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Abstract 

   The negative impact of crude oil on the environment has led to a necessary transition 

toward alternative, renewable, and sustainable resources. In this regard, lignocellulosic 

biomass (LCB) is a promising renewable and sustainable alternative to crude oil for 

the production of fine chemicals and fuels in a so-called biorefinery process. LCB is 

composed of polysaccharides (cellulose and hemicellulose), as well as aromatics 

(lignin). The development of a sustainable and economically advantageous biorefinery 

depends on the complete and efficient valorization of all components. Therefore, in the 

new generation of biorefinery, the so-called biorefinery of type III, the LCB feedstocks 

are selectively deconstructed and catalytically transformed into platform chemicals. For 

this purpose, the development of highly stable and efficient catalysts is crucial for 

progress toward viability in biorefinery. Furthermore, a modern and integrated 

biorefinery relies on process and reactor design, toward more efficient and cost-

effective methodologies that minimize waste. In this context, the usage of continuous 

flow systems has the potential to provide safe, sustainable, and innovative 

transformations with simple process integration and scalability for biorefinery schemes. 

   This thesis addresses three main challenges for future biorefinery: catalyst synthesis, 

waste feedstock valorization, and usage of continuous flow technology. Firstly, a 

cheap, scalable, and sustainable approach is presented for the synthesis of an efficient 

and stable 35 wt.-% Ni catalyst on highly porous nitrogen-doped carbon support 

(35Ni/NDC) in pellet shape. Initially, the performance of this catalyst was evaluated for 

the aqueous phase hydrogenation of LCB-derived compounds such as glucose, 

xylose, and vanillin in continuous flow systems. The 35Ni/NDC catalyst exhibited high 

catalytic performances in three tested hydrogenation reactions, i.e., sorbitol, xylitol, 

and 2-methoxy-4-methylphenol with yields of 82 mol%, 62 mol%, and 100 mol% 

respectively. In addition, the 35Ni/NDC catalyst exhibited remarkable stability over a 

long time on stream in continuous flow (40 h). Furthermore, the 35Ni/NDC catalyst was 

combined with commercially available Beta zeolite in a dual–column integrated 

process for isosorbide production from glucose (yield 83 mol%).  

   Finally, 35Ni/NDC was applied for the valorization of industrial waste products, 

namely sodium lignosulfonate (LS) and beech wood sawdust (BWS) in continuous flow 

systems. The LS depolymerization was conducted combining solvothermal 

fragmentation of water/alcohol mixtures (i.e.,methanol/water and ethanol/water) with 



 
 
 
 

 
  
  
 

catalytic hydrogenolysis/hydrogenation (SHF). The depolymerization was found to 

occur thermally in absence of catalyst with a tunable molecular weight according to 

temperature. Furthermore, the SHF generated an optimized cumulative yield of lignin-

derived phenolic monomers of 42 mg gLS-1. Similarly, a solvothermal and reductive 

catalytic fragmentation (SF-RCF) of BWS was conducted using MeOH and MeTHF as 

a solvent. In this case, the optimized total lignin-derived phenolic monomers yield was 

fo und of 247 mg gKL-1.  
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 Motivation 
   Climate change is one of the major challenges we face as a civilization. 

Progressive temperature increase, as well as more frequent climate-induced 

natural disasters, have shown that our modern lifestyle has become unsustainable. 

In this context, during the 2015 Paris United Nations Climate Change Conference, 

it was agreed on limiting yearly global warming below 2 K, compared to pre-

industrial levels.[1]  

   The main cause of global warming is greenhouse gases emitted primarily by 

crude oil combustion for energy purposes. Beyond environmental aspects, crude 

oil presents other major issues, such as limited availability and uneven distribution, 

leading to economic crises and political conflicts. Additionally, crude oil is also the 

core feedstock for consumable plastics and platform chemicals. Therefore, the 

energy supply and availability of crude oil-derived products are indispensable for 

our society’s prosperity. Moreover, modern lifestyle and a growing world population 

are demanding increasing amounts of energy and consumables.  

   As a result of this reality, the search for sustainable alternatives to crude oil for 

both energy and platform chemicals become urgent science and technological 

questions. Although renewable sources of energy such as solar, wind, and 

hydroelectric power are already established; renewable energy production is not 

growing fast enough to meet global demand and replace crude oil entirely.[2] In 

addition, the need of materials, plastics, and general consumables is growing 

alongside the world population. Furthermore, due to the urgent need, an alternative 

to crude oil has to be rapidly found and implemented in existing industrial 

processes.[3]  

   One of the most promising resources to meet all of these requirements is 

lignocellulosic biomass (LCB), i.e., plants. Indeed, LCB plays a crucial role in the 

carbon cycle, scavenging atmospheric CO2 and potentially closing the carbon 

cycle.[4] In contrast to crude oil, LCB is globally available, renewable, and 

sustainable. However, LCB is not a new resource as it has been historically used 

for chemical and energy purposes before the industrial revolution, until being 

replaced by crude oil. In other words, humankind, science, and technology have 
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neglected LCB in favor of crude oil, and it is, therefore, time to renew interest in 

LCB. 

   Aiming to valorize LCB toward a sustainable platform for chemicals, materials, 

and fuels, the engineering concept of biorefinery has been proposed as a solution. 

Indeed, the concept of biorefinery describes a facility where raw biomass feedstock 

is processed toward refined and valuable chemicals. Beyond a scientific result, to 

play a role in the actual economic market, LCB derivatives must be competitive 

with crude oil derivatives.  

   The transition toward sustainable biorefineries should also include the 

technological process required. Indeed, the 12 principles of green chemistry from 

Anastas and Werner in 1998 have already shown the way to develop sustainable 

and benign chemical products and engineering processes. Therein, concepts such 

as waste prevention, usage of renewable feedstocks, atom economy, energy 

efficiency, and catalysis, among the others, have been highlighted as 

“commandments” for a sustainable future.[5] Indeed, the development of more 

active, stable, selective, and sustainable catalysts has a pivotal role in future 

biorefineries. Furthermore, the International Union of Pure and Applied Chemistry 

(IUPAC) has highlighted the usage of flow processes among the emerging 

technologies that will make our planet more sustainable.[6] Therefore, in an ideal 

biorefinery, the valorization of sustainable feedstock, such as LCB, is embraced 

with sustainable catalyst design and performed in continuous flow systems. 
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1. Biorefinery using heterogeneous catalysts  

 

1.1 Lignocellulosic biomass 

   Lignocellulosic biomass (LCB) is the total weight of organic matter produced by 

plants in the metabolic cycle. LCB is produced by capturing atmospheric CO2 and 

in combination with water and sunlight generates nutrients via photosynthesis. 

Thus, the carbon that constitutes LCB has been directly captured from the air, 

which allows LCB to be carbo-negative and intrinsically sustainable.[7-9] With an 

estimated amount of 550 Gton, LCB is the most abundant biomass on the planet 

and the second biggest organic reservoir of carbon after soil humic matter.[9, 10] For 

these reasons, LCB is considered the most promising candidate to replace crude 

oil for the production of chemicals and fuels.[4, 7, 9, 11-15]   

 

Figure 1.1. (Left): Plants produce lignocellulosic biomass through photosynthesis; 

(Right): The predominant composition of lignocellulosic biomass, i.e., cellulose, 

hemicellulose and lignin. 

    LCB composition is extremely variable depending on source plant species, 

tissue, and age.[8] Generally, the main LCB components are polysaccharides, 

mostly C6 and C5 sugars that form cellulose (35-50%) and hemicellulose (~20-

30%), (Figure 1.1).[8, 14] In addition, lignin (10-25%) which is mainly composed of 

aromatic units. Besides those three components, the residual (1-5%) are other 

compounds such as fats, proteins, and minerals, which are listed in Figure 1 as 
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“other”.[8, 14] The three major components, i.e., cellulose, hemicellulose, and lignin, 

are polymers arranged in an entangled and highly heterogeneous supramolecular 

structure.[8] The biological function of this structure is to provide plants resistance 

against degradation, as well as skeletal support to growth.[16, 17] 

 

Figure 1.2. (Left): structure of cellulose; (Right): structure of hemicellulose. 

   The largest LCB component, cellulose, is a linear homo-polysaccharide 

composed of glucose units bonded by a β(1-4) glycosidic bond (Figure 1.2). 

Typically, the number of glucose units can range from 300 to 10,000 according to 

the plant species.[18] Cellulose presents a strong network of inter- and intra-

molecular hydrogen bonding organized in fibrillary structures, which results in a 

crystalline structure with high tensile strength.[8, 16] Evolution has selected these 

properties to provide plants with mechanical and chemical resistance as a defense 

against exogenous agents. However, these properties make cellulose recalcitrant 

against chemical treatments for the purpose of valorization.[16]  

   Hemicellulose, the second main component of LCB, is a class of hetero-

polysaccharides formed by condensed C5 and C6 monosaccharide units such as 

xylose, arabinose, glucose, and mannose (Figure 1.2).[16, 17] Unlike cellulose, 

hemicellulose presents short and highly branched chain of C5 and C6 sugars.[19] 

Therefore, hemicellulose has a random, amorphous structure with lower chemical 

and mechanical strength when compared to cellulose.[17] The biological function of 

hemicellulose is to support the plants skeleton via interaction with other 

components, i.e., cellulose and lignin.[19] Accordingly, hemicellulose is typically 

adsorbed on the surface of cellulose microfibrils, and can have chemical bonding 

with lignin.[17, 19]  



 
 
 

 
3 

 

 

Figure 1.3. (Left): Structure of monolignols: sinapyl alcohol (S), coniferyl alcohol (G) and 

p-coumaryl alcohol (H); (Right): simplified lignin structure with highlighted ether (β-O-4, 4-

O-5, β-O-5, γ-O-α) and carbon-carbon (5-5 and β-β) linkages.  

   The third main component of LCB is lignin, which represents the most abundant 

renewable source of aromatic compounds on the planet.[20-23] However, lignin is a 

complex polymer due to the highly cross-linked, randomly oriented, and 

heterogeneous structure.[20, 24-26] The structure of lignin is still debated and not yet 

completely identified, and has thus been defined as “supramolecular chaos”.[22, 27] 

Generally, lignin is formed by three phenylpropanoid building blocks called 

monolignols: sinapyl (S), coniferyl (G) and p-coumaryl (H) alcohol, corresponding 

to syringyl, guaiacyl and p-hydroxylphenol, respectively (Figure 1.3).[23, 28] During 

lignin biosynthesis in the plant, monolignols condense via oxidative radical 

coupling, yielding various inter-unit linkages, such as ether bonds, e.g. β-O-4, 4-

O-5, β-O-5, γ-O-α, and strong carbon-carbon bonds, e.g., 5-5 and β-β. Generally, 

the β-O-4 ether bonds are most abundant, as well as being easiest to cleave 

among lignin linkages.[23, 28] Hence, the β-O-4 bonds are commonly targeted in 

catalytic lignin valorization.[29] Additionally, it should be considered that all lignin 

properties can vary considerably depending on plant species, maturity and growing 

environment.[29] Nevertheless, the biological function of lignin is to protect plants 

against fungi and antimicrobial organisms as well as to act as a glue for 

cellulose.[21, 30] Owing to these functions, lignin is particularly robust against 

chemical treatment.   

