to obtain a clearly
defined active area. The ends of the CNT-microtube GDE were glued
into a T-connector as described before. The tubular membrane was
mounted as follows: the membrane was wetted with ethanol in order
to achieve a swelling degree of approximately 44%. The swollen mem-
brane was mounted on a 3D-printed socket and immersed in water.
The swelling degree retracted to 20%, which yielded a membrane
diameter slightly below the socket diameter and ensured a tight fit.
As an additional fixation, o-rings were placed on the membrane. The
membrane-socket-unit was pushed into the tubular grid anode and
glued into the plastic reactor shell (Sofort fest, UHU). The reference
electrode was connected to the catholyte via a salt bridge. A process
sketch is depicted in Figure 6.18.

121



6

Chapter 6. Electrochemical Hydrogen Peroxide Synthesis

Figure 6.18.: Process sketch for the CNT:Cat experiments with the tubular
reactor.

Surface and Volume Characterization

The surface area of the CNT:PTFE microtubes was determined via
nitrogen adsorption measurements at 77 K (ASAP 2020, Micromerit-
ics) according to Brunauer, Emmett and Teller (BET). All samples
were degassed under vacuum (5 mmHg) at 80 °C for 24 h and weighed.
To obtain the BET surface area only data points of the linear region
of the adsorption isotherm were taken into account. Therefore, the
region 0.05 < p/p0 < 0.3 was used for each surface area calculation.
Scanning electrode microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDX) measurements were performed with a Hitachi
SEM S3000 and a S4800. A Bruker Skyscan 1272 with 50 kV and 200
µA was used for the tomography scans of the microtube.

Hydrogen Peroxide Quantification

The concentration of hydrogen peroxide was determined as described
in Section 6.2.
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Electrochemical Measurements

Cylcic voltammetry, constant voltage and constant current measure-
ments were performed in order to characterize the electrochemical
properties of the microtubes. A PGSTAT302N from Metrohm was
used for all electrochemical experiments. As reference electrodes
Hg/Hg2SO4 in 0.5 M H2SO4 or in saturated K2SO4 (Meinsberg) were
used. All potentials are reported as V vs. Standard Hydrogen Elec-
trode (SHE). For the CNT:Cat microtubes, CVs were performed with
a scan rate of 10 mV s−1 and in a potential range from −1.02 to 0.68

V vs. SHE. Polarization plots were obtained from multiple chronoam-
perometry measurements. Each potential was held until steady-state
was reached. The final current was taken as steady-state current.

6.3.2. Results and Discussion

CNT:Cat Microtubes

The CNT microtubes were tested for oxygen reduction reaction (ORR)
activity in cyclic voltammetry measurements. The voltamogramm in
Fig. 6.19 a) shows that the microtube shows ORR activity, similar as
reported by Gendel et al. [Gend2014a]. A sharp increase in cathodic
current can be observed at approximately 0.5 V vs. SHE, which is
close to the equilibrium potential of 0.52 V vs. SHE of H2O2 at
pH 3 (calculated via eq 2.5 assuming a 1 M surface concentration
of H2O2, 1 bar O2 partial pressure, and ideal activity coefficients).
In the voltammogram of the nitrogen-purged solution, a cathodic
branch emerges below 0 V vs. SHE, which is a hint that competing
reactions such as HER take place. Gendel et al. [Gend2014a] tested
the microtubes for the two-electron oxygen reduction reaction and
reported current efficiencies below 50%. In the next sections, the
influence of different catalysts on the CE will be shown, and how it
can be enhanced. Gold nanoparticles were deposited on the CNT
microtubes in order to increase the activity and selectivity towards
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(b) Polarizations plots of pure and gold-
modified microtubes.

Figure 6.19.: Cyclic voltammetry and polarization plots with pure and
gold-modified CNT microtubes. The experimental conditions were: 50 mM
Na2SO4, pH 3, 100mLmin−1 O2 bubbled in solution.

H2O2. The SEM images in Figure 6.20 show that even though some
gold was deposited in micrometer size, most of the CNT network is
covered by nanoparticles in the range of 5–20 nm. The gold catalyst
increases the activity of the microtubes slightly compared to the
pure CNT microtubes, as shown in the polarization plot in Figure
6.19 b). The polarization plot also indicates that the pure CNTs are
active for hydrogen evolution reaction starting between -0.1 and -0.3
V vs. SHE, which agrees with the findings of the cyclic voltammetry
reported in Figure 6.19 a). However, it cannot be ruled out that some
oxygen remained trapped in the CNT network even when gassing with
nitrogen. Sanchez-Sanchez et al. [Sánc2009] have shown that oxygen
can be reduced to H2O2 in acidic solutions. However, at potentials
below approximately 0.2 V vs. RHE, the number of transferred
electrons per oxygen starts to increase and the share of water as a
side product to H2O2 increases (four-electron ORR). Figure 6.21 a)
shows the increase in H2O2 concentration for pure and gold modified
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microtubes during a constant potential experiment at 0.08 V vs. SHE
(0.257 V vs. RHE at pH 3). Even though the increase of the H2O2

concentration is steaper initially with the gold modified electrode, the
curve flattens with increasing reaction time. This trend is confirmed
by the CE, which is plotted in Figure 6.21 b). On the one hand, the
CE for the gold-modified electrode is overall below the pure CNT
microtube. Additionally, the CE for both electrodes decreases with
time, even more pronounced for the gold electrode. These observations
show that even though the gold catalyst yields a higher CD, a high CE
cannot be sustained. One reason could be that the potential of 0.08 V
vs. SHE was not high enough to yield a two-electron ORR [Sánc2009].
Thus, the H2O2 production was investigated at potentials of 0.48,
0.28, 0.08, −0.12 and −0.32 V vs. SHE. At the highest potential
of 0.48 V vs SHE, hardly any H2O2 is produced, see Figure 6.22
a). This observation is in agreement with the polarization curve in
Figure 6.19 b), which shows that the current is very low at 0.48 V vs.
SHE. Thus, even though the CE may be high at 0.48 V vs. SHE, the
CD is too low to measure any substantial amounts of H2O2. If the
overpotential is increased and a potential of 0.28 V vs. SHE is applied,
the concentration of H2O2 increases linearly with increasing reaction
time, see Figure 6.22 a). The CE remains high over the entire reaction
time at approximately 76%. A further increase in overpotential to
0.08 V vs. SHE yields the highest H2O2 concentration. However, the
concentration does not increase linearly, which indicates a decreasing
CE, as confirmed in Figure 6.22 b). A further increase of the driving
force at potentials of - 0.12 and - 0.32 V vs SHE leads to very low
current efficiencies and consequently low H2O2 concentration (Figure
6.22). Overall, these findings confirm the work of Sanchez-Sanchez
et al. [Sánc2009] that the CE for the two-electron oxygen reduction
reaction drops below a potential of approximately 0.2 V vs. RHE.
Additionally, there is a trade-off between CD and CE which needs to
be considered for the practical application.

In a next step, the loading of the gold catalyst was varied. In
order to keep the costs of the electrodes to a minimum, the loading
should be as low as possible while achieving high current densities and
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(a) Magnification of 22,000 x (b) Magnification of 200,000 x

Figure 6.20.: SEM image of microtube surface modified with gold catalyst.
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Figure 6.21.: Concentration and current efficiency with increasing reaction
time of the electrochemical synthesis with and without 5wt.-% gold catalyst
on the CNT microtubes at a constant potential of 0.08 V vs. SHE. The
experimental conditions were: 50 mM Na2SO4, pH 3, 100mLmin−1 O2

bubbled in solution.
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Figure 6.22.: H2O2 synthesis at different potentials for a CNT microtube
with 5wt.-% gold catalyst. The experimental conditions were: 50 mM
Na2SO4, pH 3, 100mLmin−1 O2 bubbled in solution.

current efficiencies. Figures 6.23 show the concentration of H2O2 and
the CE with increasing reaction time for gold-modified microtubes
with loadings of 1.25, 2.5, 5, 10 and 20 wt.-% . A low gold loading of
1.25 wt.-% yields the lowest H2O2 concentrations. Apparently, not
enough catalytically active sites are available 1.25 wt.-% gold loading.
An increase in catalyst loading leads to higher H2O2 concentrations,
which does not differ much for 2.5, 5, 10 and 20 wt.-% gold loading,
see Figure 6.23 a). However, Figure 6.23 b) shows that a gold loading
of 10 and 20 wt.-% mitigates the CE. Thus, these findings indicate
that the optimum gold loading is between 2.5 and 5 wt.-% .

Gold is an expensive catalyst, which only enables a two-electron oxygen
reduction reaction in a narrow potential window. Quinone catalysts,
such as 2-ethylanthraquinone, were shown to be active catalysts for
the electrochemical H2O2 synthesis [Fort2007; Wang2012; Yang2018a].
Figure 6.24 shows the concentration of H2O2 and CE with increasing
reaction time for constant potential (-0.12 V vs. SHE) experiments
with EAQ loadings of 5, 10 and 15 wt.-% . Compared to the gold
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Figure 6.23.: H2O2 synthesis at -0.08 V vs. SHE with different gold
loadings of CNT microtubes. The experimental conditions were: 50 mM
Na2SO4, pH 3, 100mLmin−1 O2 bubbled in solution.

catalyst or pure CNT microtube, the EAQ catalysts yield constant
current efficiencies, which do not decline with increasing reaction time.
Overall, 10 wt.-% EAQ yields the highest H2O2 concentration and
CE. A lower loading of 5 wt.-% leads to a decreased CE as apparently
not enough active sites for the synthesis were available. A higher
loading of 15 wt.-% reaches the same CE of approximately 80% as
the 10 wt.-% loading. However, the attainable H2O2 concentration is
lower, see Figure 6.24 a). This may be caused by a too high loading,
which may impair the conductivity of the microtube. For the 15 wt.-%
EAQ loading, a lower CD was reached compared to the 5 and 10 wt.-%
loadings. Forti et al. [Fort2007] immobilized EAQ on glassy carbon
electrodes, and found an increasing H2O2 production up to 10 wt.-%
EAQ. However, they did not test higher concentrations, for which a
decreasing performance was found in this work. Additionally, Forti et
al. [Fort2007] investigated the performance of the the EAQ-modified
electrode at potentials from -0.2 to -0.7 V vs. SHE in an electrolyte
with pH 1 (-0.141 to -0.641 V vs. RHE). This potential range was
chosen because the authors only found significant ORR currents below
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approximately 0 V vs. SHE (0.059 V vs. RHE) [Fort2007]. Thus, the
EAQ catalysts requires a higher overpotential than the gold catalyst.
This trend could be confirmed in this thesis with EAQ-modified
microtubes. Experiments with constant potentials of 0.08, −0.06 and
−0.16 V vs. SHE (0.257, 0.177 and 0.017 V vs. RHE) were applied.
At the most positive potential the production rate of H2O2 and the
CE are low, whereas the higher overpotentials yields a selectivity
of approximately 70%. It should be noted that experiments with
potentials of -0.06 V and -0.016 V yield the same current, which can
be explained by slightly different positions of the reference electrodes.
Thus, even though a different potential was applied, the same H2O2

concentration and CE was reached for these two potentials. These
results support the findings of Forti et al. [Fort2007] that a certain
potential needs to be crossed to make the EAQ catalyst active.
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Figure 6.24.: H2O2 synthesis at -0.12 V vs. SHE with CNT microtube
with different EAQ loadings. The experimental conditions were: 50 mM
Na2SO4, pH 3, 100mLmin−1 O2 bubbled in solution.

The most promising catalysts loadings (5 wt.-% Au and 10 wt.-%
EAQ) were subsequently applied on 10 cm long microtubes, which were
tested as gas diffusion electrode. Figure 6.26 a) shows the polarization
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Figure 6.25.: H2O2 synthesis with a 10wt.-% EAQ CNT microtube at
different potentials. The experimental conditions were: 50 mM Na2SO4,
pH 3, 100mLmin−1 O2 bubbled in solution.

plots for a pure and the catalyst-modified microtubes in a solution
either bubbled with nitrogen or with the supply of oxygen to the
GDEs. The results show that without oxygen the catalysts are not
active. When oxygen is supplied to the GDEs, the CD increases. Gold
exhibits the highest activity, followed by EAQ and the pure CNT
microtube. H2O2 synthesis experiments were subsequently measured
in potential ranges, which yielded the highest current densities in the
experiments with the tubular test-electrodes.

The gold catalyst performed poorly, yielding current efficiencies be-
low 50%, see Figure 6.26 b). Similarly, the pure CNT microtubes
yielded low current efficiencies with values below 50% after 60 min in
agreement with Gendel et al. [Gend2014b]. Only the EAQ modified
gas diffusion electrodes performed at a similar CE as the tubular
test-electrodes. On reason for the poor CE of all catalysts could be
mass transport limitations, e.g., an insufficient supply of protons to
the active sites. Alternatively, studies have shown that insufficient
removal of H2O2 from the catalyst surface can lead to a reduction
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of H2O2 to H2O [Yang2018a]. Figure 6.27 a) and b) show that an
increase in liquid flow rate can increase the CD twofold and even
more at very negative potentials. This behaviour is a hint for mass
transfer limitations. Another, reason for the poor performance of the
microtubes is wetting of the gas diffusion electrodes, which mitigates
the O2 transport to the surface. Frequently, water was observed inside
the microtubes after experiments. Apparently, electrolyte penetrates
through the GDE network during experiments. In the worst case, the
entire GDE would be flooded and mass transport of oxygen impaired.
Gendel et al. [Gend2014a] report similar current densities and current
efficiencies in a system where the electrolyte was saturated with pure
oxygen, but where no oxygen was supplied to the GDE. The wetting
behavior of CNT microtubes will be investigated in more detail in
Section 6.3.2 CNT:PTFE Microtubes.
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Figure 6.26.: H2O2 electrosynthesis with pure CNT GDEs and GDEs
modified with gold and EAQ catalyst. The experimental conditions were:
50 mM Na2SO4, pH 3, 0.3 barg O2 in cross-flow mode.
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Figure 6.27.: Influence of the liquid flow rate on the current density for
pure CNT microtube GDEs. The experimental conditions were: 50 mM
Na2SO4, pH 3, 0.3 barg O2 in cross-flow mode.