Finally, due to the diversity of the LCB composition, as well a higher O/C ratio than 

crude oil, LCBs could potentially be utilized not only use for the replacement of 
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crude oil, but also for synthesizing a larger variety of innovative and unconventional 

compounds.[14, 15]             

     

1.2 State of the art of biorefinery 
 

1.2.1 Principles of biorefinery 
 

   The paradigm of biorefinery was proposed in the 1990s to indicate the facility for 

chemical and fuel production from biomass, with the intention of sustainability.[31, 

32] Therefore, analogous to a traditional petro-refinery, in a biorefinery the raw 

feedstock, i.e., LCB, is separated into useful and treatable intermediate 

compounds. These so-called platform chemicals, are further valorized toward 

value-added products.[14, 31-35] In addition, a biorefinery should also maximize the 

efficiency of its processes to maximize profitability and decrease the carbon 

footprint of its products.[31] 

   However, the usage of renewable resources, such as LCB, is not enough to 

guarantee a completely sustainable process. For this reason, a biorefinery must 

implement standard guidelines for green chemistry, which has its roots in the 

1990s. Anastas and Werner presented these guidelines, the so-called 12 principles 

of green chemistry, to design chemical processes sustainably and safely (Figure 

1.4).[5] One of the essential tenets of green chemistry is the complete utilization of 

feedstock, minimizing by-products and waste, and promoting a circular bio-

economy.[34, 36-39] Indeed, in a circular bio-economy all low-value waste materials 

are re-processed or re-cycled toward new valuable products.[38, 39] Therefore, 

replacing non-sustainable feedstocks with sustainable resources, e.g. LCB, should 

be combined with process optimization and design to avoid and reduce waste.[39]  

   In addition, green chemistry promotes the usage of non-hazardous and 

renewable chemicals in all process steps, and thus feedstocks and solvents. 

Therefore, several reaction media have been proposed as innovative green 

solvents, such as ionic liquids, supercritical CO2, and biphasic solvents.[40] 

Nevertheless, water is the most ideal green solvent, due to being inexpensive, 
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abundant, nontoxic, and non-flammable. [40] However, as it is not always possible 

to use water as a solvent, there are a wide number of bio-based solvents which 

can be produced from LCB within a biorefinery, such as ethanol, propanol, 

tetrahydrofuran, 2-methyl tetrahydrofuran, and acetone.[41] 

 

  

Figure 1.4. The 12 principles of Green Chemistry.[42, 43] 

      However, technologies that are not economically profitable will not be 

sustainable long term.[36] For this reason, biorefinery must compete economically 

with the petro-refinery. To date, biorefinery is still commercially inconvenient with 

respect to petro-refinery, due to several critical differences.[31, 44] The major 

disadvantage lies within the physical state of the feedstock, as LCB is a solid, 

whereas crude oil is a viscous fluid. As a result, in a petro-refinery, the crude oil 

components can be separated simply via distillation. In contrast, biorefinery 

requires more sophisticated and cost-ineffective fractionation processes.[4] The first 

fractionation steps are commonly called pre-treatments and encompass a large 

variety of different processes, which aim to lower the LCB complexity via 

separation into major components, i.e., cellulose, hemicellulose, and lignin.[16] 

Pretreatment can be classified into four main categories: physical (sawing, 

chopping, and milling), thermal (pyrolysis, liquefaction, and gasification), chemical 
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(acid/base hydrolysis), and biological (fermentation and enzymatic) methods, 

which are often combined together in multistep processes.[11, 31, 32, 45, 46] These 

processes generally require product separation, purification, as well as solvent 

recuperation, which are cost-ineffective steps.[45, 47] For these reasons, 

pretreatment still represents the main economic bottleneck for biorefinery as a 

whole, due to higher cost when compared to petro-refinery.[4, 45, 47]  

   For these reasons, it is clear that the biorefinery paradigm is still in its infancy. 

Therefore, the development of an economically viable, efficient, and sustainable 

biorefinery will require scientific and technological advancements in-step.[31, 35]  

 

1.2.2 Modern integrated biorefinery 
 

   An integrated biorefinery converts LCB into any combination of fuels, heat, and 

chemicals; making full use of the feedstock by applying multiple concatenate steps 

including pretreatment, chemical transformation, energy production, heat 

exchange, and product separation methods.[48, 49] Therefore, an integrated 

biorefinery can take advantage of the multiple LCB components to maximize the 

products value and minimize cost.[31, 50, 51] In addition, the integration of multiple 

steps in a single facility, or an industrial cluster, would reduce transportation costs 

and the overall product footprint.[50]  

   Generally, the design of an integrated biorefinery implies the selection of LCB 

feedstock, the technological paths to connect raw feedstock to platform chemicals 

and products, and all the process conditions and engineering to maximize the yield 

and quality of the target products.[50, 52] Thus, the future of an integrated biorefinery 

lies in the development, implementation, and combination of different 

technologies.[50, 52, 53]  

   Biorefinery processes have been categorized by various criteria such as the 

applied feedstock, process type, and applied technology.[31, 32, 54] Among them, 

biorefinery can be classified into three types, based on the applied feedstock and 

valorization strategy, summarized in Table 1.1.[17, 35, 55] 
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Table 1.1.  Different biorefinery types according to the feedstock used and the valorization 
strategy.[31, 32] 

Biorefinery Feedstock 

 
Valorization 
Strategies 

 

Advantages Disadvantages 

Type I 
Crops 
(edible 
LCB) 

Hydrolysis and 
fermentation 

Minimal pretreatment, 
simple separation of 

products. 
 

Single feedstock, 
food vs fuel 

controversy, land 
degradation, no 

product 
diversification. 

 

Type II 
Non-edible 

LCB 
Gasification or 

pyrolysis 
Multiple feedstocks, 
diversified process. 

Harsh reaction 
condition, difficulty 
to control product 

selectivity 

Type III 
Non-edible 
wet LCB 

Combined 
multistep process  

 
Multiple feedstocks, 

mild conditions, 
controlled products, 

diverse products 
 

Separation steps, 
high costs, reactor 

design. 

 
 
   Type I biorefineries are a non-diversified process, where a single edible crop is 

used as a feedstock. For type I, feedstock valorization targets one compound in 

particular. The most prominent example of type I is the synthesis of bioethanol from 

crops such as sugar beet or sugarcane.[7, 12, 15, 56] The major advantage of type I 

biorefinery lies in the minimal pretreatment required and the simple separation of 

products.[49] However, the usage of edible crops has been strongly criticized due 

to competition with food, in the Fuel vs Food controversy.[4, 14] In addition, the used 

crops are cultivated via intensive farming, which is considered responsible for soil 

erosion.[49] For these reasons, type I biorefinery is not considered a valid 

sustainable alternative to crude oil.[57] 

   Type II biorefinery applies a relatively diversified process where non-edible LCB 

feedstock, such as forest, agricultural, and food waste is valorized toward various 

products. The most prominent example is the thermal valorization processes (e.g. 

pyrolysis and gasification) for the production of bio-oil and syngas.[12, 58, 59] This 

process has the advantage of using non-edible waste feedstock with a diversified 

process.[32] However, type II biorefinery has some inherent disadvantages, such as 
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harsh conditions in the process, difficult control, and a low value resulting 

product.[60] 

   Finally, a biorefinery of type III is a highly integrated and diversified process 

where multiple wet LCB feedstocks (mostly non-edible) are valorized toward a wide 

pool of platform and fine chemicals.[31, 32] Typically, these processes selectively 

deconstruct the LCB toward its major components, i.e., cellulose, hemicellulose, 

and lignin, and then catalytically transform them into platform chemicals by 

applying relatively mild conditions. Then, the produced platform chemicals can be 

further processed into value-added and fine chemicals.[32] The main advantage of 

type III biorefinery is the selective deconstruction of LCB to a diversified number of 

valuable products. In addition, the possibility to use the products as intermediates 

for further synthesis can allow further process integration, and higher utilization for 

valuable products.  

   For the aforementioned reasons, type III biorefinery is the most integrated and 

modern process, and has the highest potential to drive a transition from an oil-

derived chemical industry toward a sustainable bio-based industry.[50, 51] However, 

type III biorefinery requires cost-ineffective products separation steps, as well as 

high solvent volume, and the design of innovative reactors. Thus, type III 

biorefinery is still in its infancy, and to be commercially competitive with oil-refinery 

would require the development of more integrated and efficient process 

methodologies, as well as innovative synthetic pathways. This thesis will focus only 

on biorefinery type III as the model integrated biorefinery. 

    Nowadays, a major focus in the modern integrated biorefinery corresponds to 

C5 and C6 sugar valorization, i.e., cellulose and hemicellulose, as they are the 

majority of LCB (~75%).[4, 11, 61] These polysaccharides can be deconstructed in C5 

and C6 monosaccharides, e.g. glucose and xylose primarily via hydrolysis, and 

then catalytically converted toward platform and fine chemicals.[9, 11, 12, 62, 63] In this 

context, the U.S. Department of Energy (DoE) has identified 12 building blocks as 

the “top value-added chemicals from biomass”, i.e., ethanol, glycerol, lactic acid, 

3-hydroxypropanoic acid, succinic acid, furfural, levulinic acid, xylitol, isoprene, 2,5 

furan dicarboxylic acid, 5-hydroxymethyl furfural and sorbitol (Figure 1.5).[64, 65] 

These compounds are platform chemicals, which can be derived from the sugar 
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fraction of LCB. Moreover, the “top 12” have been selected as being precursors for 

a wide series of compounds with potential applications in polymer, 

pharmaceuticals, food, cosmetics industries.[8, 9, 44, 62] Therefore, they represent a 

valuable portfolio of molecules, which can contribute to replace the existing oil- with 

LCB-derived compounds. However, these chemicals were selected in 2010, based 

on the technology and industrial demands of that time.[64] Hence, technological 

innovations, and changes in industrial demands could expand or modify that list.[64] 

 

Figure 1.5. The 2010 revised “Top 12” value-added chemicals from biomass according to 

the U.S. Department of Energy (DoE) grouped according to their carbon content.[64, 65] 

       Nowadays there are some examples of integrated industrial processes for 

sugar valorization, such as Avantium YXY® technology for furandicarboxylic acid 

production[66], the BASF Succinity® process for the synthesis of succinic acid [67], 

and the Biofine process for levulinic acid production[49, 68]. Among these processes, 

the Biofine process is one of the first integrated biorefinery processes 

demonstrated on a large schale. Therein, levulinic acid is produced with a 

comparably high yield (46 wt.- %) with formic acid, furfural ad char as byproducts, 

(Figure 1.7).[32] The by-products are further valorized as platform chemicals, in the 

case of furfural and formic acid, or thermally treated to recover heat, in the case of 

char.[32]  
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Figure 1.7. Schematic representation of Biofine process for the production of 
levulinic acid, formic acid, and furfural.[32] 

   The Biofine process uses homogeneously acid-catalyzed hydrolysis (primarily 

aqueous H2SO4) LCB valorization, combining a plug flow reactor with a 

continuously stirred tank reactor, or batch system (Figure 1.7). In the reactor, the 

cellulosic C6 and C5 sugars from LCB feedstock are hydrolyzed and converted to 

5-hydroxymethylfurfural (HMF) and furfural at a temperature of 483-503 K. Then, 

in the second reactor, HMF is converted to levulinic acid with furfural, formic acid, 

and char as by-products at a temperature of 468-488 K (Figure 1.7-3). Afterward, 

formic acid and furfural are isolated and purified via distillation, while levulinic acid 

and residual solid char are separated via filtration.[32] This example clearly shows 

the complexity of an integrated biorefinery, where are combined different 

technological methodologies, such as mixing, continuous flow, batch reactors, and 

separation steps. 

   Generally, sugar valorization is still economically inefficient when compared to 

petro-refinery. Established processes have limited production, which cannot meet 

societal demand for chemicals. Additionally, the applied technologies rely mostly 

on batch systems or homogeneously catalyzed flow (e.g. the Biofine process), 

which lead to high operational costs. In this context, a higher degree of 

interconnection between process steps will lead to lower costs and more efficient 

production.[69] The discovery of innovative synthetic pathways for the production of 

platform chemicals as well as for its valorization toward fine products is greatly 

needed to exploit the full potential of sugar biorefinery.[4, 70] 
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   Sugar valorization has been a primary goal within the general context of 

biorefinery.[33, 61, 71-73] Cellulose and hemicellulose are also largely used within the 

paper and pulp industries, which exceeded 400 Mton of global paper production in 

2018.[74, 75] In these cases, where cellulose and hemicellulose are valorized, the 

third major LCB component, lignin (~20%), is generated as a byproduct, and 

thermally treated as waste.[76, 77] However, profitable and sustainable biorefinery 

requires valorization of all LCB components, reducing low value by-products.[5, 69] 

Several studies have indicated lignin valorization is the essential step in the 

development of a completely integrated biorefinery process.[23, 28, 33, 71, 73, 78-81] The 

main obstacle of which is the complexity of lignin, and its recalcitrance against 

treatment. [21, 69] Historically the most direct lignin applications rely on its usage as 

a macromolecule, e.g. additives for composite material, cement, dyes, and 

polymers.[28, 73, 82, 83] This is noteworthy, as the only relevant process for lignin 

valorization into chemicals at an industrial scale is vanillin production via oxidative 

fractionation, mostly by the company Borregaard.[84] However, recently several 

promising methods for lignin valorization towards molecules have been 

disclosed.[28, 71, 80, 85, 86] The most advanced method for lignin valorization toward 

chemicals are reductive[33, 80] and oxidative[87] catalytic fractionation, as well as 

chemical functionalization mediated fractionation[85]. Indeed, lignin biorefinery is 

still in its infancy, however, facing the chemical and technological challenges of this 

field will increase the overall viability of the biorefinery. 