CNT:PTFE Microtubes

Gas diffusion electrodes (GDE) are usually multi-layered structures,
which consist of a catalyst layer (CL) and a gas diffusion layer (GDL),
as explained in detail in Section 2.2.2 based on the work of Zhang et al.
[Zhan2008]. The desired electrochemical reaction takes place in the
CL. The GDL is designed for efficient transport of reactants, electrons,
and heat, and provides mechanical support. PTFE is a frequently used
additive in the GDL, which ensures binding of the carbon particles and
enhances the hydrophobicity of the GDE. This ensure open pathways
for the gas to reach the interface of catalyst and liquid electrolyte.
In Section 6.3.2 CNT:Cat Microtubes, leakage of electrolyte through
the gas diffusion electrode was observed, which was identified as one
reason for the low CE of the gas diffusion microtubes. This section
discusses the influence of PTFE as hydrophobic binder on the physico-
chemical properties of CNT-based microtubes. In general, GDLs are
treated thermally after PTFE deposition to remove the surfactant and
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melt the polymer, which can then uniformly distribute throughout the
layer [Xing2008; Park2012]. The sintering temperature is often chosen
slightly above the melting point of PTFE, which is 321 °C [GmbH2020].
The sintering temperature should not be too high, as, e.g., Rohendi et
al. [Rohe2014] show that the hydrophobicity decreases above 350 °C.
Carbon nanotubes show promising performance enhancements when
incorporated into the microporous layer of GDLs together with PTFE
[Khat2011; Lau2012; Gall2010; Soeh2008]. In this work, the gas
diffusion electrode is a single layer electrode: gas diffusion layer and
catalyst layer have the same properties. Thus, PTFE was added to
the dispersion for fabrication of microtubes, as explained in Section
6.3.1 CNT:PTFE Microtubes: Fabrication and Experiments.

In Figure 6.28, the contact angle between a 100CNT microtube
(microtube contains 100 wt.-% CNT) and a water droplet can be seen
in the lower left corner. After the completion of an electrochemical
measurement, the contact angle decreases from approximately 120°
to 30°. The decrease in contact angle can be due to changes in
surface functional groups [Soeh2008], but also remains of hydrophilic
substances like salts on the electrode surface [Leon2020]. Additionally,
so-called electro-wetting may decrease the the contact angle if the
electrode is polarized [Kaka2008]. Even though CNTs are more stable
than other frequently used carbon-based catalysts like Vulcan XC-72
against oxidation, they still do oxidize [Shao2006]. Because cyclic
voltammetry was applied to the GDE in this work, oxidation of
the catalyst may have taken place. The stability of the CNTs also
depends on their fabrication method [Musa2005]. The CNT:PTFE
microtubes have an initial contact angle of approximately 120°. After
electrochemical H2O2 synthesis, the contact angle decreases to 95°,
but remains hydrophobic. EDX analysis of the microtubes with and
without the addition of PTFE reveals a fluorine peak in the case
where PTFE was added to the microtube, see Figure 6.29. Carbon
(CNT) and Al (sample holder) could also be identified. Mapping of
the EDX analysis shows that PTFE is evenly distributed throughout
the cross-section, see Figure 6.30. The BET surface area decreases for
microtubes with PTFE, see Figure 6.31 a), which can be explained by
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pore blocking through the additive [Kell2018]. In accordance with the
BET surface area, the pore size distribution shows that the pore size
in general decreases, see Figure 6.31 b). Only the smallest fraction
between 1 nm to 2 nm increases. As the PTFE binds to the carbon
nanotubes it will narrow the voids and lead towards smaller pore
values.

90% CNT / 10% PTFE
sintered at 340 °C

100% CNT

before electrolysis after electrolysis

before electrolysis after electrolysis

Figure 6.28.: Contact angle on CNT microtubes with and without PTFE
binder before and after electrolysis.

Additionally to the physico-chemical properties studied in the previ-
ous paragraph, the electrochemical properties were evaluated. Figure
6.32 shows a comparison of microtubes without PTFE (100CNT),
and microtubes with 10 wt.-% PTFE, where no gas was supplied from
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(b) EDX spectrum of the cross-section
of a 90CNT10PTFE microtube, sintered
at 340 °C.

Figure 6.29.: EDX spectra of microtubes with and without the addition
of PTFE.

(a) EDX mapping of the cross-section
of a 100CNT microtube.

(b) EDX mapping of the cross-section
of a 90CNT10PTFE microtube, sintered
at 340 °C.

Figure 6.30.: EDX mapping of microtubes with and without the addition
of PTFE.
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Figure 6.31.: BET surface area and pore size distribution of microtubes
with and without the addition of PTFE obtained from nitrogen adsorption
isotherms at 77 K. The microtube with PTFE was sintered at 340 °C.

the lumen side. The only available oxygen was supplied as dissolved
oxygen from the electrolyte solution.

The tubes with PTFE were either used without further treatment
(RT), or sintered at 310 °C, or 340 °C, respectively. As explained
above, sintering promotes a thorough connection between the carbon
nanotubes and PTFE, because the PTFE is melted. In Figure 6.32 a),
the oxygen concentration in the electrolyte was below 1 mg L−1. Thus,
hardly any activity for ORR can be observed. Only at potentials below
-0.6 V vs. SHE can an increase in CD be observed. This marks the
onset potential of the HER on the microtubes. An increase in oxygen
concentration to 7 mg L−1 pushes the onset potential to approximately
0 V vs. SHE. In this case, the oxygen reduction reaction takes place. It
will be shown in the next sections that most of the supplied electrons
are converted to H2O2. It is noteworthy that the microtubes without
PTFE shows the highest CD. Because no gas was supplied from the
lumen side, the PTFE binder cannot act as promoter for gas transport.

136



6

6.3. Tubular Electrodes

The pure CNT microtubes shows the highest CD, because is has the
highest specific surface are. Thus, even though all tested microtubes
had the same geometrical surface area, the 100CNT provided the
most active sites and thus the highest CD. All measurements in 6.32
b) indicate mass transport limitations in a flattening of the cathodic
branch at potentials below -0.4 V vs. SHE.

Mass transport limitations are mitigated when oxygen is supplied
through the lumen side of the gas diffusion electrodes, see Figure
6.33. Compared to the results without gas supply through the lumen,
no flattening of the cathodic branch is observed and higher current
densities are reached. Interestingly, only a small difference in CD can
be observed between experiments, where the oxygen concentration in
the electrolyte was 7 mg L−1 or ≥ 30 mg L−1, compare Figures 6.33
a) and b). This observation shows how important the gas diffusion
layer and three phase boundary is: In a well designed system, the
reactant is supplied via the gas phase in proximity to the location
of consumption. In this case, the bulk concentration of reactant in
the liquid electrolyte is not significant. Interstingly, the 100% CNT
tubes show a higher CD close to the onset potential of approximately
0 V vs. SHE. However, as the potential becomes more negative, the
tube with PTFE achieves higher CD than the 100CNT. Thus, the
influence of PTFE seems to become more important at high CDs.
The sintering temperature did not have a pronounced effect on the
performance of the tubes, while the unsintered shows a decline in
CD in Figure 6.33 b). All further experiments with PTFE-containing
tubes were performed with electrodes sintered at 340 °C. Overall, the
100CNT microtube again performs very well compared to the PTFE
containing microtubes. Due to the short measurements, pore flooding
was not pronounced. However, compared to the experiments without
gas supply to the lumen side, the 100CNT did not yield the highest
CDs. It is hypothesized that the increase specific surface area of the
100CNT is counterbalanced by the positive effects of PTFE for the
gas supply.

Figure 6.34 shows that the influence of the oxygen partial pressure
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in the studied CD range does not have a significant effect on the
CD. The only electrochemical activity in a system with nitrogen
gassing of the electrolye (cO2 ≤ 1) is the HER with an onset potential
more negative than -0.6 V vs. SHE. If oxygen is exclusively supplied
via the electrolyte with a concentration of 7 mg L−1, mass transport
limitations can be observed. A supply of oxygen via the lumen side of
the GDE mitigates mass transport limitations. An increase in partial
pressure of O2 from 0.25 barg to 0.5 barg does not lead to an increase
in CD, compare Figures 6.34 a) and b). This observation is supported
by Gendel et al. [Gend2014b], who even observed a decrease in CD
with increasing lumen side pressure. Thus, a pressure of 0.25 barg
ensures a sufficient supply of reactant. At higher current densities,
the stoichiometric excess λ of O2 may drop below 1, leading to a
compromised performance as described in Section 6.2.2 Influence of
the Gas Flow Rate.
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(a) Comparison of microtubes with an
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Figure 6.32.: Comparison of a 100% CNT microtube with PTFE-
containing microtubes which were not sintered (RT) or sintered at 310 °C
or 340 °C. No oxygen was supplied from the lumen side of the gas diffusion
electrodes. The experimental conditions were: 50 mM Na2SO4, pH 3.
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(b) Comparison of microtubes with an
oxygen concentration of ≥ 30mgL−1 in
the electrolyte.

Figure 6.33.: Comparison of a 100% CNT microtube with PTFE-
containing microtubes which were not sintered (RT) or sintered at 310 °C
or 340 °C. Oxygen was supplied from the lumen side of the gas diffusion
electrodes in dead-end mode with 0.5 barg. The experimental conditions
were: 50 mM Na2SO4, pH 3.
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The polarization behaviour of microtubes made of 100% carbon
nanotubes and microtubes with 10% PTFE did not show significant
differences in the most cases, as described in the previous section.
However, the polarization measurements are short measurements in
the order of minutes. When 100% CNT electrodes were operated
in longterm experiments, less and less bubbles were observed on the
surface until the microtube ruptured. PTFE-containing microtubes,
on the other hand, did not rupture and a constant oxygen support was
ensured to the three phase boundary. Thus, for a long-term operation,
the binder PTFE is essential to keep the gas flow paths open.
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Figure 6.34.: Comparison of a 100CNT microtube with a PTFE-containing
microtube for different gas pressures on the lumen side. Oxygen was supplied
from the lumen side of the gas diffusion electrodes in dead-end mode with
0, 0.25 or 0.5 barg. The experimental conditions were: 50 mM Na2SO4, pH
3.

The following experiments for H2O2 generation with a 100% CNT
microtube and a 90% CNT / 10% PTFE microtube will be used in
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the next paragraph to strengthen the observation and conclusion from
the previous paragraph. The experiments show the influence of the
binder PTFE, of the partial pressure of oxygen in the microtube, and
of the electrolyte concentration of oxygen. Figures 6.35 a) and b)

Table 6.1.: Experimental parameters for H2O2 generation with a 100CNT
and a 90CNT10PTFE microtube. The microtube was gassed either with
oxygen (O2), synthetic air (SA), or nitrogen (N2).

No. Gas Lumen Pressure Electrolyte O2 Conc.
barg mg L−1

1 O2 0.5 8
2 SA 0.5 8
3 O2 0.5 1
4 SA 0.5 1
5 O2 0 8
6 N2 0.5 1

show the potential with increasing reaction time for constant current
experiments with a 100% CNT microtube and a 90CNT10PTFE
microtube.

A constant current of 2.3 mA cm−2 was applied for 30 min and the
oxygen supply was adjusted as specified in Table 6.1. As reported be-
fore, the pure CNT microtube has a higher activity at potentials close
to the onset potential. For experiments 1 and 3, where pure oxygen
was supplied to the microtube lumen, the potential is slightly above 0
V vs. SHE and slightly below 0 V vs. SHE for the pure electrode and
for the PTFE-containing microtube, respectively. However, for the
experiments with synthetic air (Exp. no 2 & 4), the PTFE-containing
electrodes show a more positive working potential, and thus a better
performance. In contrast to the polarization experiments (Figures
6.33 and 6.32), which ran less than minute, the constant current
experiments ran for 30 min each. Over this period of time, flooding
of the 100% CNT microtubes is much more pronounced. Thus, the
CE for the PTFE-containing electrodes is constantly above 90%, in-
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dependently whether oxygen is supplied pure or as synthetic air, as
can be seen in Figure 6.36 b). However, a more negative potential
of about -40 mV must be applied when using synthetic air, which
can be partially explained by the Nernst equation (eq 2.5) and has
been observed by other authors [Mudd2020]. The potential difference
between the use of pure oxygen (pO2

= 1.5 bar) and synthetic air
(pO2 = 0.21∗1.5 = 0.32 bar) is 20 mV assuming activity coefficients of
1 in the Nernst equation. The oxygen concentration of the electrolyte
is not important, as long as the gas is supplied sufficiently via the
gas diffusion electrode, as experiment no. 2 in Figure 6.36 b) shows.
In contrast, the CE of the 100% CNT microtube is above 90% in
experiment no. 1 and is lower in all other experiments. For the
experiments with synthetic air, no. 2 and 4, the CE was below 15%.
Interestingly, both microtubes had a CE below 25% for experiment no.
5, where no oxygen was supplied via the lumen. As shown in Section
6.3.1 CNT:Cat Microtubes: Fabrication and Experiments, the CE
drops quickly at potentials below approximately 0 V vs. SHE. Also,
the CNTs supplied by Sigma-Aldrich (Section 6.3.2) showed a lower
CE compared to the Baytubes, which were used in this section. In
Section 6.3.2 it was also shown that a catalyst like ethylanthraquinone
or gold can lead to higher CEs. However, even if these catalysts are
used, there will be mass transfer limitations at high CDs. This section
clearly showed that this gas diffusion electrode needs PTFE as binding
polymer to enhance the hydrophobicity and to generate open channels
for the gas reactant supply. The 90% CNT / 10% PTFE microtube
was tested at higher current densities and multiple times in a next
step. The CD remains at approximately 80%, as can be seen in Figure
6.37. Thus, compared to the results presented in Section 6.3.2, the
incorporation of PTFE into the CNT network improves the tubular
electrode, which can be operated at up to 14 mA cm−2 at 80% CE
without the application of an additional catalyst.