   There are several challenges that have to be considered in order to establish a 

holistic, efficient, and profitable biorefinery processes: the complete utilization of 

the feedstock, design of catalytic process more selective, efficient and working at 

mild conditions, as well implementation of the processes into existing working 

technology.[69] To overcome these challenges a multifaceted approach is 

necessary for the design of new catalytic systems with complete feedstock 

utilization and implementation of these processes into existing technologies. Owing 

to those challenges, a holistic fully integrated biorefinery has the potential to 

increase the sustainability of our society. 
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1.2.3 Continuous flow systems for integrated biorefinery 
 

   The commercial implementation of a biorefinery requires the development of its 

technology, starting from reactor selection and engineering to process design. 

Currently, batch systems represent standard operating systems for biorefinery 

purposes at both laboratory and industrial scale.[88-91] However, in the last decade 

continuous flow systems have been recognized as a more sustainable and more 

efficient alternative to batch systems.[88, 89, 92-95] In 2019, the International Union of 

Pure and Applied Chemistry (IUPAC) has concluded that flow chemistry among 

the ten chemical innovations that will make the world more sustainable.[6]  

   Nowadays, several industries already implemented continuous flow technology 

in their production schemes, mostly in petro-refinery and pharmaceutical 

industries.[88, 96] However, very few processes applied continuous flow technology 

for biorefinery. Among these processes, flow reactors are used for gas-phase 

reactions (such as pyrolysis and gasification) or in liquid phase by applying 

homogenous catalysts in plug flow reactors.[32, 60] As an example, the Biofine 

process applies continuous flow but with homogeneous acid catalyst (cf Chapter 

1.2.2).[32] Surprisingly, there are not established process utilizing heterogeneous-

packed bed reactors at an industrial scale for biorefinery purposes. 

  A typical continuous flow reactor consists of a reaction column, i.e., a tube, 

embedded in heat exchanger, fed constantly with reactants solution and generally 

packed with catalyst bed.[88, 93] Despite the usage of small volume capillary reactors 

in academia, for industrial purposes the most used continuous flow systems rely 

on heterogeneous catalysts packed-bed reactors.[88, 97]  

   Continuous flow systems present a series of advantages and limitations when 

compared to batch, which has to be considered for reactor selection (Figure 

1.8).[98] Firstly, packed-bed continuous flow reactor are limited to shaped porous 

catalysts rather than powders to prevent reactor clogging and to minimize the 

pressure drop. [89, 97] Accordingly, one of the main advantages of a flow system is 

the straightforward separation of product from the catalyst. Therefore, in contrast 

to batch, the reaction downstream is simple and does not require expensive 

catalyst filtration/product separation procedures.[89, 93, 99] 



 
 
 

 
13 

 

 

Figure 1.8. Comparison between flow systems (Left) and batch systems (Right), with 

respective advantages (green) and disadvantages (red). 

   In a flow system, mass transfer is regulated only by the solvent flow, whereas 

batch reactors require mechanical stirring.[80, 89] The absence of stirring can be 

advantageous, due to reduce operational costs for eventual scale-up. However, 

stirring guarantees ideal mixing which can be necessary for some reactions. [80] In 

addition, the residence time of reactants and products inside a flow reactor can be 

easily regulated with the flow rate. Therefore, the reaction time can be minimized, 

reducing follow-up reactions or the degradation of products.[90, 92, 99] This is 

particularly important for biorefinery, due to the natural tendency of LCB-derived 

compounds to decompose at high temperatures.[100] 

   In terms of process intensification and integration, flow systems guarantee the 

straightforward connection of multiple reactors. As a result, different reactors can 

be coupled with different catalysts to allow simultaneous reactions. This enables 

the establishment of integrated systems, or the increase of volumetric reaction 

productivity with multiple reactors in series, i.e., intensify the process.[101] 

Therefore, connecting multiple reactors reduces the solvent requirement and 

enables the design of the most direct atom-efficient route, preventing waste.[90, 95] 

Moreover, continuous flow systems require a lower space, i.e., smaller reactor size 
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than batch to reach a comparable conversion rate. Due to this lower volume, flow 

systems present more efficient heat transfer and lower space requirement than 

batch.[102, 103] Economically, the redesign of a batch process into flow system has 

been reported to reduce the resource consumption, and thus cost, by up to 

30%.[104, 105]    

   As a result of operating reactions in continuous flow systems, the safety of the 

process is improved.[106] This applies particularly when toxic chemicals are used 

(or produced), but also for gas-liquid reactions where high pressure is required.[95, 

102] In the case of gas-phase reactions, such as hydrogenation, the inherent safety 

of flow is due to the lower volume of the reactor as well as the taming of unexpected 

exothermic reaction via high mass and heat transfer.[95] This increased safety 

further establishes flow chemistry as a more green option than batch, per the 12 

principles of green chemistry.[42] 

   However, flow systems are not only a sustainable and safer alternative to batch. 

Recent developments in continuous flow technology revealed that chemistry 

conducted in flow systems opens new synthetic pathways not yet achieved in a 

batch process.[88, 98, 107] Therefore, flow chemistry is not only a sustainable and less 

expensive alternative to batch but also a powerful tool for chemists to discover new 

synthetic strategies. 

   Therefore, the implementation of continuous flow systems into the framework of 

biorefinery has the potential to enhance the development of safe, sustainable,  

efficient, and commercially viable processes.  

 

 

 

 

 

 

 



 
 
 

 
15 

 

1.3 Heterogeneous catalysis for biorefinery 
 

1.3.1 Catalytic valorization of lignocellulosic biomass 
 

   In every chemical transformation, a certain amount of energy is required to 

initiate a chemical reaction, namely, activation energy. A catalyst can be used to 

decrease the activation energy of a system without altering it 

thermodynamically.[108] Generally, catalysts can be categorized into 

homogeneous, heterogeneous, and bio-catalysts.[109] Among them, the most used 

for industrial purposes are heterogeneous catalysts, which are typically solid and 

present specific active sites on their surface.[109, 110] Heterogeneous catalysts have 

the major advantage of simple separation from the reactants/products. Thus, it is 

estimated that almost 80% of industrial processes use heterogeneous catalysts.[15, 

91] New innovative and efficient catalysts can decrease the amount of energy 

required for a process as well as enable innovative chemical transformation. 

Therefore, the development of catalysts has vital importance when considering a 

sustainable, profitable, and integrated biorefinery.  

   LCB is composed mostly of carbon, oxygen, and hydrogen, where elemental 

abundance is described as O/C and H/C atomic ratio. The typical LCB ratio can be 

visualized in the Van Krevelen diagram in comparison to other fossil feedstocks 

such as peat, lignite, coal anthracite, and crude oil, (Figure 1.8).[111, 112] Generally, 

LCB presents a high O/C ratio, which corresponds at a molecular level to a range 

of different functionalities comprising, alcohols (polyols), phenols, carboxylic acids 

and aldehydes. These functionalities represent the chemical richness of LCB and 

are generally the target for catalytic valorization such as hydrogenations, 

hydrodeoxygenation, hydrogenolysis, decarboxylation, dehydration, and oxidation. 

[33, 62, 113] To occur, all the above-mentioned reactions require catalysts with specific 

active sites such as redox-active catalysts or acid-base catalysts. A growing 

number of possible catalytic reactions for the LCB valorization toward chemicals 

and fuels is reported every year.[114, 115] In this thesis, the investigations involved 

two of the most important catalytic pathways for LCB valorization, such as 

hydrogenation and dehydration of LCB-derived compounds and reductive catalytic 
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depolymerization of lignin. Therefore, this chapter presents a survey of possible 

reactions of hydrogenation and dehydration involving LCB and LCB-derived 

compounds. 

 

Figure 1.8. Typical van Krevelen diagram with O/C atomic ratio as a function of H:C atomic 

ratio of several feedstocks.[111] 

   The major component of LCB, i.e., cellulose, can be converted through hydrolysis 

in glucose (Glu), giving an entry point for the production of a series of platform 

chemicals, e.g. 5-hydroxymethyl furfural (HMF), 2,5 furandicarboxylic acid, 2,5-

dimethylfuran (DMF), levulinic acid ɣ-valerolactone, sorbitol, and isosorbide 

(Figure 1.9 and 1.5).[114-116] Among these products, HMF is widely recognized as 

the “sleeping giant” of sugar refinery due to its unexpressed potential.[61, 117, 118] The 

HMF potential is derived from its versatile chemical functionality since it has 

simultaneously alcoholic, aldehydic, and furanic moieties. Therefore, HMF can be 

easily upgraded either with an oxidative pathway, e.g. to 2,5-furandicarboxylic acid 

[14, 119], with reductive steps, e.g. to DMF[63, 112], or via hydrolysis to levulinic acid.[118] 

HMF is generally formed from glucose via isomerization into fructose followed by 

three consecutive dehydration steps using solid acid catalyst, e.g. Amberlyst 15, 

Nafion NR50, or graphene oxide.[61, 118, 120] 
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Figure 1.9. Glucose valorization routes via catalytic reduction and dehydration. The red 

sphere indicates reaction catalyzed by acidic sites while the gray sphere indicates reaction 

catalyzed by reduction sites. The red star indicates the reaction investigated in this thesis. 

   Among HMF derivatives, DMF has raised interest due to its potential for several 

applications. As such, DMF is a high value biofuel, with an energy density 

comparable to gasoline and diesel of 35 MJ L-1.[118, 121, 122] More interestingly, DMF 

can also be further upgraded via Diels-Alder cycloaddition to produce p-xylene, 

which is the main industrial precursor for PET and polyester fibers. [123, 124] In 2007, 

Dumesic’s group pioneered work for the HMF hydrodeoxygenation to DMF in a 

batch system, using a bimetallic Ru-Cu/C, yielding 71 mol% of DMF at 493 K.[112] 

Furthermore, a series of supported metal catalysts have been efficiently used for 

the same purpose, such as Pd, Ru, Pt, Rh, Au, Co, Ni, and Cu.[62, 122, 125-128] Beyond 

DMF, HMF can also be converted via hydrolysis toward levulinic acid, which has a 

wide range of different applications, e.g. solvents, pharmaceuticals, food, and 

cosmetics industries.[64, 129, 130] In addition, levulinic acid can be further upgraded 

to other C5 chemicals, to ɣ-valerolactone among others via catalytic hydrogenation 

combined with dehydration.[129, 131, 132]  

   Alternatively, Glu can be hydrogenated towards sorbitol (Sor), the global 

production of which is already higher than 500 kton per year, mostly for cosmetics, 

food and pharmaceuticals industries (Figure 1.9).[133-135] On an industrial scale, 
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Sor is produced from Glu hydrogenation in batch systems using skeletal Ni 

catalysts, i.e., Raney Nickel.[133, 136] Additionally, metal-based catalytic reactions 

have been proposed for the Glu hydrogenation toward Sor, such as Ru (Ru/Al2O3, 

Ru/C, Ru/zeolite and Ru/SiO2)[135, 137-142], Pt (Pt/Al2O3, Pt/SiO2, and Pt/C)[142-145], 

Cu (Cu/SiO2),[146] and Ni (Ni/SiO2, Ni/TiO2, Ni/Al2O3).[135, 137, 146] However, the usage 

of non-noble metals, e.g., Ni, has been reported to suffer from rapid catalyst 

deactivation due to significant Ni leaching within hours under hydrothermal 

conditions.[135, 137, 146] 

  Moreover, Sor can also be further upgraded via acid-catalyzed dehydration into 

isosorbide, a high value bio-based building block (Figure 1.9).[70, 147-150] 

Accordingly, isosorbide is gaining relevance, as it can be used as a building block 

for a novel class of bio-polymers.[70, 151-154] In this context, there are already 

commercially available isosorbide-based polycarbonates (e.g. POLYSORB®,[155] 

DURABIO®,[156] and PLANEXT®[157]). In addition, isosorbide derivatives (mostly 

mono and di-nitrate) are widely utilized as a vasodilator in medicine.[158, 159] 

Therefore, the market for isosorbide is rapidly growing and is expected to exceed 

350 million US$ in coming years.[70, 154] Currently, isosorbide is produced in the 

industry via homogenous dehydration of sorbitol at 400 K using H2SO4 with a yield 

of 77 mol%.[160-162] However, this process is neither sustainable or economically 

profitable.[70] Aiming at more sustainable heterogeneous alternatives, several solid 

acid catalysts, i.e., zeolites, metal phosphate, mixed oxides, and resins have been 

proposed for isosorbide production from sorbitol.[148, 154, 163-180] However, these 

attempts are generally based on batch systems,[154] non-scalable molten-phase 

reactions,[148, 163-176] or water-steam gas phase reactions.[172, 180-182] 

Similar to cellulose, hemicellulose can be deconstructed into its pentoses 

via hydrolysis, mainly xylose (Xyl).[17] Analogous to glucose, Xyl can undergo 

three consecutive dehydrations to form the respective furanic compound, 

i.e., furfural (Figure 1.10).[122, 183, 184] Furfural is an important raw material for 

the synthesis of chemicals such as furfuryl alcohol, 2-methyl furan, furan, 

and 2-methyltetrahydrofuran (MeTHF).[122, 185] Nowadays, furfural is 

produced at industrial scale directly from raw LCB, mostly agricultural waste, 

using H2SO4  as a homogeneous catalyst.[185] However, several 

heterogeneous solid acid catalysts have been proposed for aqueous phase 
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Xyl dehydration to furfural, such as metal oxides (CuO, ZnO and MgO), 

zeolites and acid resins. [184-187] 

 

 

Figure 1.10. Xylose (Xyl) valorization routes via catalytic reduction and dehydration. The 

red sphere indicates reaction catalyzed by acidic sites while the gray sphere indicates 

reaction catalyzed by reduction sites. The red star indicates the reaction investigated in 

this thesis. 

   On the other hand, Xyl can be hydrogenated towards xylitol (Xyt) by using both 

noble metals, such as Pt and Pd, or non-noble metals such as Ni, Cu, and Ru.[153, 

188-193] Xyt, a natural 5-carbon polyalcohol, is widely used, because of its properties 

as low caloric content sweetener and anti-cariogenic properties.[153] Typically, 

investigations for Xyl hydrogenation to Xyt are conducted in batch systems at a 

temperature range of 393-463 K and H2 pressure of 2.0-8.0 MPa.[188-193] 

   At an industrial scale the production of fine chemicals from lignin has not been 

well established, with the exception of vanillin (V), mostly from Borregaard 

company.[84] Vanillin is used not only in food, beverages, pharmaceuticals, and 

fragrances, but also as fuel additives or polymer precursors.[23, 194, 195] However, V 

can be also used as a platform chemical to produce value added chemicals, via 

hydrogenation, oxidation, or functionalization.[196] Among these reactions, V 

hydrogenation can give Vanillyl alcohol (VA) and 2-methoxy-3-methylphenol 

(MMP), which can be used as promising precursors for sustainable epoxy resins 

and polymers, or as a fuel additive.[196-198] V hydrogenation is a two-step process 

consisting of hydrogenation- followed by hydrodeoxygenation to produce VA and 

then MMP, (Figure 1.11). The hydrogenation of V towards VA and MMP can be 
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conducted using supported metal (Pd, Pt, Ru, Ni, Au, Cu and Rh) catalysts, with a 

temperature range of 373-423 K.   

 

Figure 1.11. Reductive valorization pathways of vanillin and of lignin. The gray sphere 

indicates reaction catalyzed by reduction sites. The red star indicates the reaction 

investigated in this thesis. 

   Additionally, reductive catalysts have been used in the context of LCB 

valorization to efficiently separate and depolymerize lignin from waste wood in the 

so-called lignin-first approach.[71, 80] Lignin-first indicates a process in which lignin 

is liberated from the LCB and its condensation is prevented via active stabilization 

procedures.[21, 71, 73, 204] In such an approach, lignin, cellulose, and hemicellulose 

fractions can be effectively valorized in an atom efficient process. To date, several 

active stabilization strategies have been proposed, such as reductive catalytic 

fractionation (RCF) and formaldehyde-assisted stabilization.[13, 85, 205-207] RCF was 

pioneered by the Sels group, and combines lignin extraction from LCB with 

immediate depolymerization (hydrogenolysis) and protection (hydrogenation) to 

produce monomers in high yield. [28, 33, 80, 208] Therefore, in a general RCF, the 

extracted and partially fragmented lignin is depolymerized via catalytic 

hydrogenolysis of weak bonds (mostly the ethers bond, e.g. β-O-4 and α-O-4) to 

give a wide series of monomers (Figure 1.3 and Figure 1.11).[28] The amount and 

type of monomers are strongly dependent on several factors, 1) type and size of 

feedstock (softwood, hardwood or herbaceous sources), 2) solvent (alcohols, 

ethers or aqueous solvents), 3) type of redox catalyst (noble or non-noble metals) 
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and 4) reaction conditions (pressure and temperature).[33, 78, 207, 209-211] Several 

redox catalysts have been applied for RCF, such as Ru, Pt, Rh, Pd, Cu and Ni 

supported on C or Al2O3, operating in a temperature range 403 – 623 K in both 

organic and aqueous media (or a mixture) with 1-10 MPa of pressurized H2.[16, 28, 

80, 81, 207, 212] 

   Nevertheless, to be applicable in a mature biorefinery, catalytic valorization of 

LCB must face several challenges, such as the development of a more efficient 

process operating at mild conditions. Accordingly, the design of more active, stable 

and sustainable catalyst is one of the core problems when considering 

industrialization of biorefinery.[213, 214] 

 

1.3.2 Metal supported shaped catalyst for sustainable biorefinery 
 

   In the context of biorefinery, the ultimate goal for any catalytic investigation is to 

be applicable at an industrial scale.[215] However, typical catalysts used in research 

contexts are powders produced on mg or g scale. The core of catalyst design in 

research labs is the search for textural properties (e.g. porosity and active site 

density) combined with the screening of catalytic performance. Whenever a 

catalyst shows extraordinary performance in laboratory scale, it becomes a 

candidate for industrial purposes, i.e., to be a technical catalyst. Firstly, technical 

catalyst performance should be reproducible at industrial scale. Then, the technical 

catalyst should also respect the industrial requirements for shaping into a 

macroscopic form (mostly pellet) and scalability (from mg to kg), high activity and 

selectivity for long operating time, recyclability, and low production costs. 

Therefore, only a minimal part of the promising research for catalysts reach “the 

real world”, i.e., commercialization, and require long and expensive technical 

evaluation prior to commercial success.[110] To better facilitate the transition from a 

laboratory catalyst toward a technical catalyst, the catalyst design should consider 

industrial requirements from the earliest laboratory stages.  

   In addition, flow processes can be conducted solely with shaped catalysts to 

prevent reactor clogging and to reduce pressure drop.[110] On the other hand, the 

usage of shaped catalyst rather than powder in batch systems is preferred due to 
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easier catalyst recovery and product separation.[213] Therefore, in a general scale-

up, powder catalysts are shaped via an extrusion step with the addition of several 

additives such as plasticizers, lubricants, and binders.[216, 217] The addition of 

external agents can drastically alter catalyst textural properties, such as porosity, 

active-site density, and crystallinity.[216, 218] Accordingly, the synthesis of shaped 

catalysts at the laboratory scale would simplify the successive scale-up 

procedures. 

   Beyond the catalyst body, the catalytic process is a surface phenomenon that 

occurs at active sites.[109] Catalysts can be differentiated as bulky if the active site 

is the whole catalyst, or supported if the active site is a distinct material standing 

on an inert support.[109] Among supported catalysts, metals are widely used as 

active sites in a wide range of catalytic reactions involving biomass such as 

hydrogenation, hydrodeoxygenation, dihydroxylation hydrolysis, and oxidation.[62, 

116] Typically, heterogeneous metal catalysts are composed of nanoparticles on a 

porous support, such as metal oxides, zeolites, or carbon.[219, 220] Among the 

metals, noble metals such as Pd, Pt, Au, Ru, and Ir are generally preferred to non-

noble metals due to their superior catalytic performance in terms of activity and 

stability.[116] However, the amount of available noble metals is scarce, and 

consequently, their price is high, i.e., non-sustainable. Therefore, cheaper and 

more sustainable alternatives are required, mostly relying on cheap and abundant 

metals such as Ni, Cu, and Fe. However, to be sustainable a catalyst should be 

able to endure use on stream at temperatures above 373 K in several green 

solvents, e.g. water and ethanol. However, in these conditions, non-noble metal-

supported catalysts, such as Ni, have been reported to suffer rapid catalyst 

deactivation due to leaching and loss in textural properties.[221] Additionally, typical 

reaction environments, such as slightly acidic conditions (pH < 6), accelerate the 

leaching process due to increased solubility of metal ions (e.g. Ni2+).[135, 137, 146, 222, 

223] The effect of leaching in the case of noble metals is lower than non-noble 

metals due to their high oxidation potential. The resistance of a catalyst to water 

has been appointed as one of the main challenges for sustainable catalyst 

design.[15] In addition, metals have high surface free energies and therefore a 

pronounced tendency to reduce their surface by particle growth, i.e., sintering, and 
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consequently to decrease the activity. Among non-noble metals, Ni is a well-known 

catalyst for hydrogenation reaction and is already widely used in industry. 

   Alongside the metal active sites, the support must be stable for long periods of 

time under harsh conditions. Traditionally, heterogeneous catalysis is conducted 

mostly using supports such as Al2O3, SiO2, and zeolite, which barely survive in hot 

water for long periods of time.[15, 109, 224] Accordingly these materials, when exposed 

to a temperature above 423 K in water, undergo phase change, causing the porous 

structure to collapse.[224-226] In contrast to Al2O3, SiO2, and zeolites, porous 

carbonaceous materials are well-known supports that can resist harsh conditions 

in water (600-800 K).[227] Further, carbon materials can be synthesized from 

inexpensive organic waste, and therefore represent a truly sustainable class of 

supports.[228]  

 

Figure 1.12. (Left): Various N species in a nitrogen-doped carbon; (Right): Idealized 

charge-transfer stabilization effect between metal nanoparticles and nitrogen-doped 

carbon (M/NDC) in comparison to M on pristine carbon support (M/C),  

   While the catalyst support does not take an active part in the reaction, the 

interaction between support and metals can substantially be influenced by the 

catalytic performance.[229, 230] Generally, metal-support interaction can involve 

charge transfer, support architecture, nanoparticle morphology, and strong metal-

support interaction.[229] in this regard, carbon electrochemical properties can be 

easily regulated with heteroatoms selecting the proper precursor.[231-236] Nitrogen 

is the most applied dopant element due to the similar atomic radius of N compared 

to C, which allows high inclusion of N without hampering the carbon structure. The 

carbonaceous material obtained with N inclusion in carbonaceous frameworks is 
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commonly called nitrogen-doped carbon (NDC).[237, 238] Based on the binding in the 

carbon structure, N can be divided into three main configurations, namely, 

pyridinic, pyrrolic, and graphitic (Figure 1.12). The type of bonding configuration 

can vary based on the applied precursor type and ratio as well as on the 

carbonization temperature.[238]  

   The incorporation of N into the carbon framework can change the work function 

of electrons to be more positive when compared to pristine carbon.[232, 237, 238] 

Consequently, NDCs are more likely to be electron acceptors than donors. This 

phenomenon allows NDCs to act as ligands for metals, increasing the dispersity of 

metals over the NDC surface during growth of the nanoparticles, and consequently 

decreasing the probability of sintering.[231, 239] In addition, when metal nanoparticles 

are deposited on NDC supports, a charge transfer occurs from the electron-rich 

metals towards the NDC, resulting in a partial negative charge (δ-) on the surface 

of the NDC and a partial positive charge (δ+) on the metal (Figure 1.12).[231, 232, 240] 

A metal with a δ+ has more positive oxidation potential, and is therefore more 

“noble”.[237] In solid-state physics, the charge transfer between a metal and a 

semiconductor, i.e., NDC, takes the name of Mott-Schottky heterojunction. 