As an outlook, the electrode was modified with a catalyst, which
increased the activity. Kim et al. [Kim2018] introduced a graphene-
based catalyst, which can readily adsorb on carbon surfaces. This
catalyst was mixed into the CNT suspension prior to the microtube
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(a) Potential with increasing reaction
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(b) Potential with increasing reaction
time for a 90% CNT / 10% PTFE mi-
crotube for 2.3mAcm−2.

Figure 6.35.: Comparison of a 100% CNT microtube with a PTFE-
containing microtube at constant current operation with varying oxygen
pressures in the lumen of the microtube and varying oxygen concentrations
in the electrolyte. Potentials were IR-drop compensated. The experimental
conditions were: 50 mM Na2SO4, pH 3, O2 concentrations according to
Table 6.1
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(b) Current efficiency with increasing
reaction time for a 90% CNT / 10%
PTFE microtube for 2.3mAcm−2.

Figure 6.36.: Comparison of the current efficiency for H2O2 of a 100%
CNT microtube with a PTFE-containing microtube at constant current
operation with varying oxygen pressures in the lumen of the microtube
and varying oxygen concentrations in the electrolyte. The experimental
conditions were: 50 mM Na2SO4, pH 3, O2 concentrations according to
Table 6.1
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fabrication.The polarization plot of this catalyst reveals the high
activity it provides, see Figure 6.38 a). Additionally, the microtube
can be scaled-up and incorporated in a tubular module as described
in Section 6.3.1. A first test with the PTFE-containing microtube in
the tubular module revealed a comparable polarization behaviour as
the H-cell tests, see Figure 6.38 b).
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Figure 6.37.: Constant current experiments with a 90% CNT / 10%
PTFE microtube. The experimental conditions were: 50 mM Na2SO4, pH
3, 0.5 barg O2 in dead-end mode.

Summary

In comparison to the previous work by Gendel et al. [Gend2014b], the
CE could be significantly increased, especially with the addition of
PTFE to the microtube fabrication process. A gold catalyst increased
the onset potential for the ORR compared to the pure GDEs and
enabled an operation at a reduced overpotential, at least for low current
densities. However, in order to achieve industrially viable current
densities above 10 mA cm−2, preferentially above 100 mA cm−2, the
working electrode operating potential drops below 0.2 V vs. RHE. In
this region, the electron transfer number increased above two and O2
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(a) Comparison between a 90% CNT /
10%PTFE microtube with and without
mrGO catalyst.
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an H-cell and in a tubular reactor.

Figure 6.38.: Comparison between microtubes with and without additional
catalysts and in a reactro scale-up. Potentials were IR-drop compensated.
The experimental conditions were: 50 mM Na2SO4, pH 3, 0.5 barg O2 in
dead-end mode.
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was reduced to H2O. A quinone-based catalyst, on the other hand,
enabled operation at a higher current efficiency of 75% compared to the
gold catalyst. The general viability of the catalyst-coated gas diffusion
electrodes in a scale-up reactor was shown and the importance of the
liquid flow rate was highlighted. However, the CE of the gas diffusion
electrode was diminished in contrast to test electrodes, which were
only supplied with oxygen via the electrolyte. This observation led to
the conclusion that the microtubes were not suitable for a gas diffusion
operation. Thus, in a next step, the microtubes were fabricated with
hydrophobic PTFE as binder to overcome limitations of flooding and
mass transport. Section 6.3.2 demonstrated that the incorporation of
PTFE is essential in order to achieve a stable long-term performance of
the microtube gas diffusion electrodes. The influence of the sintering
temperature after PTFE-addition did not show a strong influence on
the electrochemical performance. Even though the BET surface was
decreased with the PTFE binder, the polymer-containing microtubes
could outperform the one without, especially in a long-term operation
and at high current densities. It was shown that the concentration of
oxygen in the electrolyte was not relevant, as long as sufficient oxygen
was supplied via the gas side. Excellent current efficiencies between
80 and 90% were achieved, even if synthetic air was used instead of
pure oxygen. The high current efficiencies were obtained at current
densities up to 14 mA cm−2.

6.4. Conclusion and Outlook

In this chapter, planar and tubular electrode geometries were inves-
tigated for their ability to synthesize H2O2 at high current densities
and efficiencies. In Section 6.2 Planar Electrodes it was shown that
a commercially available microporous layer (MPL) can yield high
current efficiencies of approximately 80% over a wide range of cur-
rent densities. However, at about 70 mA cm−2, a decrease in current
efficiency was observed, which was attributed to the non-sufficient
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availability of of oxygen at the active sites caused by a too low gas
flow rate. In agreement with work in the field of electrochemical CO2

reduction [Jean2018], it was shown that the stoichiometric excess of
the gaseous reactant should be above 2. The gas supply strategy —
dead-end or cross-flow — was shown to be very important for the
current efficiency. The dead-end mode showed a superior performance;
however, care must be taken not to supply too much gas. The appli-
ance of a pressure gradient in the cross-flow mode could potentially
overcome the shortcomings of the dead-end mode [De M2019]. In
the studied Re-number range, an increase in liquid flow-rate lead to
a decrease in overpotential. This effect is ascribed to the improved
mass-transport. The coating of the MPL with the organic catalyst
ethylanthraquinone showed an increased current efficiency. However,
simultaneously the energy efficiency decreased due to an increased
ohmic resistance of the coating. In Section 6.3 Tubular Electrodes,
microtubes based on carbon nanotubes were investigated. Different
catalysts (gold, graphene oxide, ethylanthraquinon) were investigated.
Compared to the state of the art in literature [Gend2014b; Roth2016],
the current efficiency could be increased significantly up to 80-90%.
However, the strongest effect on the current efficiency was not achieved
by changing the catalyst. It was achieved with the incorporation of
PTFE in the CNT network as hydrophobic binder. The polymer
ensured open pores for an effective gas supply to the GDE surface.
As outlook, the PTFE-containing microtubes were impregnated with
a moderately reduced graphene oxide catalyst provided by Kim et
al. [Kim2018]. The catalyst increased the activity for ORR signifi-
cantly. Further, an all-tubular reactor with a tubular membrane was
introduced, which can be used in future in different processes, e.g., an
electro-Fenton process. Even though current efficiency of the tubular
system was tremendously increased compared to the work of Gendel et
al. [Gend2014b], the microtubes are at a lower technical maturity than
the commercially available carbon-based microporous layers. In the
next chapter the planar system will be investigated for electro-Fenton
reactions, as it is more mature and facilitates higher reaction rates.
Nonetheless, the tubular system may provide opportunities in future
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for new reactor designs.
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7.1. Introduction

The so-called electrobiorefinery represents the electrification of biore-
fineries: in a synergetic fashion, renewable electricity drives electro-
chemical reactors in which biomass and its constituents and derivatives
are converted to value-added products [Harn2018]. Fenton’s chemistry
is part of biomass degradation in the natural environment [Aran2011],
and has been shown to degrade cellulose and cellobiose to low molec-
ular weight compounds such as glucose [Kwon2012; Hall1965]. The
electrification of the Fenton process is called electro-Fenton, as de-
scribed in Section 2.2.4. Based on the studies for the degradation of
cellobiose via Fenton’s chemistry in Chapter 5 and the planar electro-
chemical reactor in Chapter 6, this chapter combines electrochemistry,
Fenton’s chemistry, and cellobiose conversion. Additionally, an in situ
separation strategy is presented.

Even though studies exist for the conversion of cellooligomers to
glucose via the electro-Fenton or other OH radical generating processes,
most of them cleave long-chained polymers [Wang2011; Meng2011;
Yang2014; She2015]. On the one hand, long-chained polymers are the
substrate, which should ultimately be used in a biorefinery process.
On the other hand, the use of cellobiose simplifies analytics, and can
enable a higher experimental throughput. Wang et al. [Wang2011]
employed an electro-Fenton process with graphite/PTFE electrodes
modified with 2-ethylanthraquinone. During the experiment, the
degree of polymerization of cellulose decreased steadily and soluble
sugars and 5-hydroxymethylfurfural were detected with yields of up
to 10% and 6%, respectively. Kwon et al. [Kwon2012] simplified
the approach to gain a deeper understanding of the kinetics and
mechanism of the radical catalyzed degradation. Cellobiose was used
instead of long-chained cellulose. The Fenton process was compared to
the degradation by electrochemically generated acid and OH radicals
via a boron doped diamond (BDD) electrode. Cellobiose degradation
follows a first-order reaction with varying activation energies for
either acid or radical promoted degradation. The selectivity in the
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Fenton-catalyzed process was below 30% for all temperatures and
H2O2 concentrations that were tested. Studies with the BDD electrode
clearly showed that the OH radical degrades glucose further to organic
acids and aldehydes, as the radical is not selective [Kwon2012]. Related
approaches include the electrochemical degradation of cellulose with
lead anodes [Meng2011] or oligosaccharides with manganese dioxide
modified electrodes [Yang2014]. Meng et al. [Meng2011] reported low
soluble sugar yields of 2.5%, which is in agreement with the low yields
of the studies reported above [Wang2011; Kwon2012]. Interestingly,
Yang et al. [Yang2014] found up to 100% selectivity with the MnO2

electrodes, which may be attributed to the specific adsorption of
cellooligomers with the β-1,4-glycosidic bond on the electrode. This
reaction, however, is surface limited in comparison with a homogeneous
electro-Fenton process and, therefore, not as effective with non-soluble
cellulose.

Because of the unselective nature of the OH radicals, in situ sepa-
ration strategies may help to increase the glucose yield [Kwon2012]
and can enable a continuous process [Ocha2016]. Membrane reac-
tors increase the product yield when small products are separated
from oligomers, e.g., during the oxidative depolymerization of lignin
[Bawa2018]. A continuous Fenton process requires the retention of
the catalyst (e.g., Fe2+ or Fe3+) and the acid in the reactor. The acid
is usually added to keep the pH at a value below or at 3 in order to
prevent iron precipitation [Pign2006]. In electro-Fenton processes, the
supporting electrolyte should additionally be retained. Nowadays, not
many concepts exist to achieve this goal: the acid is often neutralized
and iron is removed, e.g., by precipitation, which leads to high process
costs [Robl2018]. Robles et al. [Robl2018] report an electro-Fenton
process where the acid and iron are retained by an ion exchange resin
in a cyclic process. Roth et al. [Roth2016] describe a process where
the electro-Fenton step is coupled with adsorption in a cyclic manner.
Another strategy is the use of a heterogeneous electro-Fenton process,
in which iron is immobilized on the electrode which enables neutral
pH values [Rahi2014]. In this case, however, the reaction is limited to
the electrode surface. A promising approach for the retention of the
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iron catalyst in the Fenton reactor was presented by Ochando-Pulido
et al. [Ocha2016], who demonstrated the potential of nanofiltration
membranes to retain the iron catalyst of a Fenton process with a
rejection close to 100%. Additionally, nanofiltration membranes are
well-known for the separation of sugars [Shi2013; Feng2009]. In this
study, in addition to the retention of catalyst and acid, glucose should
be separated from the reaction vessel to avoid further degradation. Ap-
pendix A.2 gives a detailed background of separation of ionic mixtures
containing mono- and disaccharides.

This chapter reports the depolymerization of cellobiose to glucose
in an electro-Fenton reactor, which is coupled with a nanofiltration
membrane module to increase the selectivity towards glucose. In
a first step, the performance of the electrochemical reactor for the
Fenton-aided degradation of cellobiose is investigated. The plate and
frame reactor features a gas diffusion electrode for efficient electro-
chemical H2O2 synthesis, which was described in detail in Chapter 6.
Different experimental parameters such as applied potential, substrate
concentration, and catalyst concentration were varied to obtain high
rates and a high selectivity towards glucose. Subsequently, a layer-
by-layer nanofiltration membrane module was fabricated and coupled
with the electrochemical reactor, in order to increase the selectivity
towards glucose. The in situ membrane separation retains catalyst
and cellobiose while glucose permeates. The potential of the coupled
process is investigated experimentally and with a modeling approach.

7.2. Experimental

All error bars reported in this chapter represent the standard deviation
of experiments, which were conducted at least in duplicate.
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7.2.1. Electrochemical Reactor

A self-made electrochemical plate and frame reactor was used for the
electro-Fenton process, as described in Section 6.2.1. The reaction
system was operated either with or without a nanofiltration membrane
module. A process sketch is depicted in Figure 7.1. As catholyte, a
100 mM Na2SO4 supporting electrolyte (Honeywell Fluka, >99%) was
prepared with deionized water and the desired concentration of the
catalyst FeSO4 · 7H2O (Sigma-Aldrich, >99%). The pH was adjusted
to 3 with H2SO4 (Carl-Roth, 98%). D-(+)-cellobiose (Sigma-Aldrich,
>99%) and glucose (Merck) were dissolved in the desired concentra-
tions. Glucose was only added in two experiments: to determine
its stability against H2O2 and its degradation kinetics via Fenton’s
chemistry. The catholyte and anolyte were temperature-controlled
to 25 ℃ via jacketed feed tanks, which were cooled with a Julabo
F25-ME thermostat and continuously stirred. The catholyte volume
was either 80 mL for electro-Fenton experiments without the coupled
membrane process or 275 mL with the coupled membrane process.
The anolyte volume was always 60 mL for which deionized water
was adjusted to pH 2.5 with sulfuric acid (Carl-Roth, 98%). Anolyte
and catholyte were recirculated at 40 mL min−1 with a peristaltic
pump (Cole-Parmer, ISM831C). A pH probe from Metrohm (Uni-
trode) was used to monitor any changes in the catholyte. Oxygen
(Westfalen, 99.95%) was supplied with 20 mL/min to the cathode in
dead-end mode via a gas flow meter (Wagner Mess- und Regeltechnik,
WAKS-SVES). For the experiments with the coupled nanofiltration
membrane module, the catholyte was additionally pumped through
the membrane module with 45 mL/min retentate flow controlled by
a flow meter (Bronkhorst, M14 & C5I). The transmembrane pressure
(TMP) was adjusted by increasing the speed of rotation of the recir-
culation pump (Cole-Parmer, ISM405A) until a TMP of 2 bar was
reached. The pressure was monitored and recorded with a pressure
sensor (WIKA, P-31). The permeate was collected in a vessel and
the increase in permeate weight was recorded via a scale (Sartorius,
AX6202).
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Figure 7.1.: A sketch of the electrochemical membrane reactor (ecMR)
coupled with a nanofiltration stage.