Similarly, a metal on NDC catalyst takes the name of Mott-Schottky catalyst,[237, 

241, 242] which have shown higher activity when compared to metals on the pristine 

carbon support.[232, 237] For example, Xue et al. reported high turnover frequency 

(TOF) for Ni on NDC for methanol hydrodeoxygenation.[242] Similarly, the groups of 

Xia and Cabrele demonstrated that metal nanoparticles on NDC nanotubes can 

lower the reaction temperature of about 30 K when compared to non-doped 

carbon, for Cu,[243] and Ni.[202] Due to the improved performance of non-noble 

metals on NDC than on non-doped carbon, the implementation of the Mott-

Schottky catalyst in biorefinery has the potential to increase the efficiency and the 

sustainability of the process. 
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2. Objectives and outline 
 

   The objective of this thesis is to provide a tangible step toward a more sustainable 

and integrated biorefinery concept. Therefore, four major aspects in the 

development of biorefinery will be addressed, i.e., catalyst design, developments 

of innovative lignocellulosic biomass (LCB), conversion strategies of waste LCB 

stream toward chemicals, materials, and fuels using continuous flow systems to 

valorize LCB downstream.  

   The primary objective of this work was to synthesize a sustainable and versatile 

catalyst that can be used in continuous flow systems for the valorization of all 

different LCB fractions with the potential for rapid scale-up. Based on this, Chapter 

3 will present the synthesis of a 35 wt.-% Ni catalyst supported on nitrogen-doped 

carbon shaped pellets (35Ni/NDC). This synthesis consists of a simple and 

scalable methodology using commercially available, inexpensive, and safe 

chemicals.  

   Secondly, this thesis investigates the efficiency of the produced 35Ni/NDC 

catalyst into the hydrogenation reactions in a framework of LCB-derived 

compounds for a single reaction, as well as to design an integrated process 

coupling 35Ni/NDC with commercially available catalysts, such as Beta zeolite, for 

multiple cascade reactions. In Chapter 4 the 35Ni/NDC will be applied in the 

aqueous phase hydrogenation of glucose to sorbitol, of xylose to xylitol, and of 

vanillin to 2-methoxy-4-methylphenol. Moreover, the integrated process from 

glucose to isosorbide coupling 35Ni/NDC with Beta zeolite will be explored and 

discussed.  

   Finally, the sustainability of a biorefinery process relies also on the feedstock 

selection. Therefore, in Chapter 5, the usage of waste LCB (sodium lignosulfonate 

and beech wood sawdust) as biorefinery feedstock will be addressed. In this 

chapter, the solvothermal fragmentation combined with reductive catalytic 

valorization of aforementioned waste LCB products will be addressed over 

35Ni/NDC in continuous flow systems and using 35Ni/NDC as a catalyst. 
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3. Synthesis and characterization of a 

sustainable nickel on nitrogen-doped carbon 

pellet shaped catalyst 1  
 

3.1 Introduction 
 

   Synthesis of innovative catalytic systems is a core challenge for the development 

of modern biorefinery (Chapter 1.3.1). In this context, catalyst support in pellet 

shape is required for both conducting a reaction in continuous flow systems as well 

as to facilitate the catalyst scale-up. At the same time, to be feasible for industrial 

application the catalyst should exhibit high activity and stability over a long time of 

stream. Moreover, the usage of non-noble metal-based catalysts is preferred to 

noble metals due to lower costs and higher sustainability, cf. Chapter 1.3.2. 

However, non-noble metals are generally less active and suffer of rapid 

deactivation when compared with noble metals. Nevertheless, utilizing nitrogen-

doped carbon as support can stabilize metals via the Mott-Schottky effect.  

   However, the synthesis of carbon pellets, also called carbon monoliths, presents 

some challenges, such as the control over mechanical stability, porosity, and 

macroscopic morphology of the carbonaceous support.[244, 245] Typically, this 

control is obtained using specific synthetic procedures such as hard, soft, and salt 

melt templating.[244-247] However, these techniques generally generate powder 

catalysts, which are hardly scalable.[215] One possible solution can be the direct 

extrusion of carbon precursor mixed with porogen in order to obtain a pre-shaped 

catalyst, which can be simply carbonized.  

                                                             
1 Part of this chapter is adapted from the original work:  
1)  F. Brandi, M. Bäumel, V. Molinari, I. Shekova, I. Lauermann, T. Heil, M. Antonietti, M. Al-Naji, 

Nickel on nitrogen-doped carbon pellets for continuous-flow hydrogenation of biomass-derived 
compounds in water, Green Chem. 2020, 22,9, 2755-2766 (This article is an open access article 
under the terms of the Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly cited.)  
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   Therefore, this chapter is proposing an innovative “kitchen-lab” synthetic 

methodology of the first generation of pelletized Mott-Schottky catalyst, consisting 

of Ni on NDC for hydrogenation reaction. This approach is a cheap and non-

hazardous methodology, which combines a hard templating approach with 

traditional food technology.  

 

3.2 Preparation of Ni supported on nitrogen-doped 

carbon (NDC)  
 

   The porous nitrogen-doped carbon (NDC) pellets were synthesized based 

on a physical mixture of semolina as a sustainable carbon source, 

urea:glucose: water mixture and ZnO nanoparticle (20 nm) as a porogen. 

Firstly, the glucose, urea and water mixture as a nitrogen source and binder 

with a molar ratio of 1:3:11 was prepared at 363 K for 2 h with continuous 

stirring. Then a 2 kg mixture composed of semolina (48 wt.-% of the mixture) 

and the previously prepared glucose, urea and water mixture (8 wt.-% of the 

mixture) and ZnO nanoparticles (20 nm) - (24 wt.-% of the mixture) were 

mixed together using a commercial kitchen kneader (Bosch, professional 

home series, model MUMVH48BCN). To provide a consistency that allows 

for extrusion, 160 mL water (20 wt.-% of the mixture) was slowly added to 

the mixture as a plasticizer. Finally, the low-moisture mixture was extruded 

and cut it in pellet form with a dimension of 1 mm (diameter) and 1.5 mm 

(length) using a commercial noodle extruding machine (La Monferrina P3) 

equipped with a 1 mm PTFE die and automatic cutting knife, (Figure C.1 in 

Appendix). The extruded pellets were dried at room temperature for 12 h. 

The dried pellets were carbonized at 1223 K under N2 atmosphere using a 

three-step program: i) purging the oven atmosphere with N2 at room 

temperature for 30 min; ii) increasing the temperature to 293 K with a heating 

rate of 3 K min-1 and maintaining for 2 h, this step is to promote 

crosslinking[248] iii) elevating the temperature to 1223 K with a heating rate of 

3 K min-1 and keeping for 2 h, then cooled down to a room temperature. 

Finally, the carbonized pellets have been washed using 0.1 M HCl solution 
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(15 mL g-1 of NDC) under continuous stirring for 10 h to remove the eventual 

residual Zn from the pellet (Figure 3.1).  

   The Ni with 35 wt.-% as an aimed loading has been incorporated on NDC 

via incipient wetness impregnation. For simplicity, the catalyst will be given 

the following code over all the thesis: 35Ni/NDC. 35 is referred to the Ni 

loading (35 wt.-%), NDC is referred to the support (nitrogen-doped carbon). 

Later, the 35Ni/NDC was calcined in the presence of N2 atmosphere. Finally 

and prior the catalytic test, the catalyst was reduced under the flow of forming 

gas (more details of incipient wetness impregnation can be found in Section 

B1 of Appendix).    

   The prepared parent NDC and 35Ni/NDC have been characterized using 

N2 sorption, elemental analysis, scanning electron microscopy (SEM), high-

resolution scanning transmission electron microscopy (HR-TEM), 

thermogravimetric analysis (TGA), X-Ray diffraction (XRD), X-ray 

photoemission spectroscopy (XPS) temperature-programmed desorption of 

ammonia (NH3-TPD) and CO-temperature programmed desorption (CO-

TPD). The details of characterization procedures are reported in Section B2 

of the Appendix. 

 

3.3 Results and discussion 
 

  In the novel “kitchen-lab” synthesis of 35Ni/NDC, pellets are produced to 

be suitable for continuous flow systems. The synthesis protocol follows 

traditional pasta manufacturing (kg scale) and use commercial semolina and 

a mixture of urea/glucose as “publicly available” carbon and nitrogen 

precursors. Beyond its abundance, semolina has been selected as a proof 

of concept to represent organic waste from food. Accordingly, wheat and 

cereals represent the major waste product from the food industry, with an 

estimated 10-15% (~ 2 Mton) of the total global production get wasted every 

year.[249] Moreover, semolina is relatively rich in protein (12 wt.-%), which 

provides nitrogen to the carbon framework. Additionally, the semolina high 
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carbohydrates amount (71wt.-%) combined with the proteins at a 

temperature above 393 K can give Maillard reaction.[248, 250, 251]  

 

 

Figure 3.1. Schematic representation of the catalyst synthesis protocol starting from the 

extrusion, carbonization, calcination, and reduction steps. 

   The Maillard reaction is a class of reaction between proteins and amino 

acidic amines well known in food chemistry and daily applied in bakeries.[252] 

Nevertheless, for the synthesis of stable supports Maillard reaction can 

create a cross-linked structure that preserves the precursor shape during 

carbonization. In addition, glucose: urea: water mixture has been added as 

plasticizer and as a supplementary source of N. To this end glucose: urea 

mixtures have been reported as a low price, a processable liquid precursor 

for carbon.[253] ZnO nanoparticles (broadly available as a UV pigment or baby 

powder), have been added to the mixture as hard-templating porogen. ZnO 

has been previously utilized as a versatile templating agent since it can be 

simply removed via thermal treatment at high temperatures (>1173 K) through 

ZnO carbothermal reduction to Zn which evaporates at that temperature (Figure 

3.1).[254, 255] 

   After carbonization, Ni has been selected as a sustainable metal catalyst 

to be deposited onto the support, cf. Section 1.3.2. Ni is a sustainable metal 

for hydrogenation reactions, which supported on NDC possesses a high 

catalytic performance.[233, 236, 256] NDC, as a support, has been already 

reported to change the chemical behaviour of metal nanoparticles if 

compared to pristine carbon supports.[232, 233, 237, 256, 257] The Ni catalyst 

(35wt.-%) supported on porous nitrogen-doped carbon (NDC) pellets were 

prepared via incipient wetness impregnation. The parent support (NDC) and 
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35Ni/NDC were characterized and compared via N2 sorption, elemental 

analysis, scanning electron microscopy (SEM), high-resolution scanning 

transmission electron microscopy (HR-TEM), thermogravimetric analysis 

(TGA), X-Ray diffraction (XRD), X-ray photoemission spectroscopy (XPS) 

temperature-programmed desorption of ammonia (NH3-TPD) and CO-

temperature programmed desorption (CO-TPD). 