7.2.2. Electrochemical Methods

A PGSTAT302N from Metrohm was used for all electrochemical
experiments. As reference electrodes, a self-made Ag/AgCl in 3 M KCl
reference electrodes and a Hg/Hg2SO4 in 0.5 M H2SO4 (Meinsberg)
were used. The reference electrodes were directly connected to the
catholyte compartment via a small hole in the cell structure. All
potentials in this work are reported vs. Standard Hydrogen Electrode
(SHE). Prior to and after each experiment, cyclic voltammetry (CV)
measurements from −0.35 V to 1.5 V vs. SHE were performed as
pre- and post-treatment to activate and clean the GDE. A constant
potential of −0.8 V, −1.2 V, −2 V or −3 V vs. SHE was applied was
applied for H2O2 synthesis and cellobiose degradation experiments
without a downstream membrane separation. Considering the high
selectivity of the chosen electro-catalyst over a wide range of potentials,
the constant current mode enables a controlled H2O2 production rate
and thus theoretically a steady cellobiose degradation and glucose
production. A constant current is thus potentially more attractive
for an in situ separation with constant flux. The constant current
mode was consequently applied during the cellobiose degradation
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experiments with combined downstream membrane separation.

7.2.3. Hydrogen Peroxide and Iron Quantification

The H2O2 concentration was determined as described in Chapter 5. A
method for simultaneous iron(II) and iron(III) detection via UV/Vis
spectroscopy was introduced by Harvey et al. [Harv1955]. With the
help of this method, the total iron concentration can be measured
at 396 nm. Fe2+ shows a peak at 512 nm, Fe3+ absorbs weakly at
this wavelength. Through an iteration, the individual concentrations
can be obtained. The UV-Vis measurements were performed with a
Genesys 10S UV-Vis spectrophotometer (Thermo Fisher Scientific).
This method was used for the experiments with the hollow fiber
membranes. For the experiments with flat sheet membranes, the
retention of iron was calculated with the help of calibration curves for
the conductivity and pH value of an acidic ferrous iron solution. The
accuracy of the method was validated via ICP-OES measurements
and the maximum deviation was approximately 10%.

7.2.4. Sugar, Organic Acid and Salt Quantification

The concentration of cellobiose, glucose and formic acid was analyzed
via HPLC as described in Chapter 5. Sodium and sulfate were
additionally determined via HPLC with the parameters listed in
Tables 7.1 and 7.2. Prior to analysis, the samples were quenched with
Na2SO3 to eliminate excess H2O2, as described in Chapter 5. Each
sample was filtered with a 0.45 µm regenerated cellulose syringe filter.
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Table 7.1.: HPLC parameters for sodium.

Parameter Value

System Agilent Technologies, Series 1100
Column Metrosep C4 250 mm x 4 mm
Eluent 1 mM oxalic acid + 1.2 mM HNO3

Eluent flow rate 1.4 mL/min
Temperature column oven 35 °C
Detector type Conductivity detector (CD)

Shodex CD-5
Temperature CD 45 °C

Table 7.2.: HPLC parameters for sulfate.

Parameter Value

System Agilent Technologies, Series 1200
Column PRP X100 125 mm x 4 mm
Eluent 2 mM C8H5KO4 pH6 with KOH
Eluent flow rate 1.2 mL/min
Temperature column oven 30 °C
Temperature autosampler 20 °C
Wavelength VWD 280 nm
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7.2.5. Membrane Characterization

Flat Sheet Membranes

Commercially available flat sheet membranes and self-fabricated layer-
by-layer membranes were tested for the retention of cellobiose, glucose
and iron. For the NF experiments, a model solution was used contain-
ing 10 mM of glucose (Sigma-Aldrich, >99.9%), 10 mM of cellobiose
(Sigma-Aldrich, >99%) and 3.33 mM of FeSO4 · 7H2O (Sigma-Aldrich,
>99%). The solutions were prepared with deionized water. The pH
of the aqueous solution was adjusted to 3 with concentrated H2SO4

(Carl Roth). Nitrogen gas from Westfalen was used to generate the
feed pressure. For the LbL assembly, two polyelectrolyte solutions
were prepared. PDADMAC (Sigma-Aldrich) with an average high
molecular weight of 400− 500 kDa was chosen as the polycation and
PSS (Sigma-Aldrich) with an average molecular weight of 1000 kDa

as the polyanion. The coating solutions of each polyelectrolyte was
1 g L−1 (PE) with 0.25 M NaCl (Sigma-Aldrich, >99.5%) in deion-
ized water. The investigated membranes and their properties are
listed in Table 7.3. The hydrophilic NF270 from Dow Filmtec is
a polyamide (PA) based thin-film composite NF membrane [Dow ].
The isoelectric point is at pH 3.2, and the PWP is >10 LMH/bar

[Dalw2011a]. NP010 and NP030 are both hydrophilic NF membranes
produced by Microdyn-Nadir with polyethersulfone (PES) as the ac-
tive layer material. NP010 has a sodium sulfate retention of 35 % to
75 %, and the PWP is >5 LMH/bar, while NP030 has a retention
of 80 % to 95 % and a PWP >1 LMH/bar [Micra; Micrb]. The GE
membrane is a dense composite UF membrane from GE Osmotics
with an MWCO = 1000Da. Bargeman et al. [Barg2005] reported
a PWP of 0.9 LMH/bar. The US100 from Microdyn-Nadir is a hy-
drophilic polysulfone (PSUH) based UF membrane with a PWP >
100 LMH/bar and a nominal MWCO of 100 kDa [Micrc]. It was used
as the support membrane for the self fabricated PE membranes. Prior
to the use for the NF experiments, each membrane was immersed in
deionized water for at least 24 h. After the filtration experiments, the
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membranes were rinsed and stored in deionized water.

A dead-end cell with a maximum capacity of 2 L was used for
filtration experiments. A metal sinter plate acts as the support for the
membrane. The membrane has an effective membrane surface area of
approximately 135 cm2. The stainless steel test cell is equipped with
a retentate valve and a permeate valve to take samples. The collected
permeate was recorded with a balance during filtration. The feed side
of the system was compressed by N2 to apply a TMP of up to 30 bar.
The TMP was regulated with an analogous pressure regulator (Linde)
and the pressure relief valve of the cell. The solution was mixed
with a magnetic stirring bar which was installed inside the cell just
above the membrane surface. The gap between the stirring bar and
the membrane was approximately 1 cm. The suspended stirring bar
had a length of 7 cm and a diameter of 1.2 cm. All experiments were
performed at ambient temperature. The TMP was set to 9 bar the
initial feed volume was 1.5 L. The feed solution in the batch filtration
cell was continuously mixed with a magnetic stirring bar at 250 rpm.
A retentate sample was taken with each collected permeate sample.
The samples were taken at every 100 g of permeate. The filtration
experiments were performed up to a permeate yield of 50%, which is
defined in eq 7.1. In this case, the figures of merit can be plotted in
dependence of the the so-called permeate yield γ

γ =
Vpermeate
Vinitialfeed

(7.1)

where Vpermeate is the accumulated permeate volume and Vinitialfeed
the initial feed volume. Due to a dead-zone in the long retentate
pipe, the first approximately 18 mL of the retentate were discarded
before a retentate sample was taken. Between every two permeate
samples, the flux was measured via a scale. Before and after the
retention experiments, the pure water permeability was measured.
In addition to the commercially available nanofiltration membranes,
self-fabricated layer-by-layer polyelectrolyte membranes were tested.
The polyelectrolyte coating experiments were performed with a self-
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constructed cell, shown in Fig. 7.2. The cell, which was a four-end-
module, consisted of two casings made of poly(methyl methacrylate)
(PMMA) with an outer diameter of 200 mm and a total height of
60 mm. A membrane disc with a diameter 156 mm was mounted on
top of a circular metal sinter plate. The process scheme is illustrated
in Fig. 7.2. The PE coating was applied via an OSMO Inspector 2
(Convergence).

permeate

retentatefeed

PE–

PE+

H2O back 
washing

Figure 7.2.: Picture of the PE coating cell and process scheme of the PE
coating

Before the membranes were coated with polyelectrolyte, they were
flushed three times for 15 min with deionized water to ensure the
complete removal of any impurities on the membrane surface. The
procedure of coating a bilayer of a cationic and anionic PE was as
follows: First, the wetted membrane was rinsed at 2.5 L h−1 for 5 min

with the polycation solution. Thereafter, the dead-end permeation
of the polycation solution was applied at a constant volume flow
of 0.45 L h−1 for 10 min. Here, the PE was sterically rejected and
adsorbed at the membrane surface. Afterwards, the membrane surface
was flushed with deionized water to remove the excess and loosely-
bound PEs on the membrane surface. Subsequently, the PWP was
identified during filtration with deionized water at a constant volume
flow of 0.45 L h−1 for 15 min, while the TMP was measured and
reached a steady state value. These steps were repeated with the
polyanion solution.
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Hollow Fiber Membranes

Ultrafiltration hollow fiber membranes made of sulfonated polyether-
sulfone (Pentair X-Flow) were coated with three bilayers of polydi-
allyldimethylammonium chloride (PDADMAC) and poly-4-styrene
sulfonate (PSS) in dead-end mode as described by Menne et al.
[Menn2016a]. The polyelectrolyte concentrations of PDADMAC and
PSS were 1 g/L and 0.25 M NaCl was added additionally. During the
coating time of 10 min a flux of 30 L/(m2 h) was applied. Each module
consisted of ten membranes with an inner diameter of 0.8 mm each
(total membrane surface area: 0.0101 m2). The membrane module was
characterized at a constant cross flow of 40 mL/min and by adjusting
the retentate pressure, similar to Menne et al. [Menn2016b]. Retentate
and permeate were recycled to the feed tank. In order to determine
the retention of the membrane for cellobiose, glucose, iron, sodium,
and sulfate, a model solution with 100 mM sodium sulfate, 10 mM
cellobiose, 5 mM glucose, and 5 mM iron at pH 3 (adjusted with sulfu-
ric acid) was tested. The experiment was performed twice, once with
Fe2+ and once with Fe3+ (FeCl3 · 6H2O, 97%, Sigma-Aldrich) in the
solution. The membrane retention for the salt solutions was tested at
1, 2 and 3 bar TMP. The steady-state of the system was determined
via changes in conductivity of the feed, retentate and permeate stream
with a conductivity meter (Mettler-Toledo, SevenCompact S230). Af-
ter a steady state was reached at 1 bar, samples were taken from all
three streams. Samples at 2 and 3 bar were taken about an hour after
the retentate pressure had been increased.

7.2.6. Calculation

In this chapter, experimental data are fit to model equations describing
the electro-Fenton process. The experimental data for cellobiose and
glucose degradation were fitted to kinetic rate constants with python
using the package ”scipy.optimize” with the function ”curve_fit”. A
simplified first-order model for the kinetics was applied, as, e.g., the
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concentration of OH radicals was not measured in this work. Similar
first-order approaches have been used in literature and are reasonable,
as, e.g., the OH radical concentration is often at a low, steady-state
value [Nidh2012; Liu2007]. The cellobiose and glucose degradation
are described with the equations

dccello
dt

= −k1cOH1ccello (7.2)

dcglu
dt

= −k2cOH2cglu (7.3)

dcglu
dt

= −k2cOH2cglu + 2sk1cOH1ccello (7.4)

with ccello and cglu as cellobiose and glucose concentration, k1 and
k2 as kinetic rate constants and cOH1 and cOH2 as hydroxyl radical
concentrations. For the experiments, a first-order model was assumed
with the sugar concentrations as the only variables. The product
of the rate constant ki and the OH radical concentration cOH,i can
then be substituted by the apparent rate constant ki,app [Nidh2012].
equation 7.3 describes an experiment where only glucose is present,
and Equation 7.4 describes the competing glucose formation and
degradation when cellobiose is used as substrate. In general, the
formation of two molecules glucose from one molecule cellobiose was
assumed, and the selectivity was calculated according to Kwon et al.
[Kwon2012], as described in Chapter 5. In the modeling equations the
selectivity factor s was added, as it will be shown in the next sections
that the ideal selectivity is never 100%, even at the beginning of an
experiment. For the simulations of cellobiose degradation and glucose
production, equations 7.2 and 7.4 were solved for systems without a
membrane stage in Python using the ”scipy.integrate” package with
the function ”odeint”. For a system with membrane, the set of eqs
7.5–7.13 was solved with DAE tools (Sundials IDAS and LU solver),
where ncello,f , nglu,f , ncello,p, nglu,p and nOH,f are the molar amounts
of cellobiose, glucose and OH radicals in the feed and permeate, with
corresponding concentrations ci,j . The apparent rate constants are
ki,app, Rcello and Rglu are the retentions for cellobiose and glucose and
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Vf , Vp and V̇p the feed volume, the permeate volume and the permeate
volume flow through the membrane. The concentration of OH radicals
was set to a constant concentration, similar to the simulations without
a membrane, because the membrane is not likely to retain OH radicals
due to their small size. A more detailed discussion will follow in the
Results and Discussion section.

dncello,f
dt

= −k1,appncello,f − (1−Rcello)ccello,f V̇p (7.5)

dnglu,f
dt

= −k2,appnglu,f + 2sk1,appncello,f

− (1−Rglu)nglu,f V̇p (7.6)
dncello,p

dt
= (1−Rcello)ccello,f V̇p (7.7)

dnglu,p
dt

= (1−Rglu)cglu,f V̇p (7.8)

dVf
dt

= −V̇p (7.9)

dVp
dt

= V̇p (7.10)

nOH,f = cOH,fVf (7.11)

ncello,f = ccello,fVf (7.12)

nglu,f = cglu,fVf (7.13)