     Accordingly, TGA in air showed that NDC is thermally very stable, the  

and degradation starts at a high temperature of 800 K, which is a typical 

phenomenon for nitrogen-doped “noble” carbons, (Figure C3).[231, 232] In 

addition, the presence of N makes the work function of the support more 

positive and promotes a partial charge transfer from the metal to the support, 

establishing a Mott-Schottky Heterojunction, cf. Chapter 1.3.2.[237] This 

effect proposes to result in strong Ni nanoparticles-support interaction, 

(Figure 1.12 in Section 1.3.2). Moreover, the charge transfer between Ni 

nanoparticles (δ+) leads to strongly “bonded” nanoparticles to the support, 

which is due to Coulomb interaction, but also to better wetting of the metal 

to the support. This as such gives to the Ni, a higher reductive character and 

resistance against oxidation, i.e., against leaching.[231, 237, 241, 256]  

 

Table 3.1 Chemical composition obtained by elemental analysis and textural properties derived 
from N2 sorption for the dried NDC precursor, the parent support (NDC), and 35Ni/NDC catalyst. 
The Ni specific surface area of 35Ni/NDC is determined via CO-TPD. 

Catalyst C / 
wt.-
% 

N / 
wt.-
% 

C/N  
ratio 

Ni* / 
wt.-% 

Zn* / 
wt.-

%
%

ABE

T / 
m2 

g-1 

Ameso **/ 

m2 g-1 
Vmeso

**/ 
cm3 

g-1 

Vp / 
 cm3 

g-1 

ANi 
†

 / 
 m2 g-1 

Dried 
NDC 
Precursor 

38 5.2 13 n.a. 34 n.a. n.a. n.a n.a n.a. 

NDC 80 3.5 23 n.a. <0.2 827 99 0.30 0.57 n.a. 

35Ni/NDC 53 2.9 18 35 < 0.2 700 92 0.24 0.42 21 

 n.a.: Not applicable, *: Measured via ICP-OES, **: Calculated via QSDFT, †: Measured via CO-
TPD and ¥: normalized to C  

      After the carbonization step, porous NDC pellets were obtained with a mass 

yield of 30 wt.-%. The elemental composition of the porous NDC is listed in 

Table 3.1. After the Ni impregnation, a content of 35 wt.-% of Ni was obtained 

(characterized via ICP-OES). Upon carbonization and catalyst activation, the 
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C/N ratio was found to be constant (~20), (Table 3.1). The N2 sorption isotherm 

of the parent carbonized NDC and 35Ni/NDC presented in Figure 3.2, 

representing type IV, which is characteristic for mesoporous materials. As 

expected upon the Ni impregnation, the specific surface area (ABET) and 

specific pore volume (Vp) decreased from 827 m2 g-1 to 700 m2 g-1 and 0.57 

cm3 g-1 to 0.42 cm3 g-1, respectively. The reduction in the textural properties 

attributed to the change of mass density of the sample, as well as to the 

coverage of the support surface and pores with Ni.[258] Nevertheless, the 

specific surface area of the mesoporous was found to be constant (~100 m2 

g-1), (Table 3.1). 

 

Figure 3.2. N2 sorption isotherm at 77 K of the parent NDC and 35Ni/NDC. 

   XRD patterns of parental NDC and freshly reduced 35Ni/NDC showed a main 

broad reflection at 2θ of 25°, which corresponds to the typical reflection of 

turbostratic carbon (002), (Figure 3.3).[259] The absence of any typical Zn 

reflections indicates the efficient removal of the template. The freshly reduced 

35Ni/NDC presents only typical reflections of Ni0 at 2θ of 44° and 51°, which 

indicate the absence of any undesired NiO crystallite after calcination and 

reduction processes.[258]   
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Figure 3.3. XRD patterns recorded for the parent NDC and freshly reduced 35Ni/NDC. 

   Images via high resolution scanning transmission electron microscopy (HR-

STEM) and scanning electron microscopy (SEM) at Figure 3.4 and Figure C4-C5 

in Appendix, show the support morphology and the Ni nanoparticles on the parent 

NDC and 35Ni/NDC. The comparison between NDC and 35Ni/NDC revealed that 

Ni nanoparticles are homogeneously dispersed on the surface of NDC with an 

average nanoparticle size of 25 nm. This is in good agreement with the crystallite 

diameter, calculated using the Scherrer equation from the XRD pattern. In addition, 

EDX mapping for C, N and Ni, viz. Figure 3.4 and C5 in Appendix, show that N is 

homogeneously distributed on the NDC support. The XRD results and microscopy 

imaging results are well-coupled to the results obtained from CO-TPD showing a 

high Ni surface area (21 m2 g-1) with crystallite size of 21 nm (Table 3.1).  

 

Figure 3.4. A) HR-STEM ; B) SEM picture of 35Ni/NDC. 
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Figure 3.5. EDX mapping of 35Ni/NDC crashed pellets placed on conductive carbon tape. 

In black and white the selected area for mapping, in green, red, and blue respectively Ni, 

C and N. The black area in the C map are a shadowing effect due to the sample thickness. 

 

Figure 3.6. XPS spectra for Ni 2p3/2 from 35Ni/NDC catalyst.  

   Furthermore, X-rays photoelectron spectroscopy (XPS) results of the binding 

state of N (1s) bond for both parental NDC and 35Ni/NDC showed the presence of 

N-pyridinic, N-pyrrolic, N-graphitic and N-oxides species (Figure C6 in Appendix). 
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However, due to the overlapping of the different N contributions, a clear 

quantitative deconvolution of these peaks was not possible. The XPS of Ni (2p3/2) 

in the freshly reduced 35Ni/NDC exhibited the presence of Ni0 and partly oxidized 

Ni (Figure 3.6). The presence of NiO on the outer layer of Ni0 is attributed to the 

exposition of the catalyst to air after the reduction step. This assumption is in good 

agreement with HR-STEM coupled with EDX in which a low O amount (11 At.-%) 

was found on the core of Ni nanoparticle (cf. EDX quantification at Table C1 in 

Appendix). However, an accurate surface quantitative analysis of the Ni species 

by XPS was not possible due to signal interference from the different Ni species 

contributions. Nevertheless, NH3-TPD showed weak acid sites at 550 K, which are 

attributed to the presence of NiO layer (Figure C7 in Appendix). 

 

 

3.4 Conclusions of Chapter 3 
 

   A simple, cheap, sustainable, scalable, and porous nitrogen-doped carbon 

(NDC) support was produced in pellet form. This simple approach requires only 

sustainable household starting products, a noodle machine, and an oven. In 

addition, the production of this NDC support was demonstrated at kg scale, paving 

the way for industrial utilization without additional re-shaping. Moreover, 35 wt.-% 

Ni was deposited as an active site for hydrogenation reactions, which has the 

potential to be applied to a wide range of hydrogenation and hydrodeoxygenation 

reactions within the context of biorefinery valorization in continuous flow systems.  

   Additionally, the NDC support can potentially be implemented with a wide range 

of metals rather than Ni, e.g. Cu, Fe, Pt, and Pd. Therefore, this NDC support has 

potential to pave the way for a fully new class of pelletized Mott-Schottky catalysts 

for biorefinery applications. For this purpose, the NDC support versatility has been 

proven by impregnating Pt instead of Ni for levulinic acid hydrogenation to γ-

valerolactone.[260]  
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4. Catalytic valorization of lignocellulosic 

biomass-derived compounds in continuous 

flow systems: from single-step to integrated 

processes2     

  

4.1 Introduction 
 

   In the context of biorefinery, several catalytic reactions have been applied for the 

valorization of lignocellulosic biomass (LCB) toward value-added chemicals, such 

as hydrogenations, hydrodeoxygenation, hydrogenolysis, decarboxylation, 

dehydration, and oxidation, cf. Chapter 1.3.1. Among these reactions, the focus of 

this thesis is on catalytic hydrogenation. Most of the reported hydrogenation 

studies use a noble metal-based catalyst in batch systems. However, non-noble 

metals, such as Ni, are considered a more sustainable alternative, cf. Chapter 

1.3.2. Moreover, from a sustainability standpoint continuous flow systems should 

be preferred to batch, cf. Chapter 1.2.3. Accordingly, flow systems allow easier 

downstream processing, more efficient heating, as well as straightforward 

integration. However, to be practical and sustainable, LCB valorization in 

continuous flow system necessitates the catalyst being in pellet shape, based on 

non-noble metals, and have long-term stability in aqueous phase at temperatures 

above 373 K, cf. Chapter 1.2.1, 1.2.3 and 1.3.2.  

                                                             
2 Part of this chapter is adapted from the original works:  

1)  F. Brandi, M. Bäumel, V. Molinari, I. Shekova, I. Lauermann, T. Heil, M. Antonietti, M. Al-Naji, 
Nickel on nitrogen-doped carbon pellets for continuous-flow hydrogenation of biomass-derived 
compounds in water, Green Chem. 2020, 22,9, 2755-2766  
2)  F. Brandi, I. Khalil, M. Antonietti, M. Al-Naji, Continuous-Flow Production of Isosorbide from 
Aqueous-Cellulosic Derivable feed over Sustainable Heterogeneous Catalysts, ACS Sustain. 
Chem. Eng., 2021, 9, 2, 927-935. 
(These articles are open access articles under the terms of the Creative Commons Attribution 
License, which permits use, distribution and reproduction in any medium, provided the original work 
is properly cited.) 
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   The aim of this chapter is to present the first application of 35Ni/NDC pellet 

catalyst for hydrogenation of LCB-derived compounds in water. Herein, the 

catalytic performance of the prepared catalyst (35Ni/NDC) will be assessed for the 

hydrogenation of glucose (Glu) to sorbitol (Sor), xylose (Xyl) to xylit (Xyt), and 

vanillin (V) to 2-methoxy-3-methylphenol (MMP), respectively (Chapter 4.3). 

These compounds have been selected as valuable and already-commercialized 

LCB-derived chemicals representing every major LCB components: glucose for 

cellulose, xylose for hemicellulose, and vanillin for lignin, cf. Chapter 1.3.1. 

Similarly, the hydrogenated compounds, i.e., sorbitol, xylitol and MMP, are value-

added chemicals with a wide range of applications, e.g. as sweeteners, flavors, 

polymer and resins precursors, and fuel additives cf Chapter 1.3.1. Therefore, in 

Chapter 4.3, the activity and stability over time on stream of the 35Ni/NDC will be 

investigated for the water-phase hydrogenation of Glu, Xyl and V toward Sor, Xyt 

and MMP. 

   Continuous flow systems facilitate process integration and intensification, cf. 

Chapter 1.2.3. Therefore, once the 35Ni/NDC catalytic performance in the single-

step hydrogenation of Glu, Xyl and V is explored, there is the possibility to 

implement these processes into an integrated process. Among the single-step 

processes, the hydrogenation of Glu toward Sor has the potential to be further 

extended to isosorbide, cf. Chapter 1.3.1. Accordingly, 35Ni/NDC will be coupled 

with a commercially available catalyst, i.e., Beta zeolites, for the integrated process 

of glucose valorization toward isosorbide. This process consists of glucose 

hydrogenation toward sorbitol, catalyzed by 35Ni/NDC, followed by dehydration of 

sorbitol to isosorbide, catalyzed by Beta zeolites. The synthesis of isosorbide from 

sorbitol using Beta zeolite in aqueous media using continuous flow systems will be 

separately investigated in Chapter 4.4.1 in both small and prototype-scale. 

Eventually, the optimum conditions obtained from glucose to sorbitol using 

35Ni/NDC and sorbitol to isosorbide over Beta zeolite will be applied for the 

integrated process from glucose to isosorbide in prototype scale continuous flow 

reactors. 
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4.2 Procedure for continuous flow system 

investigation 
 

   The catalytic experiments were conducted in a homemade continuous flow fixed 

bed reactor, (Figure S3). This system consists of: (A) HPLC pump equipped with 

a pressure sensor (Knauer Azura P 4.1S Series), (B) mass-flow controller for H2 = 

(Brooks Instruments, Model SLA5850SC1AF1B2A1) connected through a (C) “T” 

union for H2-reactant mixing (Swagelok SS-400-30) before reaching the pre-

heating unit and then to (D) a two-side opened heating unit equipped with a heat 

controller (Model # 4848 from the Parr Instrument Company) and (E) sampling unit 

equipped with proportional relief valves as a pressure regulator (Swagelok SS-

RL4M8F8-EP), (Figure B1 in Appendix). In order to ensure efficient heating an 

aluminum cylinder with three holes has been placed inside the heating unit, i.e., a 

preheating unit for the reactant before it comes in contact with the catalyst, a hole 

for the thermocouple (Model # A472E5 Parr Instrument Company) and a hole for 

the reactor (Figure B2 in Appendix). The main investigations have been made 

using a stainless steel tubular reactor, i.e., the single-step hydrogenation of 

glucose to sorbitol, xylose to xylitol and vanillin to MMP as well as the dehydration 

of sorbitol to isosorbide, (inner diameter = 4.6 mm, outer diameter= 6.5 mm, length 

= 250 mm), (right reactor in Figure B3 in Appendix). While isosorbide production 

from sorbitol scale-up experiment, as well as the integrated process for isosorbide 

production from glucose, have been conducted with a bigger stainless steel 

prototype-scale reactor (inner diameter = 21 mm, outer diameter = 25 mm, length 

= 280 mm), (left reactor in Figure B3 in Appendix).  