7.3. Results and Discussion

7.3.1. Cellobiose Degradation via electro-Fenton

The planar reactor, which was tested for the electrochemical H2O2

synthesis in Section 6.2, was used to depolymerize cellobiose to glucose
via the electro-Fenton process. Cellobiose was used as a well-defined
model substance, which allows the study of the influence of different
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reaction parameters on the selectivity towards glucose. Glucose was
the main product in this study, and the aim was to find the best
reactor conditions in order to achieve the highest possible selectivity.
In a first step, the degradation of a solution of 8 mM cellobiose was
studied at pH 3, with 100 mM Na2SO4 supporting electrolyte, and
5 mM FeSO4 as homogeneous Fenton catalyst. Oxygen was fed to
the GDE with 20 mL min−1 in dead-end mode. The cellobiose con-
centration decreases continuously over the course of the experiment,
as can be seen in Figure 7.3 a). Simultaneously, the concentration
of glucose rises. However, it approaches a maximum and decreases
again thereafter (Figure 7.3 a)). Even though glucose is formed by the
degradation of cellobiose, it is also attacked by the OH radicals and
degrades [Kwon2012]. Figure 7.8 b) shows the degradation of glucose
with increasing reaction time in an electro-Fenton process. Kwon et
al. [Kwon2012] also reported the over-oxidation of glucose due to the
unselective nature of the radicals. Accordingly, C1 to C5 organic acids
and aldehydes can be detected [Kwon2012]. In this chapter, formic
acid was analyzed as product next to glucose. The concentration of
formic acid increases continuously over the course of the experiment,
see Figure 7.3 b). Compared to glucose, the overoxidation of formic
acid to carbon dioxide is not as severe. Other authors reported a
comparably high stability of formic acid under oxidative conditions,
e.g., compared to aromatics [Mari2019; Kwon2012]. Similarly, the
organic acids seem to be more stable than the sugars. The concentra-
tion of H2O2 increases at the beginning of the experiment, reaches a
maximum and decreases again to approach a steady value, see Figure
7.3 b). The trend of the H2O2 concentration can be explained by
competing reactions, which strive towards an equilibrium: While the
concentration of H2O2 rises due to its synthesis, it is simultaneously
consumed, see eqs. 2.16 and 2.17. As will be shown in the next sec-
tions, the concentration of ferrous iron undergoes significant changes
(Fig. 7.18), which also influences the H2O2 concentration (eq. 2.16).
Thus, it takes a while for the system to reach an equilibrium where
H2O2 is synthesized as quickly as it is consumed.

H2O2 does not react with cellobiose without the iron catalyst, as
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Figure 7.3.: Depolymerization of cellobiose via electro-Fenton. The exper-
imental conditions were: -0.8 V vs. SHE, 100 mM Na2SO4, 5 mM FeSO4,
pH 3, 20 mL/min O2.

can be seen in Figure 7.4 a). The H2O2 concentrations for the
experiment without iron catalyst and cellobiose (pure H2O2 synthesis)
and the experiment with cellobiose and without iron catalyst are
the same. This is supported by blank experiments of cellobiose
and glucose without iron catalyst, where each of the concentrations
remains constant, which can be seen in Figure 7.5. This observation
is strengthened by Kane et al. [Kane1992], who observed that H2O2

alone does not, or only at minimal rates, degrade cellobiose under
acidic conditions. Another interesting observation is the change in
pH value towards more acidic values over the reaction time once
cellobiose and iron catalyst are added to the reaction, as can be seen
in Figure 7.4 b). This change can be explained by the generation of
organic acids, such as formic acid or oxalic acid via the degradation
of cellobiose. Organic acids were also detected by other authors in the
Fenton-catalyzed degradation of cellobiose [Kwon2012; Kane1992].
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Figure 7.4.: Comparison of the H2O2 concentration and pH value in a
system with iron catalyst and cellobiose to a system without iron catalyst
and a system without iron catalyst and without cellobiose. The experimental
conditions were: -0.8 V vs. SHE, 100 mM Na2SO4, pH 3, 20 mL/min O2.
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Figure 7.5.: Stability test of glucose and cellobiose in the electrochemical
reactor without FeSO4 as catalyst. The experimental parameters were: -0.8
V vs. SHE, 0 mM FeSO4, 100 mM Na2SO4, pH 3.
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Influence of Operating Parameters on the Glucose Selectivity

The following reaction parameters were analyzed for their influence
on the selectivity towards glucose:

• catalyst concentration (FeSO4)

• initial cellobiose concentration

• working potential

In Figure 7.6 a), it is apparent that the conversion rate of cellobiose
increases with increasing ferrous iron concentration. This can be
explained by eq. 2.16, as more radicals are generated when more iron
is present. As the cellobiose concentration decreases with increasing
reaction time, the probability of a glucose molecule being attacked
by an OH radical increases. Degradation of organic compounds and
cellobiose by OH radicals can be described by (pseudo-)first-order
kinetics [Bril2009; Kwon2012]. Thus, if the concentration of one com-
pound decreases, and the concentration of another increases, the rate
of degradation of the second component will simultaneously increase.
Consequently, the glucose concentration for the experiment with 5
mM ferrous iron reaches a peak after around 50 min. Subsequently,
the concentration decreases again, see Figure 7.6 b), as the degrada-
tion rate exceeds the production rate. From the experiments with
varying iron concentration two conclusions can be drawn: a higher
Fe concentration leads to an increased reaction rate, but also to a
glucose degradation at earlier times. Figure 7.7 a) shows the selec-
tivity towards glucose of the electro-Fenton reaction for varying iron
concentrations. The selectivity decreases over time, which can be
expected from the previously discussed glucose concentrations. Even
more, the selectivity towards glucose is low, even at the initiation
of the reaction when the cellobiose to glucose ratio is high. From
these results, it is hypothesized that there is an upper bound for the
glucose selectivity that can obtained with the system presented in this
work. Kwon et al. [Kwon2012] also found a selectivity for cellobiose
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degradation towards glucose via the Fenton process below 30% in all
experiments, whereas von Sonntag et al. [Sonn1976] found that only
about 1/3 of the glycosidic bonds of cellobiose are cleaved by OH
radicals. As both authors employed different operating conditions for
the Fenton process, or even used radiolysis for the OH radical genera-
tion, a difference in the exact selectivity value is reasonable. However,
both studies support the hypothesis of a limited selectivity. It may
seem that higher selectivities can be reached if a low concentration of
ferrous iron is used. However, the conversion of cellobiose, and thus
the concentration of glucose is very low at early reaction times with
low amounts of catalyst. Thus, the recorded selectivity in the first few
minutes of the experiment for 1 mM catalyst is prone to measurement
errors. In order to test the hypothesis, the depolymerization of cel-
lobiose was investigated at different initial cellobiose concentrations at
5 mM iron concentration, see Figure 7.7 b). With increasing cellobiose
concentration, an increased selectivity is expected, because cellobiose
is in high excess of all other targets for OH radicals. However, even
with a high initial cellobiose concentration, the selectivity always re-
mains below 25%. As before, the selectivity decreases with increasing
reaction time due to the decreasing cellobiose to glucose ratio.

In the next paragraphs, a simplified model will show that the trend
of the selectivity towards glucose over time depends mainly on the
cellobiose to glucose ratio. Individual experiments for cellobiose and
glucose degradation (see Figure 7.8) were fitted to eqs. 7.2 and 7.3 in
order to obtain the apparent rate constants for their degradation by
OH radicals. The apparent rate constants were k1,app = 0.0193 1

min

and k2,app = 0.0285 1
min . The rate constants k1,app and k2,app are

similar, which could be expected from the results shown so far. The
apparent rate constants are further similar to other organics degraded
by the electro-Fenton with comparable conditions [Bril2009]. The
obtained rate constants were used to simulate the glucose formation
by cellobiose degradation of an experiment with the same iron concen-
tration and voltage as before (i.e., the same rate of H2O2 formation
and Fe3+ reduction), now with eqs. 7.2 and 7.4. It is assumed that
the selectivity s towards glucose is inherently limited to 0.25, which
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Figure 7.6.: Depolymerization of cellobiose via electro-Fenton with differ-
ent catalyst concentrations. Experimental conditions were: -2 V vs. SHE,
100 mM Na2SO4, pH 3, 20 mL/min O2.
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Figure 7.7.: Selectivity towards glucose of cellobiose depolymerization via
electro-Fenton. Experimental conditions were: -2 V vs. SHE, 100 mM
Na2SO4, pH 3, 20 mL/min O2.
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the results of this thesis suggest. As mentioned before, other au-
thors also found an upper limit for glucose selectivity [Kwon2012;
Sonn1976]. Figure 7.9 a) shows that the trend for glucose production
is predicted accurately with small deviations (average deviation of
the glucose concentration was <15%). In a next step, equal apparent
rate constants for cellobiose and glucose degradation are assumed
(k1,app = k2,app = 0.0193 1

min ). Figure 7.9 b) shows the results
of the simulation, which deviate less from the experimental results.
The average deviation of simulated cellobiose and glucose concen-
trations compared to the measured concentrations is approximately
10%. Of course, the individual apparent rate constants for glucose
and cellobiose degradation obtained in individual experiments seem
to be the natural choice. However, the simplified model used herein
requires a new fit of the apparent rate constants every time, e.g.,
the current density is varied. As apparent rate constants for glucose
degradation were not available for every experimental variation tested,
equal apparent rate constants for cellobiose and glucose degradation
are assumed. The influence of a higher apparent rate constant for
glucose degradation will be discussed in the last section of the Results
and Discussion. A rigorous model should incorporate all influenc-
ing parameters [Nidh2012; Liu2007]. However, the results of other
studies, e.g., Liu et al. [Liu2007] cannot merely be transferred: for
example, in contrast to Liu et al. [Liu2007], the H2O2 concentration
does not strive towards a maximum in this work, but shows a more
complex behavior. Also, as more and more degradation products are
formed, these should be taken into account as OH radical sinks, which
is often neglected. Another parameter is the oxygen concentration,
which is correlated with the H2O2 production rate [Liu2007]. How-
ever, researchers have suggested that oxygen may also influence the
degradation of cellobiose and cellulose [Schu1978; Carl2005]. Even
though the advanced models provide a higher potential for an accurate
description and a deeper understanding of the process, these models
require many input parameters. Some of these parameters are difficult
to measure, e.g., all side products of the reaction. This study shows
that the simplified model can accurately describe the cellobiose and
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glucose concentrations, which are the only parameters needed to cal-
culate the main figure of merit, the selectivity. The model emphasizes
the importance of a coupled membrane process and the importance
of the cellobiose to glucose ratio for the selectivity.
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(a) Fit of cellobiose degradation kinetics.
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(b) Fit of glucose degradation kinetics.

Figure 7.8.: Fit of kinetic rate constants for cellobiose and glucose degra-
dation. The experimental conditions were: -2 V vs. SHE, 100 mM Na2SO4,
5 mM FeSO4, pH 3, 20 mL/min O2.

It can be seen in Figure 7.10 a) that the simulation results for
conversion and selectivity towards glucose fit well to the experimental
data. Subsequently, different experimental results (varying potential,
cellobiose and catalyst concentration) were plotted as selectivity over
the ratio of cellobiose to glucose, see Figure 7.10 b). It is apparent
that the selectivity strongly depends on the ratio of cellobiose to
glucose, which is to be expected from the non-selective nature of OH
radicals. This behavior is also predicted by the simulation (blue line).
Even though it does not seem feasible to increase the selectivity above
25–30%, it is worthwhile to investigate whether the selectivity can
be held constant at the highest possible level if an in situ membrane
separation is applied.
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Figure 7.9.: Simulation of glucose production with fitted kinetic parame-
ters. The experimental conditions were: -2 V vs. SHE, 100 mM Na2SO4, 5
mM FeSO4, pH 3, 20 mL/min O2
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Figure 7.10.: Simulation results of cellobiose degradation via E-Fenton.
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7.3.2. Characterization of Nanofiltration Membranes

Flat Sheet Membranes

In order to find a suitable membrane for the in situ separation of
glucose from the reaction solution, four commercially available and
two self-made layer-by-layer polyelectrolyte flat sheet membranes were
tested in a dead-end filtration. The NF270 membrane has a molecular
weight cut-off of approximately 300 Da [Esca2014]. According to
literature, the rejection for glucose is 97% for a 5.6 mM solution at
5 bar TMP [Barg2014]. However, the rejection of sugar solutions is
also dependent on the concentration of the ionic species and decreases
to less than 70% when NaCl is added to the solution [Barg2014].
Thus, the membranes were tested in a dead-end cell according to
the specifications described in Section 7.2.5. Figure 7.11 a) shows
the results for the retention of glucose, cellobiose and iron, whereas
Figure 7.11 b) shows the permeability with increasing permeate yield.
The rejection of cellobiose is approximately 96%, and the rejection
of ferrous iron is 85%. These high values are desired for the targeted
separation and in agreement with literature [Esca2014]. However, the
rejection for glucose is also high with 85%, which is in between the
values reported by Bargeman et al. [Barg2014] for a pure glucose
solution and one where sodium chloride was added. In Figure 7.11 b)
it can be seen that the permeability of the membrane decreases with
increasing permeate yield. Due to the high rejection of the membrane,
the osmotic pressure increases from approximately 0.5 bar at the
beginning of the experiment to approximately 1.3 bar at the end of
the experiment. However, even if the TMP is corrected for the osmotic
pressure, the permeability is not constant. Mass transport limitations
could lead to a decreased flux at high permeate yields [Barg2005]. Even
though the selectivity Sglu:cello (glucose to cellobiose) is approximately
4, the selectivity of Sglu:Fe (glucose to iron) is 1 and thus, the solution
cannot be separated as desired. The main results for the membrane
characterization experiments are summarized in Table A.2 in the
Appendix. The retention values and the permeability of the NP010
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Figure 7.11.: Characterization of the NF270 membrane. The experimental
conditions were: 10mM cellobiose, 10mM glucose, 3.33mM FeSO4, 9 bar
TMP, 250 rpm.

membrane are depicted in Figures 7.12 a) and b). The membrane does
not show any significant rejection for cellobiose, glucose or ferrous
iron. Even more, the retention for ferrous iron shows negative values,
which are associated with the method to determine the iron rejection:
small inaccuracies in the pH measurement can lead to high deviations
if the rejection is close to zero. The measured PWP of 15 LMH/bar

in Table A.2 is higher than provided by the manufacturer (PWP >
5 LMH/bar, [Micra]), but in line with another report from literature
[Nord2014]. Nordvang et al. [Nord2014] also reported a rejection of
less than 20% for disaccharides for the NP010. Figure 7.12 b) shows
that the PWP declines with increasing permeate yield and that the
standard deviation is quite high. One reason for this observation
could be internal fouling of the membrane. As the solutes are not
retained, fouling in the pores may occur. Compared to the NP010
membrane, the NP030 is a tighter variation and thus, the retention
values for the three solutes are higher, see Figure 7.13 a).