   To conduct the integrated process for isosorbide production from glucose two 

fixed bed reactors have been coupled. The setup is similar to the above described 

with the difference of two coupled double two-side opened heating units equipped 

(D1-D2) rather than a single bed, (Figure B4 in Appendix). The flow-charts of the 

single column and integrated process are reported in Figure B5 and B6 in 

Appendix, Respectively. 



40 
 

   In a typical experiment, the aqueous reactant solution was fed via the HPLC 

pump at different flow rates (mostly 0.3 mL min-1) and introduced into the 

preheating unit to the fixed bed reactor consisting of 35Ni/NDC and zeolite for 

hydrogenation and dehydration reaction, respectively, fixed between two layers of 

quartz wool. For the hydrogenation experiments the feed was mixed with an excess 

amount of H2 (mostly QH2 = 15 mL min-1) prior to the preheating unit. The 

temperature and pressure were kept constant at room conditions (298 K and 

atmospheric pressure) for 15 minutes. Afterwards, the system was pressurized to 

the desired pressure and the temperature was elevated to the reaction 

temperature. Samples (2.0 mL) were collected once the steady-state was reached, 

after ca. 30 min (1.5 h on prototype scale). The detailed description of the catalytic 

procedures are reported in Section B4 and in Appendix. 

   Qualitative and quantitative analyses of the reactant and products were 

performed using HPLC/MS and HPLC, respectively. The detailed information 

about the reactants and product quantification procedures, as well as the 

calculation of the turnover frequency (TOF) can be found in Section B5 of 

Appendix. 

   The batch experiment for sorbitol conversion into isosorbide was conducted in a 

stainless steel autoclave equipped with PTFE liners from Berghof (Model: BR-100). 

The batch catalytic experiments were performed at 503 K using 30 mL of aqueous 

solution of sorbitol (csorbitol = 0.05 M) with 1.0 g of Beta(75) and 800 min-1 as stirring 

speed with autogenous pressure for 3 h. Prior the elevating the temperature to 503 

K, the air was purged out using 1.0 MPa of N2 for three times. The analysis of the 

reaction products followed the same protocol for the continuous flow system.      
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4.3 Hydrogenation of lignocellulosic biomass-

derived compounds in water 
 

Glucose hydrogenation to sorbitol 

   Based on the valorization of cellulosic biomass fraction, the hydrogenation of 

glucose (Glu)  to sorbitol (Sor) is an essential reaction, (Scheme 4), cf. 

Chapter 1.3.1.[133-135] Industrially, Sor is synthesized from the hydrogenation of 

glucose utilizing skeletal Ni catalysts.[133, 136] Additionally, several noble metal-

based catalytic systems have been reported for the Glu hydrogenation in water, 

such as Ru[135, 137-142] and Pt. [142-145], as well as non noble metals were used, such 

as Cu[146] and Ni[135, 137, 146], cf. Chapter 1.3.1. Furthermore, rapid deactivation of 

Ni catalysts was observed due to significant leaching of Ni under the reaction 

condition already in the first hours of reaction. [135, 137, 146] Also, 5.0 wt.-% Ru 

supported on MCM-48, carbon and TiO2 each provided Glu conversion of 90-95% 

with 100% selectivity to Sor in a batch system at 493 K, 2.5 MPa of H2 and 25 min 

of reaction time.[63, 141] Pan et al.[203] demonstrated that the Ru on multi-wall carbon 

nanotubes has a higher efficiency than Raney Ni catalyst in batch setup at 493 K, 

4.0 MPa and 120 min of reaction time. Nevertheless, continuous flow investigation 

for Glu hydrogenation to Sor has been barely investigated in literature. 

 

Scheme 4. The aqueous-phase hydrogenation of Glucose (Glu) into Sorbitol (Sor). 

   Thus, a continuous flow process for hydrogenation of Glu to Sor in water 

using 35Ni/NDC was designed and performed (Scheme 4.1). In this section, the 

influence of reaction temperatures and different space-time (τ) on the catalyst 

performance in the selective aqueous-phase hydrogenation of Glu to Sor were 

investigated. Additionally, evaluation of the catalytic activity as a function of time 

on stream (TOS) was studied. Firstly, a blank experiment with no catalyst at 423 K 

showed a low XGlu (9.6 mol%), (Figure C8 in Appendix). Additionally, fructose 
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(Fru) was the only detected product with YFru of 5.3 mol%, which is formed via Glu 

isomerization in water at the utilized reaction conditions. The unidentified products 

(~4.3 mol%) can be correlated to the formation of insoluble humins in the presence 

of water under these reaction conditions.[261, 262] Furthermore, only the presence of 

the support (NDC) improved the XGlu from 9.6 mol% to 29.3 mol% without 

significant change of YFru (6.2 mol%), (Figure C8 in Appendix), which is related to 

higher formation of insoluble humins (~23 mol%). Accordingly, the presence of 

porous NDC accelerates the dehydration and humification process of Glu even in 

the absence of the active Ni0 hydrogenation sites.  

 

Figure 4.1. The space time conversion of Glu (STCGlu) and yield of Sor (STYSor) as a 
function of reaction temperature (T), using 35Ni/NDC in the aqueous-phase hydrogenation 
of Glu to Sor, reaction conditions cGlu = 56 mM (1.0 wt.-%) T =  373 K, 398 K and 423 K, , 
Qeduct = 0.3 mL min-1 (τ= 4.2 h molNi molGlu

-1), QH2 = 15 mL min-1 and p = 2.5 MPa. 

   The effect of the reaction temperature on the performance of 35Ni/NDC, as well 

as on the formation of insoluble humins was investigated using three different 

reaction temperatures, i.e., 373 K, 398 K and 423 K. As expected, the presence of 

35Ni/NDC improved Glu conversion at 423 K with respect to the experiment 

conducted with no catalyst and with only the use of NDC (Figure 4.1 and Figure 

C8 in Appendix), yielding to a XGlu of 97 mol% which correspond to a glucose 

space-time conversion (STCGlu) of 0.23 mol h-1 molNi-1.  Also, in the presence of Ni0 

on NDC, Sor was the only identified product with a Sor space yield (STYSor) of 0.21 

mol h-1 molNi-1 (Ysor = 89 mol%). Moreover, the formation of insoluble humins was 

drastically reduced (from ~23 to ~8 mol%) in comparison with the experiments 

conducted in the absence of Ni (only NDC).  



 
 
 

 
43 

 

   As expected the STCGlu and STYSor increase with the temperature, elevating the 

reaction temperature from 373 K to 398 K and to 423 K is combined with an 

increase of STCGlu from 0.11 mol h-1 molNi-1 (XGlu =51 mol%) to 0.19 mol h-1 molNi-1  

(XGlu = 89 mol%) and to 0.23 mol h-1 molNi-1 (XGlu =97 mol%), respectively (Figure 

4.1). Similarly, STYSor increased from 0.10 mol h-1 molNi-1 (Ysor = 46 mol%) to 0.18 

mol h-1 molNi-1 (Ysor = 84 mol%) and to 0.21 mol h-1 molNi-1 (Ysor = 89 mol%), 

respectively (Figure 4.1). These results showed that at the lower reaction, i.e., 373 

K, the conversion is very low and the hydrogenation does not proceed with high 

efficiency, while at 398 K there is an improvement of STCGlu, from 0.11 mol h-1 molNi-

1 to 0.19 mol h-1 molNi-1. A further increase of temperature to 423 K, leads to almost 

complete conversion (XGlu =97 mol%), and to the highest STYSor, 0.21 mol h-1 molNi-

1. Nevertheless, at low temperatures, such as 373 and 398 K the formation of 

insoluble humins is very low (< 5mol%), while at 423 K the humification appears to 

be more pronounced (~8 mol%). However, this amount of insoluble humins that 

were formed using a space-time (τ) of 4.2 h molNi molGlu-1, i.e., a residence time of 

15 min, is still very low in comparison to the reported data using a batch system 

(over 50 mol% at similar conditions)[262].   

Table 4.1. Chemical composition obtained by elemental analysis and textural properties derived 
from N2 sorption for the freshly reduced 35Ni/NDC_Ux and spent catalysts. The Ni specific surface 
area of 35Ni/NDC is determined via CO-TPD. 

Catalyst C / 
wt.
-% 

N / 
wt.
-% 

C/N  
ratio 

Ni* / 
wt.-
% 

Zn* / 
wt.-
% 

ABET / 
m2 g-1 

Ameso **/ 

m2 g-1 
Vmeso

**/ 
cm3 

g-1 

Vp / 
 cm3 

g-1 

ANi 
†

 / 
 m2 g-1 

35Ni/NDC 53 2.9 18 35 < 0.2 700 92 0.24 0.42 21 

35Ni/NDC_U
Glu 

56 2.8 20 31 < 0.2 730 90 0.25 0.51 14 

35Ni/NDC_U
Xyl 

52 2.7 19 29 < 0.2 799 113 0.26 0.55 14 

35Ni/NDC_U
V 

59  2.4  24   30¥ < 0.2 125 70 0.08 0.14 14 

 n.a.: Not applicable, *: Measured via ICP-OES, **: Calculated via QSDFT, †: Measured via CO-
TPD and ¥: normalized to C. 

   Due to its high STYSor and STCGlu, reaction temperature of 423 K was selected 

for further investigation corresponding to aqueous-phase hydrogenation of Glu to 

Sor. These high STYSor and STCGlu values using 35Ni/NDC are attributed to the 

high specific surface area (700 m2 g-1) and specific pore volume (0.42 cm3 g-1) of 
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the 35Ni/NDC catalyst, cf. Chapter 3. Moreover, it is correlated to the high amount 

of Ni (35 wt.-% proved by ICP-OES), which as well is homogenously and highly 

dispersed on the surface of NDC, with a high specific Ni surface area (ANi) of 20 

m2g-1 derived from CO-TPD (See the SEM, TEM and EDX images at Figure 3.4 

and 3.5 in Chapter 3 and Table 4.1). Moreover, experiments were performed using 

35Ni/NDC at 423 K and at different space-time (τ), i.e., 2.0 h, 2.8 and 4.2 h molNi 

molGlu-1, which correspond to a residence time of 6.4, 9.0 and 15 min, respectively 

(Figure C9 and C10 in Appendix). These experiments intend to demonstrate the 

key advantage of a continuous flow process, namely to control contact times which 

allows to avoid follow-up reactions, e.g. formation of humins, and to maximise the 

STCGlu and STYSor as well as selectivity toward the desired product, i.e., Sor. 

Shortening the space-time from 4.2 to 2.8 and to 2.0 h molNi molGlu-1, the STCGlu is 

drastically increasing from 0.22 to 0.34 and to 0.46 molGlu h-1 molNi-1 (Figure C9 in 

Appendix). Analogously resulted for STYSor from 0.21 to 0.31 and to 0.39 molsor  h-

1 molNi-1. Despite the higer STCGlu and STYSor, the glucose conversion XGlu slightly 

decrease from 97 mol% to 95 mol% and then to 84 mol% (Figure C10 in 

Appendix).  