176



7

7.3. Results and Discussion

The retentions of cellobiose, iron, and glucose are 35%, 44%, and
18%, respectively. Consequently, the sugar selectivity Sglu:cello is
1.3 and the iron selectivity Sglu:Fe is 1.5, see Table A.2. Bargeman
et al. [Barg2014] found a glucose rejection of <20% for a TMP of
5 bar and approximatley 30% for 10 bar, which is in a similar range
(compare Table A.1). Thus, a separation of the solutes is theoretically
possible. However, the losses of cellobiose and glucose would be
high and, overall, higher rejections are desired. Additionally, the
permeability and pure water permeability are low with 2.7 LMH/bar

and 3.2 LMH/bar, similar to the values reported by Bargeman et al.
[Barg2014]. The ultrafiltration membrane GE from GE Osmonics
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Figure 7.12.: Characterization of the NP010 membrane. The experimental
conditions were: 10mM cellobiose, 10mM glucose, 3.33mM FeSO4, 9 bar
TMP, 250 rpm.

exhibits a comparably high retention of 54% for cellobiose and 56% for
ferrous iron, while glucose is retained to 26%, see Figure 7.14. Goulas
et al. [Goul2002] reported a rejection of 8% for monosaccharides
and 41% for dissaccharides. Even though these values are lower
than the results in this study, they support the findings that the GE
membrane can reject the sugars. The corresponding selectivity for
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Figure 7.13.: Characterization of the NP030 membrane. The experimental
conditions were: 10mM cellobiose, 10mM glucose, 3.33mM FeSO4, 9 bar
TMP, 250 rpm.

the sugar separation is 1.6, and for glu:iron 1.7. However, a very low
permeability of 2.1 LMH/bar (2.58 LMH/bar PWP) is observed, see
Figure 7.14 b). Bargeman et al. [Barg2005] reported an even lower
PWP of 0.9 LMH/bar, which shows that the results of this work are
reasonable.

Even though the commercially available membranes NF270 and
NP030 are in general acceptable for the separation desired in this
work, a tailor-made layer-by-layer membrane may yield better results.
A high selectivity for glucose in relation with a dissaccharide was
demonstrated by Shi et al. [Shi2013]. The selectivity could be var-
ied by coating different numbers of bilayers. Similarily, Menne et
al. [Menn2016a] were able to tailor the retention of bivalent salts.
According to the procedure described in Section 7.2.5, a two-bilayer
and a three-bilayer polyelectrolyte membrane were fabricated. The
two-bilayer membrane is characterized by a high permeability of ap-
proximately 9.4 LMH/bar, as can be seen in Figure 7.15 b). At the
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Figure 7.14.: Characterization of the GE membrane. The experimental
conditions were: 10mM cellobiose, 10mM glucose, 3.33mM FeSO4, 9 bar
TMP, 250 rpm.

same time, the cellobiose and ferrous iron retention is 54%, and the
glucose retention is 26% (Figure 7.15 a)). The sugar and iron se-
lectivity were both 1.7. Thus, even though this membrane has a
higher flux than the commercially available NF270, NP010, NP030
and GE, the selectivity is not impaired. The permeability shows a
relatively high standard deviation compared to the other membranes,
see Figure 7.15 b). The two-layer membrane does not seem to have
a perfectly homogeneous coating and its performance varies during
the individual experiments. Thus, it is hypothesized that the layers
were not sufficiently stable. Due to the circular membrane geometry
a circular cell was designed for the membrane coating, see Figure
7.2. The fluid flow during coating and flushing was not distributed
homogeneously. An additional bilayer increases the selectivity at the
cost of the permeability, see Figure 7.16 and Table A.2. Also, the
three-bilayer membrane exhibits a decreased standard deviation of the
measured flux and retention and seems to be more stable. The PWP
and the rejection of bivalent ions are comparable to previously pub-
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lished results [Menn2016a]. Overall, the three-bilayer LbL membrane
provides the highest selectivity towards iron (Sglu:Fe = 1.7) and the
second highest selectivity towards cellobiose (Sglu:cello = 2.2) with a
medium permeability. In a next step, this approach was transferred
to a hollow fiber membrane, for which a reliable coating procedure
has been established [Menn2016a].
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Figure 7.15.: Characterization of the two-bilayer polyelectrolyte mem-
brane. The experimental conditions were: 10mM cellobiose, 10mM glucose,
3.33mM FeSO4, 9 bar TMP, 250 rpm.

Hollow Fiber Membranes

A layer-by-layer nanofiltration hollow fiber membrane was fabricated
in house to facilitate the separation between cellobiose, glucose, and
ferrous/ferric iron. The retention of cellobiose and iron catalyst, as
well as the permeation of glucose to prevent over-oxidation were de-
sired. The three-bilayer LbL membrane was characterized in constant
pressure experiments as described in Section 7.2.5. Before the salt
retention experiments, the pure water flux and permeability were
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Figure 7.16.: Characterization of the three-bilayer polyelectrolyte mem-
brane. The experimental conditions were: 10mM cellobiose, 10mM glucose,
3.33mM FeSO4, 9 bar TMP, 250 rpm.

tested. The membranes had a pure water permeability of approxi-
mately 20 LMH/bar, which was constant in a TMP range of 0.5 bar

to 3 bar.

The permeability was higher than in the original work by Menne et
al. [Menn2016a]. One reason for this observation could be deteriora-
tion of the active membrane layer, because the membrane was stored
for several months before use. However, the main figure of merit
for this work is the retention of cellobiose, glucose, and iron, which
was tested subsequently. As long as a satisfactory selectivity can be
achieved, the high flux is even favorable. Figure 7.17 a) shows the
results for the retention. It can be seen that cellobiose is retained to
more than 90% when a transmembrane pressure of 2 bar is applied,
and that the retention increases with increasing TMP as expected by
theory [Meli2007, pp. 294–299]. Ions are retained due to the charge
of the layer-by-layer membrane [Menn2016a]. Apparently, ferric iron
is retained to a higher degree than ferrous iron. Even though the out-

181



7

Chapter 7. Electro-Fenton Reactors for Cellobiose Depolymerization

ermost layer of the LbL membrane is a negative PSS polyanion layer,
the interdiffusion of the polycation PDADMAC may overcompensate
the negative charges and lead to a positive excess charge [Reur2018],
or at least no excess negatively-charged PSS [Ghos2013]. However,
there are also examples of the opposite, e.g., a three-bilayer PSS/P-
DADMAC membrane, which has a negative zeta potential at pH 5.5
[Mala2011]. Nonetheless, at pH 3 the surface charge will be different
and other authors report that the zeta potential moves towards less
negative values at decreasing pH values [Laak2015]. In general, the
surface charge depends on many factors such as the concentrations
in the deposition solution, the pH value, or the storage conditions
[Reur2018; Adam2004; Aria2016]. In this case, it is hypothesized
that the combined effects of Donnan-repulsion and the steric/diffusive
hindrance of the hydrated iron ions lead to a strong rejection of Fe3+

and a lower rejection of Fe2+. In contrast, glucose permeates quite
well through the membrane due to its rather low molecular weight,
i.e., the retention is 27% at 2 bar TMP. Thus, in terms of uncharged
molecules, the membrane behaves as is to be expected: small, un-
charged molecules permeate to a higher degree than large, uncharged
molecules [Meli2007, pp. 305–306]. The selectivity of glucose over
cellobiose is approximately 9 at 2 bar TMP, while the selectivity of
glucose to ferrous iron is 2.7 and of glucose to ferric iron 4.9. In Figure
7.17 b), the retention of sulfate and sodium is depicted. Both are
retained to a very low degree. It can be reasoned that this effect is due
to the low charge and the size of sodium. Due to electro-neutrality
conditions, sulfate has to permeate as well [Meli2007, pp. 290–294].
In order to understand the rejection of the ions in detail, especially
in this multi-solute system, further investigations are necessary. Of
course, retention of all salts would be desirable. An optimization of
the coating procedure may lead to an increased retention [Menn2016a].
The permeability of the tested membrane was between 6 LMH/bar

to 8 LMH/bar. The flux and selectivity of the membrane are thus
superior to all tested commercially available membranes. It should
be noted that a strong flux decline was observed towards the end
of the rejection test with the ferric iron solution. Apparently, local
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pH changes led to a precipitation of iron. In the electro-Fenton ex-
periments described later, this phenomenon was not observed. The
measured permeabilities and retentions for flat-sheet and hollow-fiber
membranes are compiled in the Appendix in Tables A.2 and A.3.
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Figure 7.17.: Retention of cellobiose, glucose, Fe2+, Fe3+, Na+, SO4
2– .

The blue and black curves represent two different experiments.

As shown, ferrous and ferric iron are retained to different degrees.
It is thus of interest whether the iron is in its ferrous or ferric form
during the degradation of cellobiose. Figure 7.18 shows that ferrous
iron is oxidized to ferric iron in the first 10 min of an experiment at a
constant current of -500 mA, which corresponds to approximately -2
V vs. SHE. After 10 min, more than 90% of the total iron are in the
ferric form. The decrease of ferrous iron and increase of ferric iron
is typical for an electro-Fenton reaction [Qiu2015]. On the one hand,
this means that the membrane will perform well for iron retention.
On the other hand, it also means that the reaction is limited by the
reduction of ferric iron to ferrous iron. Additionally, it can be seen
that some iron is lost throughout the reaction. At the beginning of
the experiment, 5 mM of Fe2+ is present. After 10 min, the total iron
amounts to approximately 4 mM.

In addition to iron precipitation, adsorption on the electrode can be a
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Figure 7.18.: Speciation of iron in an electro-Fenton reactor. The experi-
mental conditions were: - 500 mA, 100 mM Na2SO4, 5 mM FeSO4, pH 3,
20 mL/min O2.

reason for the decreasing concentration, which has been described by
other authors [Qiu2015]. Due to the high current density, the pH value
increases in the vicinity of the electrode. A higher pH value leads to
precipitation of iron [Pign2006]. In this study, no degradation of the
membrane performance over time was observed. However, even if the
radicals attacked the membrane, the layer-by-layer architecture would
allow for the regeneration of the membrane properties [Menn2016b].

7.3.3. Electro-Fenton Coupled with Nanofiltration
for In Situ Separation

In a next step, the nanofiltration membrane module was coupled with
the electro-Fenton reactor. In order to directly compare a process with
and without a membrane, experiments with increased feed volume
were conducted. In the process with the membrane stage, the feed
volume decreased continuously due to the permeation through the
membrane. A constant current of -500 mA was applied to the cathode.
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Figure 7.19.: Concentrations of cellobiose and glucose in the feed and
permeate stream of the coupled electro-Fenton and nanofiltration process.
The experimental conditions were: -500 mA, 100 mM Na2SO4, 5 mM
FeSO4, pH 3, 20 mL/min O2, 2 bar TMP.
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process. The experimental conditions were: -500 mA, 100 mM Na2SO4, 5
mM FeSO4, pH 3, 20 mL/min O2, 2 bar TMP.
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100 mM Na2SO4, pH 3, 20 mL/min O2, 2 bar TMP
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Figures 7.19 and 7.20 show the cellobiose and glucose concentration
in the feed and permeate as well as the concentrations of the iron
species, H2O2, and formic acid. Compared to a process with the same
current density, initial volume, and without nanofiltration membrane,
see Figures 7.22 and 7.18, the cellobiose concentration in the feed
remains high, due to the rejection of the membrane and decreasing
feed volume. Likewise, the glucose concentration is higher in the
system with coupled membrane. Ferric iron is the main iron species
in the system, see Figure 7.20 a). As in the process without a coupled
membrane (Figure 7.18), the initially present ferrous iron is oxidized
in the first minutes of the process. Formic acid is a nearly not retained
side product. Due to its small size and the low pH value, at which it
is only partially dissociated, it can permeate through the membrane
[Rege2018]. The H2O2 concentration approaches a maximum at about
40 min, after which it decreases again, see Figure 7.20 b), similar
to the system without the membrane. The retention over time of
cellobiose, glucose, ferrous and ferric iron in the coupled process is
depicted in Figure 7.21. It can be seen that cellobiose and glucose
are retained to similar levels as in the membrane characterization
experiments, see Section 7.3.2. The ferrous iron retention is lower
in the coupled process (R = 0.53) compared to the characterization
experiments (R = 0.72), and the glucose retention is higher (R = 0.42
vs. 0.27). In the membrane characterization experiments, the entire
system was in equilibrium. In the coupled degradation and filtration,
however, the concentrations of all solutes vary over time. Addition-
ally, the concentrations of ferrous iron and glucose are significantly
different than in the membrane characterization. It is known that
dynamic and changing concentrations affect the retention [Meli2007,
pp. 294–295][Shi2013]. Still, the membranes retain cellobiose and
ferric iron to a high degree, as desired, while glucose permeates. At
the end of the here reported experiment, the glucose concentration
reaches about 2 mM. This concentration is not high enough for an
input stream of a fermentation in, e.g., a biorefinery. However, the
glucose concentration could potentially be increased by an additional
subsequent nanofiltration or even reverse osmosis step [Rege2018].
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Alternatively, the cellobiose concentration could be increased, which
would enable higher glucose concentrations in a continuous process.
This will be discussed in the next paragraphs. Kinetic parameters
were fitted in order to describe the changed experimental conditions.
The experimental results could again be well described by the model,
see Figure 7.22 a) and Figure 7.23 a). If a membrane is coupled with
the process, the experimental results for the selectivity in Figure 7.23
b) show slightly improved values for the set-up with the membrane.
The improved selectivity was confirmed by a simulation of the process
with the coupled membrane (Figure 7.23 b)). For the simulation the
cellobiose retention (R = 0.88) and glucose retention (R = 0.42) were
adjusted compared to the membrane characterization experiments.
The simulation shows a less pronounced benefit of the membrane
compared to the experiment, as can be seen in Figure 7.23 b). The
reason for the deviation is that the simulation underestimates the
glucose concentration in the feed and permeate, see Figure 7.19 b),
and thus underestimates the selectivity. The cellobiose concentration
is predicted accurately, on the other hand (Figure 7.19 a)). One reason
for the discrepancy is the changing feed volume in the membrane
process. This leads to, e.g., an increasing ferric iron concentration (see
Figure 7.20 a)), which in turn influences the reaction kinetics (Equa-
tions 2.16, 2.17 and 2.18). Additionally, other variations, which were
observed in the experiments with membrane, e.g., the non-constant
retentions, were not accounted for in the simulation. Thus, some
deviation from the experiment can be expected. All in all, the final
deviation of the simulated selectivity from the experimental data is
9.5% in the simulation with membrane separation and 2.6% in the
simulation without membrane separation. Thus, it can be concluded
from the experiments and the simulations that the membrane sepa-
ration enables an increased selectivity towards glucose. In order to
demonstrate the potential of fully continuous operation, a process
was simulated with a continuous supply of cellobiose solution to the
electrochemical reactor. As described above, the model used in this
study is more accurate when a constant reactor volume is applied,
which is the case in the fully continuous operation.
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Figure 7.23.: Experimental and simulation results for constant current
experiments. a) Validation of model for constant current experiment without
membrane. b) Comparison of the selectivity with and without a coupled
membrane process.

According to the reaction kinetics for cellobiose and glucose, the
ratio of cellobiose to glucose should be as high as possible in the
reactor to obtain a high selectivity, see Figure 7.10 b). Thus, the
initial cellobiose concentration in the reactor was set close to the
solubility limit of about 300 mM. The initial glucose concentration
in the reactor was set to 10 mM. Three simulations were performed:
one with a membrane with ideal retention (Rcello = 1, Rglu = 0), one
with the measured retentions (non-ideal retention) and one with ideal
retentions but with different apparent rate constants for cellobiose and
glucose degradation (k2,app/k1,app = 1.47). The separate apparent
rate constants show the influence of an enhanced glucose degradation
compared to cellobiose. A continuous supply of a 30 mM (ideal
cases) or a 65 mM (non-ideal case) cellobiose solution was fed to
the reactor. The feed of cellobiose in the ideal case was chosen such
that it matches the expected degradation rate in the reactor. The
cellobiose supply was higher in the non-ideal case, as some cellobiose
permeates through the membrane. The permeate flow was chosen
such that it is close to the expected glucose production rate in the
reactor. Figure 7.24 a) shows the concentrations of cellobiose and
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glucose in the electrochemical reactor over time. It can be seen that
the estimations of supply of cellobiose and permeation of glucose were
accurate for the systems with ideal retention, as the process is close to
steady-state. In the case of the non-ideal (or measured) retention, the
glucose increases at the beginning and then strives towards a steady
value. This is due to the fact that the membrane retains some of the
glucose. As higher glucose concentrations are reached, a steady-state
is approached because of the increased degradation of glucose. The
selectivity towards glucose can be continuously kept very close to 25%
with the ideal membrane and equal apparent rate constants, see Figure
7.24 b), which is the highest obtainable value in the simulation. The
simulation with non-ideal membrane yields slightly lower selectivities,
as some glucose is retained in the reactor, accumulates and is partially
degraded by OH radicals. As a remedy, the permeate and feed volume
flow could be adjusted. Additionally, some cellobiose is lost in the
case with the non-ideal membrane. The simulation with an increased
glucose degradation rate also shows some selectivity losses. However,
even here the membrane enables a steady, relatively high selectivity.
If the concentrations of cellobiose and glucose in the reactor were
adjusted, the selectivity could even reach higher values. Even though
the coupled membrane process can increase the selectivity, the electro-
Fenton process with the parameters studied here and in other studies
shows an upper limit for the selectivity towards glucose [Kwon2012;
Sonn1976]. However, other degradation products of cellobiose can also
be value-added products, such as formic acid, and the scope of target
products could be expanded. As small molecules such as formic acid
are only retained to a very low degree by the membrane presented in
this work, the here proposed process could be employed. Alternatively,
She et al. [She2015] have demonstrated high yields of the value-added
product glycolic acid via Fenton treatment of cellulose. Furthermore,
the proposed process has implications beyond the degradation of
cellobiose: it could be implemented as a continuous pre-treatment
stage of biomass. Fenton pre-treatment of biomass has been shown to
enhance the enzymatic hydrolysis [Jeon2016]. The process can also be
transferred to wastewater treatment or other electro-Fenton processes

190



7

7.4. Conclusion and Outlook

as a next step towards the implementation of these processes in the
industry.
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(b) Selectivity towards glucose.

Figure 7.24.: Simulation of a fully continuous process for the degradation
of cellobiose to glucose.

7.4. Conclusion and Outlook

Membrane reactors provide selectivity enhancement to chemical re-
actions due to the removal of, e.g., intermediate products. In this
chapter, an electro-Fenton process was introduced, in which OH radi-
cals from the Fenton reaction convert cellobiose to glucose. With the
parameters tested in this work, the selectivity was limited to about
25–30% and decreased with increasing time in a batch process. The
non-selective nature of the radicals oxidizes glucose to organic acids
and aldehydes. As a remedy, a membrane reactor consisting of a
coupled electro-Fenton process and layer-by-layer nanofiltration stage
was established, which maintained high selectivities throughout the
reaction time. A tailor-made layer-by-layer polyelectrolyte membrane
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showed an improved selectivity for glucose and iron compared to
commercially available nanofiltration membranes. The retention of
cellobiose and iron catalyst was 80–90%, while glucose permeated
through the membrane (R= 42%). Additionally, a modeling approach
was developed, which allowed to fit and simulate the conversion of
cellobiose to glucose. Simulations demonstrate that the electro-Fenton
reactor coupled with a membrane separation stage can enable a fully
continuous process, which runs close to the highest achievable selec-
tivity. Future work should focus on establishing a continuous process
with higher cellobiose and glucose concentrations. Further, the mem-
brane rejection should be improved and optimized. It is well known
that the rejection decreases with increasing concentrations of the so-
lutes [Meli2007, pp. 294–295][Shi2013]. Thus, the membrane rejection
needs to be reevaluated at the high sugar concentrations chosen for
the continuous process. In order to obtain an input stream for a
fermentation, an additional concentration step for glucose should be
added to the process. Further, the model needs to be expanded to
include the electrochemical reaction and detailed kinetics for cellobiose
degradation in order to facilitate a detailed process optimization.
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Exploitive use of fossil resources such as oil, gas, and coal to satisfy
an ever increasing demand for energy and materials has led to the
anthropogenic climate change, which poses a major threat to human
life and prosperity. The mitigation of green house gas emissions
requires an advent of new, renewable-resource-based technologies.
Among the manifold approaches currently discussed in science, politics,
and society, biorefineries and Power-to-X technologies are identified
as two promising routes to achieve said goal. In this work, both
approaches were pursued to convert woody biomass to intermediate
products of the (bio-)chemical industry. As a grand vision, on the
one hand integrated processes were pursued, which do not merely
focus on one process step, but encompass pre- and posttreatment as
well. On the other hand, the benefits of Power-to-X and biorefinery
technologies were merged to exploit the potential of electro-Fenton
processes for the conversion of lignin and cellobiose.

In Chapter 3 deep eutectic and hydrotropic solvents were used to
extract lignin from beech wood chips. Both types of solvents are capa-
ble of extracting lignin up to 80%, especially at high temperatures of
120 °C (deep eutectic solvent) and 200 °C (hydrotropic solvent). Addi-
tionally, a decrease in wood chip size leads to an increased lignin yield.
The DES pretreated biomass shows a very poor enzymatic conversion,
possibly due to the formation of inhibitors at high temperatures or
the DES adsorption on the biomass. The enzymatic hydrolysis for
the hydrotropic solvents shows promising results, when moderate pre-
treatment temperatures between 120 °C to 150 °C for lignin extraction
are applied, while at 200 ℃ pretreatment temperature, no conversion
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was observed. Overall, the hydrotrope shows the best pretreatment
characteristics: Lignin is dissolved from biomass and the enzymatic
digestibility is ensured. Additionally, the hydrotropic solution enables
a Fenton treatment. The unique properties of hydrotropic solutions,
which allow lignin dissolution at acidic pH values, are an enabler for
a Fenton-based degradation of the biopolymer.

In Chapter 4 size exclusion chromatography results show how
lignin is attacked and degraded by OH radicals from the Fenton
process. In contrast to purely aquaeous solutions, the hydrotropic
solvent requires a pH value below three for a successful long-term
operation. Aromatic products are not stable towards the oxidative en-
vironment and even an in situ extraction provides low yields. However,
organic acids, which are more stable against oxidation than the aro-
matics, were found to be the major product of the lignin degradation,
yielding up to 30% oxalic acid relative to the initial lignin content.
Together, Chapters 3 and 4 introduced an integrated approach to
lignin valorization.

Fenton’s chemistry is known from natural wood degradation to
cleave the glycosidic bonds of cellulose. Chapter 5 explored the
feasibility of cellulose conversion to glucose via Fenton’s chemistry with
the model substance cellobiose. The variation of cellobiose, hydrogen
peroxide, iron, oxygen, chelator, and sodium sulfate concentration
showed that a low concentration of oxygen is beneficial to the reaction
rate whereas all the other parameters have a positive correlation on the
reaction rate in the studied range. However, the selectivity towards
glucose does not surpass 30%. Over time, the selectivity decreases
due to oxidation of glucose by OH radicals. Thus, the OH radical
based depolymerization of cellobiose is strongly limited in terms of
selectivity and is no viable alternative to the enzymatic hydrolysis.

The Fenton processes described in Chapters 4 and 5 can be electri-
fied and are then coined electro-Fenton. Chapter 6 introduced planar
and tubular reactor geometries for the electrochemical synthesis of
hydrogen peroxide. These reactors are the basis for an electro-Fenton
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process. In planar reactors, commercially available gas diffusion elec-
trodes yield high current efficiencies of approximately 80%. However,
at 70 mA cm−2 a sharp decrease in current efficiency was observed.
The influence of gas flow rate, gas flow mode, liquid flow rate, catalyst,
and spacer type was tested. Overall, the gas flow rate and mode have
the greatest effect on the current efficiency. It is critical that oxygen is
always supplied at a stoichiometric excess greater than two and that
a pressure gradient between gas phase and liquid phase is ensured.
Tubular microtubes based on carbon nanotubes were investigated as
an alternative to the planar counterpart. Among the different tested
parameters (catalysts, flow rates, gas pressure), the polymeric binder
PTFE showed the greatest influence. The hydrophobic polymer en-
sures open pores in the gas diffusion electrode for a sustainable gas
reactant supply.

The findings of Chapters 5 and 6 were combined in Chapter 7,
where the conversion of cellobiose to glucose was studied in an electro-
Fenton reactor. Similar to the findings of Chapter 5, the selectivity
is limited to values below 30% in the electro-Fenton process. It was
shown that a further decrease in selectivity with increasing reaction
time is connected to the ratio of cellobiose to glucose. As less cellobiose
is available in the reactor, more glucose is degraded. As a remedy, a
layer-by-layer nanofiltration stage was coupled to the electro-Fenton
reactor in order to separate glucose from the OH radicals. A tailor-
made layer-by-layer polyelectrolyte membrane shows an improved
selectivity for glucose and iron compared to commercially available
nanofiltration membranes. Cellobiose and iron catalyst can be retained
up to 80–90%, while glucose permeates through the membrane with a
retention of 42%. Additionally, a modeling approach was developed,
which allowed to fit and simulate the conversion of cellobiose to glucose.
Simulations demonstrate that the electro-Fenton reactor coupled with
a membrane separation stage can enable a fully continuous process
close to the initial selectivity.
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The main findings of this thesis are:

• Hydrotropic solvents facilitate an integrated process for lignin ex-
traction from biomass and subsequent Fenton-based degradation
to organic acids.

• The conversion of cellobiose to glucose via Fenton’s chemistry is
limited to a selectivity below 30% for all parameters tested in
this work and decreases with increasing reaction time.

• Tubular and planar electrochemical reactors are well suited
to produce hydrogen peroxide. However, a highly selective
catalyst does not suffice: special attention must be paid to
enable sufficient oxygen supply to the reactive interface.

• Layer-by-layer membranes outperform commercially available
membranes, because they can be tailored to the specific needs
of the electro-Fenton process: they retain iron catalyst and
large molecules (cellobiose), while small molecules (glucose) can
permeate.

Future work should consider an intensified investigation of the lim-
its of a Fenton-based lignin conversion in hydrotropic sol-
vents. Based on the results for cellobiose degradation, an increase
in reactant concentration prevents the products from overoxidation
and thus, the lignin concentration must be increased. In this thesis,
the lignin concentration was 5 g L−1, which could theoretically be
increased up to 350 g L−1. Further, a change in hydrotropic solvent
to one that performs well at moderate temperatures below 100 °C
may prove to be more energy efficient and less altering to the lignin
and residual biomass. The preservation of the original lignin bonds is
essential in the lignin-first approach. Additionally, a low pretreatment
temperature will likely boost the enzymatic digestibility of the solid
residue. Finally, Fenton’s chemistry with lignin in hydrotropic solvents
must be understood in more detail: How does the hydrotrope interact
with the iron catalyst and the OH radicals? What is the fate of xylan
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compounds? At last, the electrification of the Fenton process and a
coupling to a separation stage are landmarks.

Electrochemical reactors for the synthesis of hydrogen per-
oxide must be developed for neutral and acidic solvents, but also
organic solvents, to substitute the state of the art anthraquinone
process and establish a hydrogen peroxide production based on re-
newable electricity. Additional work on stable and selective catalysts
is necessary. The influence of operating parameters, such as the trans
GDE pressure, must be further elucidated with a special focus on a
scale-up. Mitigation strategies for losses at the electrodes, electrolytes
and membrane need to be developed to reduce the cell voltage and
obtain an economically viable process.

The herein developed coupled process of electro-Fenton and
tailored layer-by-layer membrane stage is applicable beyond
biorefineries. The process developed within this thesis can be trans-
ferred to the wastewater industry, in which Fenton’s chemistry is
frequently employed. Further efforts in modeling and experiments
must be made to understand the electrode / electrolyte interface.
How high can current densities climb, before iron precipitates due
to a caustic boundary layer? How can the reduction of ferric iron
be accelerated? The retention of the supporting electrolyte must be
improved for a viable process. Interestingly, layer-by-layer membranes
not only provide the chance to tailor rejections characteristics for
the Fenton process. The coating can also be regenerated, which is of
particular interest in the challenging oxidative environment of Fenton
processes.

In this thesis, Fenton’s chemistry was explored as valorization tech-
nology for lignin and cellobiose. The limitations for both biomass
constituents were thoroughly discussed. The findings broaden the de-
cision basis in an effort to develop integrated, electrified, environment-
friendly, and cost-efficient biorefineries. The electrodes, reactors, and
processes developed in this thesis can be transferred to develop a
sustainable hydrogen peroxide production by renewable energy and
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integrated wastewater treatment processes.
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A.1. Fabrication of Reference Electrodes

Reference electrodes were fabricated by treating a silver wire in a
sodium hypochlorite solution for about 30 min. The chlorinated silver
wire was then inserted into a tube, protruding at the bottom and the
top of the tube. This wire-in-tube-assembly was subsequently inserted
into another tube filled with 3 mol L−1 KCl and which was sealed with
a glass frit. The two tubes were sealed so that no electrolyte could
leak. A thread connection was placed above the sealing. A schematic
view of the RE and a picture of the RE can be seen in Figure A.1.
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Shrinking  
hose 

Glass frit 

Silver wire 

rigid 
tube 

tight  
tube 

Pressing 
Thread 

(a) Schematic view of the self-
made reference electrode

(b) Photo of the self-made refer-
ence electrode

Figure A.1.: Self-made Ag/AgCl reference electrode

A.2. Separation of Ionic Mixtures of Mono-
and Disaccharides

In Chapter 7 the separation of the monosaccharide glucose from the
dissaccharide cellobiose and the salts sodium sulfate and iron sulfate
is studied. This sections provides a detailed background on the sepa-
ration of ionic mixtures containing mono- and disaccharides. Feng et
al. [Feng2009] investigated the separation of galacto-oligosaccharides
with the help of nanofiltration. The saccharide mixture consisted of
18 wt.-% glucose, 1 wt.-% galactose, 45 wt.-% lactose (same molecular
weight as cellobiose) and 36 wt.-% oligosaccharides. Four commer-
cial membranes were tested: NF-2 (MWCO: 500–600 Da) and NF-3
(MWCO: 800–1000 Da) by Sepro, NF-1812-50 (MWCO: 150–300 Da)
by Dow Chemical and HBRO-1812-2 (MWCO: 800–1000 Da) by Bei-
jing Ande [Feng2009]. The effect of applied pressure, temperature
and feed concentration on the flux and retention of the saccharides
was studied. All membranes rejected glucose to more than 50% at
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a total sugar concentration of 20 g L−1 and 2 bar retentate pressure.
An increase of pressure to 8 bar led to an increase of rejection up to
over 70% for all membranes. Lactose, as the larger molecule, was
rejected to over 80% at 2 bar pressure and over 90% at 8 bar. An
increase in temperature led to a decrease of the rejection of all so-
lutes. The total concentration of the sugars in the feed significantly
affected the rejection. For the NF-3 membrane, the lactose rejection
dropped from approximately 95% to 85% at 6 bar pressure when the
sugar concentration was increased from 5 to 60 g L−1. The glucose
rejection was affected even more and dropped from about 80% to
45%. The authors explain the decrease of rejection with increasing
sugar concentration by a decrease in driving force due to an increased
osmotic pressure. Goulas et al. [Goul2002] studied the rejection of
mono-, di- and oligosaccharides in a commercial oligosaccharide mix-
ture (Vivinal® GOS) with the membranes Desal 51-HL, 5-DL, and
GE by GE Osmonics. The influence of sugar concentration, temper-
ature and pressure on the rejection and flux were studied. The flux
increased with pressure from 6.9 bar to 27.6 bar and the rejection of
solutes increased. The total sugar concentration was in the range of
50 g L−1 to 76 g L−1, with equal concentrations of fructose, sucrose
and raffinose. The increasing retention can be explained by a greater
solvent flux through the membrane and higher membrane compaction
due to pressure. A rising temperature led to a decreasing rejection.
An increase in total sugar concentration led to a decrease of the rejec-
tion at constant TMP, similar to Feng et al. [Feng2009]. Rejection
values for different membranes can be found in Table A.1. Almazán et
al.[Alma2015] characterized Desal DL and Desal DK membranes by
GE Osmonics for their rejection of glucose solutions with concentra-
tions between 5 g L−1 to 100 g L−1 at pressures from 4 bar to 28 bar at
50 °C. They found a decreasing rejection with increasing glucose feed
concentration at constant TMP. E.g., at 4 bar TMP, the retention
for the DL membrane was > 80% for a 5 g L−1 glucose concentration
and < 40% for a 100 g L−1 solution. However, when the TMP was
corrected for the osmotic pressure, no concentration dependence could
be observed anymore. Almazán et al. [Alma2015] thus support the
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argument of Feng et al. [Feng2009].

A.2.1. Mixtures of Charged and Non-Charged
Solutes

Bargeman et al.[Barg2005; Barg2014; Barg2015] studied the influence
of multi-component feeds on the rejection of the individual solutes.
In particular, the glucose rejection was studied under the influence of
various salts containing chloride as anion. The following membranes
were investigated: Desal 5DK, Desal 5DL (GE Osmonics), Desal G5
(GE Osmonics), NF (Dow Chemicals) and NTR-7450 (Nitto Denko).
In single solute experimentes, a decreasing rejection of NaCl was
found for an increasing salt concentration, as expected from theory
[Meli2007, pp. 285–307]. Additionally, in multi solute experiments, the
glucose rejection decreased with increasing salt concentration. Two
possible explanations were proposed by Bargeman et al. [Barg2005].
On the one hand, a high salt concentration leads to pore swelling.
The increase in pore size leads to a decrease in rejection of neutral
solutes. On the other hand, an increase in salt concentration leads to
a higher membrane charge density. This in turn leads to more friction
of the components in the membrane, which lowers the flux. Bargeman
et al. [Barg2005] found that the flux of small pores is lowered to a
greater extend than the flux of bigger pores. Thus, in the presence
of a salt the bigger pores become more dominant in the rejection
characeristics of the membrane and the rejection for uncharged solutes
decreases. Mohammad et al. [Moha2010] investigated Desal DK and
CK membranes by GE Osmonics for their rejection of glucose and
mixtures of glucose and sodium chloride. The rejection of glucose
followed the trends, which were discussed previously. When glucose
was added to an aqueous solution of sodium chloride, the retention of
sodium chloride decreased with increasing salt concentration. This can
be expected due to the decreasing electrostatic repulsion with increas-
ing salt concentration [Meli2007, pp. 285–307][Moha2010]. Moreover,
the salt concentration affected the rejection of glucose, especially
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for the CK membranes. For the DK membranes, Mohammad et al.
[Moha2010] could not observe a clar influence of salt on the sugar
retention. In contrast, Bouchoux et al. [Bouc2005] report a decreasing
glucose rejection mixtures with salt for DK membranes. According to
Bargeman et al. [Barg2005], the high salt concentration leads to pore
swelling, especially for membranes with a high charge density. The
CK membrane has a higher charge density than the DK membrane,
and thus, the Mohammad et al. [Moha2010] argue that pore swelling
has a higher impact with the CK membranes.
The rejection of NaCl decreased with increasing glucose concentration
[Moha2010]. The authors argue that back diffusion of the salt from the
membrane boundary to the bulk is impeded by an increasing glucose
concentration, which diminishes the rejection [Moha2010]. According
to Vellenga and Trägardh [Vell1998], a high sugar concentration leads
to an increased viscosity, which impairs the diffusion. In contrast,
Bouchoux et al. [Bouc2005] did not find any influence of sodium lac-
tate on the retention of sodium chloride with a Desal DK membrane.
Thus, the effect is dependent on the used membrane, salt and non-salt
concentrations.

A.2.2. The Influence of the pH Value on the
Membrane Retention

Chilyumova [Chil2014] reported that divalent cations were stronger
retained with pH values below the isoelectric point due to stronger
electrostatic repulsion with NF and NF90 membranes (Dow Filmtech).
Effects of the pH value on nanofiltration performance of charged
solutes are well known [Mänt2006; Chil1996]. However, the influence
of the pH value on the surface charge and thus the retention is
superimposed by an additonal effect: Nordvang et al. [Nord2014]
studied the separation of lactose (uncharged, MW = 342 g/mol) and
3’-sialyllactose (charged, MW = 634 g/mol) with varying pH value for
the membranes NP010 (Microdyn-Nadir) and NF45 (Dow Filmtech).
Even though a higher rejection of 3’-sialyllactose was expected at
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high pH values, which corresponded to high charge densities for the
investigated membranes, it was not observed. The authors argue
that pore swelling superimposed the stronger electrostatic repulsion
of ions, yielding no net change in retention. On the other hand, Qi
et al. [Qi2011] found a reduced retention of furfural for an NF90
and xylose and glucose for a NF270 membrane (Dow Filmtech) with
increasing pH value. These uncharged solutes can pass more easily
through the membrane, if it is swollen at high pH values [Qi2011;
Mänt2006; Dalw2011b]. Escalona et al. [Esca2014] investigated the
degradation of bisphenol A (MW = 228 g/mol) during Fenton process
with a following NF operation of the Fenton solution. Here, the NF
membranes (CK, NF270, NF90) showed a high rejection of > 90% for
ferrous iron. The BPA rejection was between 80 to 90 % at a TMP of
6 bar and a pH of approximately 3.

Layer-by-layer polyelectrolyte membranes offer the chance to tailor
the membrane properties by adjusting the number of bilayers, the
polyelectrolyte and coating conditions [Menn2016a]. Thus, they have
a high potential for the separation envisaged in this work. Menne et
al. [Menn2016a] investigated PEM hollow fibers with different bilayers.
Polydiallyldimethylammonium chloride / polysodiumstyrene sulfonate
(PDADMAC/PSS) membranes with a constant coating flux Jcoating >
20LMH showed could be tuned for the retention of magnesium sulfate.
With two bilayers, 40% rejection was reached while three bilayers
even enabled a rejection of 80%. The pure water permeability of
the membranes were 14 LMH/bar and 13 LMH/bar. Self-fabricated
polyelectrolyte multilayer membranes showed a promising potential
for separation of mono- and disaccharides. As a support membrane,
a hydrolyzed polyacrylonitrile (PAN) membrane was coated with
a layer of polyethyleneimine (PEI). Subsequently, either a number
of bilayers composed of poly(allylamine hydrochloride) (PAH) and
poly(styrene sulfonic acid) sodium salt (PSS) or PSS and chitosan was
coated in dead-end mode. Additionally, a C-PEM denoted membrane
with a middle layer comprised of 3 bilayers chitosan/PSS and a
top layer comprised of two bilayers PAH/PSS was fabricated. The
C-PEM membrane reached a flux of 3.7 LMH at 3 bar. Maltose,
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which is a dissaccharide with the same molecular weight as cellobiose,
was separated from glucose. The selectivity of the maltose/glucose
separation was 46 with the best membrane as reported by Shi et
al [Shi2013]. The rejection of glucose was 63% and the rejection
of maltose was 99%. Depending on the polyelectrolyte layers, the
rejection of glucose was as low as 25% and the rejection of maltose
dropped to 72%. The experiments in this work were performed at a
pH value of 3, which is considered as the optimum for electro-Fenton
processes [Pign2006; Bril2009]. Many nanofiltration membranes such
as Desal DK, NF270, NF45, NP010 and NP030 will be positively
charged at pH = 3, as their isoelectric point is above 3 [Hagm1999;
Semi2011; Xu1999; Kose2018]. However, as e.g. the isoelectric points
of the NP010 and NP030 membranes, which are 3.3 and 3.2, are
only slightly above the desired value, a detailed investigation on the
retention for the in this thesis described system is necessary.
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A.2.3. Membrane Properties
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Nomenclature

AGU Anhydroglucose

AO process Autooxidation process

BET Brunauer, Emmett and Teller

CD Current density

CE Current efficiency

CEM Cation exchange membrane

CL Catalyst layer

CNT Carbon nanotube

CV Cyclic voltammetry

DCA Dicarboxylic acids

DES Deep eutectic solvent

DHBA 2,3-dihydroxybenzoic acid

EAQ 2-ethylanthraquinone

ecMR Electrochemical membrane reactor
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Nomenclature

EDX energy-dispersive x-ray spectroscopy

EIS Electrochemical impedance spectroscopy

GC Gas chromatography

GC-MS Gas chromatography mass spectrometry

GDE Gas diffusion electrode

GHG Greenhouse gas

HMWC High molecular weight compounds

HPLC High-performance liquid chromatography

LbL Layer-by-layer

LC Liquid chromatography

LMWC Low molecular weight compounds

MMWC Medium molecular weight compounds

MPL Microporous layer

MWCNT multi-walled carbon nanotubes

NF Nanofiltration

ORR Oxygen reduction reaction

P2X Power-to-X

PAH poly(allylamine hydrochloride)
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Nomenclature

PAN polyacrylonitrile

PE Polyelectrolyte

PEI Polyethyleneimine

PSS poly(styrene sulfonic acid) sodium salt

PTFE polytetrafluorethylene

SCS Sodium cumene sulfonate

SEC Size exclusion chromatography

SEM scanning electrode microscopy

SHE Standard hydrogen electrode

SL Substrate layer

SXS Sodium cumene sulfonate

TMP Trans membrane pressure
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