   This decrease XGlu is attributed to the too short contact time between the 

reactant and the catalyst. A maximized XGlu (97 mol%) and YSor (89 mol%) 

were found at space-time (τ) of 4.2 h molNi molGlu-1. Shorter τ, i.e., 2.0 h molNi 

molGlu-1 and 2.8 h molNi molGlu-1, showed only a linear decrease of XGlu and 

YSor (Figure C10 in Appendix). Thus, it can be deduced that longer 

residence time can be applied to ensure efficient catalytic performance. 

Interestingly, we have observed only a little drop in selectivity toward sorbitol 

from 91%, to 89% and to 85%, when the residence time was shortened, from 

4.2 to 2.8 and 2.0 h molNi molGlu-1, respectively. This is corresponded to the 

presence of traces unreacted Fru of ~1mol% and ~4 mol% at 2.8 and 2.0 h 

molNi molGlu-1, respectively.  

 



 
 
 

 
45 

 

 

Figure 4.2. The space time conversion of Glu (STCGlu) and yield of Sor (STYSor) as a 
function of time on stream (TOS) using 35Ni/NDC in the aqueous-phase hydrogenation of 
Glu to Sor; reaction conditions: cGlu = 56 mM (1.0 wt-%), T = 423 K, , Qeduct = 0.3 mL min-

1 (τ= 4.2 h molNi molGlu
-1), QH2

 = 15 mL  min-1 and p = 2.5 MPa.    

   Therefore, the optimum reaction conditions namely (423 K, 4.2 h molNi molGlu-1 of 

space time, 1.0 g of catalyst, H2 flow of 15 mL min-1 and pressure of 2.5 MPa) were 

applied to study the catalyst performance as a function of time on stream (TOS) 

for conversion of Glu to Sor (Figure 4.2). The catalyst performance from the 

perspective of XGlu retained without any change within 35 h of TOS (STCGlu and 

STYSor>0.20 mol h-1 molNi-1). In addition, only a slight drop in the selectivity of Sor 

was observed after 35 h of TOS (Figure 4.2). Nevertheless, the STYSor persisted 

above 0.20 molsor h-1 molNi-1 (YSor >79 mol%) after 40 h of TOS (Figure 4.2). The 

observed decreases on STYSor can be correlated to the deposition of insoluble 

humins on the Ni active sites (~10 wt.-%, as derived from TGA, viz. on Figure C11 

in Appendix and elemental analysis in Table 4.1). Changing the work function of 

the carbon by introducing nitrogen to the framework intended to create a more 

stable catalyst under hydrothermal conditions. This promotes a charge transfer 

from the Ni to the carbon, which as a side effect strongly attracts the Ni to the 

surface of NDC (cf. Chapter 1.3.2). At the utilized reaction conditions and after 40 

h on TOS, Ni amount decrease from 35 wt.-% to only 31 wt.-%, which is relatively 

low. The leaching of Ni could be explained that the loading of 35 wt.-% is relatively 

high in which slight amount of Ni0 are weakly bonded to the NDC, i.e., not via Mott-

Schottky transfer. However, It is a well-known phenomenon that Ni on other 
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support materials is completely and rapidly leached off, and consequently 

deactivated, along similar hydrothermal conditions. [135, 137, 146] We attribute this low 

amount of Ni leaching to the strong attraction of the Ni to the support caused by 

the introduction of nitrogen into the NDC framework. 

   The spent 35Ni/NDC_UGlu system was studied using powder XRD to 

investigate the crystal structure (Figure C12 in Appendix). Although the 

main reflections that typical of Ni0, at 2θ of 44° and 51°, remain preserved. 

Also, an additional patterns showed reflections at 2θ of 19°, 33°, 38°, and 

52°, which indicates a formation of hydroxides species as Ni(OH)2 and 

NiOOH.[263] This oxidation of nickel is due to the exposure of catalyst to hot 

water within the washing process and cooling down the system after 

completing the reaction. Also, due to drying the catalytic system in air at 353 

K before post characterization. The XPS analysis for Ni species of the spent 

catalyst, which is labelled as 35Ni/NDC_UGlu, confirmed the presence of 

mostly oxidized species, on the surface of the catalyst (Figure C13 in 

Appendix). This is attributed to the hydroxides formation. This is a common 

observation for Ni-supported catalyst that present in moisture conditions.[263] 

Additionally, it showed no change on the position of (N1s) in the spent 

35Ni/NDC with respect to (Figure C14 in Appendix). 

   The spent catalyst shows similar morphology of the fresh catalyst (Figure 

3.4 in Chapter 3 anf Figure C15 in Appendix). In spite of humins formation, 

no significant changes on the textural properties were observed after 40 h of 

TOS with respect to the fresh catalyst (Table 4.1 and Figure C16 in 

Appendix). The Specific surface area ABET, slightly increased from 700 m2 g-

1 to 730 m2 g-1, but only among the micropores contribution. That can be 

correlated to higher availability of micropores due to the minimal leaching of 

Ni and/or to change in the material density. After 40 h of TOS, CO-TPD 

showed a slight reduction of Ni specific surface area from 21 m2 g-1 to 14 m2 

g-1 that correlated to slight Ni leaching from 35 wt.-% to 31 wt.-%, deposition 

of carbonaceous species and agglomeration of non-strongly bonded Ni 

(Table 4.1). After 40 hours of TOS the XRD and XPS of the spent catalyst 

showed the presence of Ni oxidized species on the surface of NDC. 

Therefore, an attempt to regenerate Ni0 in the spent catalyst was performed 
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(see the details reactivation procedure in Section B of Appendix). Indeed, 

the Ni0 was successfully restored via the regeneration procedure which is 

confirmed by XRD and HR-STEM. These characterization results showed 

that Ni0 was the dominant phase on the surface of the catalyst (Figure C17 

and C18 in Appendix). Along the manuscript the regenerated catalyst is 

given a code as (35Ni/NDC_Rx). 

   Finally, as a proof of concept the catalytic activity of 35Ni/NDC and 

synthesized 35 wt.-% Ni on commercially available carbon black (CB) in Glu 

hydrogenation to Sor under the optimum reaction conditions was compared. 

The results of using 35Ni/CB was worst with respect to 35Ni/NDC (Figure 

C19 in Appendix). This can be a sign for the advantage of using Ni on 

heteroatom-doped carbon. This is consistent with the findings of Nie et al.[202] 

for aqueous-phase hydrogenation biomass-derived compounds. 

 

Xylose hydrogenation 

   Similarly to Glu, Xylose (Xyl) is the major sugar in the hemicellulose 

fraction. Therefore, the hydrogenation of Xyl towards xylitol (Xyt) is an 

important reaction due to Xyt properties and applications, cf. Chapter 

1.3.1.[153] These properties allow Xyt to be utilized in wide range of consumer 

products. In analogy to the process for Sor production, Xyt can be 

synthesized via hydrogenation of Xyl using supported Ni (Raney Ni, Ni/Al2O3, 

Ni/SiO2) or Ru (Ru/Al2O3, Ru/C, Ru/TiO2, Ru/ion exchange resins and Ru/HY 

zeolite catalysts).[153, 188-193] Most of these studies reported a high conversion 

of Xyl and Xyt yield in a batch system, temperature range from 393 K – 463 

K, H2 pressure of 2.0 MPa – 8.0 MPa at longer reaction times of 2 – 6 h.[188-

193]  Likewise the Glu hydrogenation, the activity of 35Ni/NDC was studied in 

hydrogenation of Xyl towards Xyt in water (Scheme 4.2).  

 

Scheme 4.2. Hydrogenation of xylose (Xyl) to xylitol (Xyt). 
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   The influence of reaction temperature and space time (τ) on the performance at 

longer TOS was evaluated. Similarly to glucose experiment, a blank experiment 

was conducted at 423 K, without catalyst (Figure C20 in Appendix) yielding 18 

mol% loss of Xyl, and no Xit has been detected. This indicates the occurrences of 

a humification process. A higher conversion XXyl (40 mol%) was found using parent 

NDC, while no Xyt was formed. In this case, Xyl simply turned into insoluble 

humins, the process being catalyzed by the available high specific surface area in 

the parent NDC. The formed humins fractions are larger than in the glucose case 

(Figure C8 and Figure C20 at ESI). This is due to the fact that under hydrothermal 

conditions and at high temperature (423 K), Xyl is less stable than Glu. However, 

the humins formation in both cases in the continuous flow system remains lower 

than similar experiments conducted in batch system.[262] After adding 35 wt.-% of 

Ni to NDC, the catalytic hydrogenation performance improved drastically, yielding 

in a STCXyl of 0.28 molXyl h-1 molNi-1 and STYXyt 0.27 molXyt h-1 molNi-1 which 

correspond to XXyl = 99 mol% and YXit = 97 mol%, respectively, (Figure C20 in 

Appendix ). In other words, we found mostly a quantitative conversion of Xyl to Xyt. 

The reaction temperature effect on the catalytic performance of 35Ni/NDC has 

been studied using 373 K, 398 K and 423 K (Figure C21 in Appendix). A linear 

increase in STCXyl and STYXyt was found by increasing the reaction from 373 K, 

398 K and 423 K (Figure C21 in Appendix). The higher reactivity of Xyl with 

respect to glu, is attributed to its higher instability when exposed to high 

temperature. 

   Also, the space-time study confirmed the high activity of 35Ni/NDC for Xyl 

reduction to Xyt. In fact, even at short space-time (1.6 h molNi molXyl-1), the XXyl was 

of 92 mol% and the YXyt of 88 mol% (Figure C22 in Appendix). Shortening the 

space time from 3.6 to 2.2 h molNi molXyl-1 did not affect the selectivity towards Xyt 

(>99%). Applying a shorter contact time (1.6 h molXyl molNi-1), a negligible drop of 

Xyt yield from (>99mol%) to (95 mol%). This is attributed to traces of some 

undetected isomerization products, such as xylulose. Therefore, likewise for 

glucose the optimized condition were 423 K and 3.6 h molXyl molNi-1, correspond to 

a residence time of 15 min.  
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Figure 4.3. The space-time conversion of Xyl (STCXyl) and space-time yield of Xyt (STYXyt) 
as a function of time on stream (TOS) using 35Ni/NDC in the aqueous-phase 
hydrogenation of Xyl to Xyt; reaction conditions: cXyl = 64 mM (cXyl= 1 wt.-%),  
T = 423 K, Qeduct = 0.3, mL min-1 (τ= 3.6 h molNi molXyl

-1), QH2 = 15 mL min-1 and  
p = 2.5 MPa. 

   The 35Ni/NDC has been exposed for 42 h of TOS, at the abovementioned 

optimum reaction conditions (Figure 4.3). The 35Ni/NDC showed a high catalytic 

performance with excellent stability. Similarly, this exceptional stability is attributed to the 

heterojunction effect due to the presence of N doping in the carbon. Identically to the 

reported characterization of the spent catalyst in Glu hydrogenation, the textural properties 

of the 35Ni/NDC_UXyl were preserved over the long TOS. Thus, only a little Ni leaching 

from 35 wt.-% to 29 wt.-% was found (Table 1). Additionally, the specific surface area 

showed a slight increase due to the deposition of a slight amount humin (> 4 wt.-% 

derived from TGA) on the surface of the catalyst (Table 4.1.and Figure C11 in 

Appendix) . Also in this case the XRD pattern of the spent 35Ni/NDC_UXyl and the 

regenerate 35Ni/NDC_RXyl showed the formation of Ni-hydroxide species after 

reaction and their further reduction to Ni0 (Figure C12 and C18 in Appendix). 

Moreover, the CO-TPD analysis showed a relatively low reduction of the specific 

Ni surface area ANi from 20 m2 g-1 to  14 m2 g-1 (Table 4.1) with preserved crystallite 

size (19 nm). This very similar behaviour of the two 35Ni/NDC_UXyl and 

35Ni/NDC_UGlu confirmed the robustness of 35Ni/NDC at such long TOS and over 

regeneration treatment. 
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Vanillin hydrogenation 

   Vanillin (V) is an important compound that can be derived from lignin, cf. Chapter 

1.3.1.[23, 28, 87]. V hydrogenation products, 2-methoxy-4-methylphenol (MMP) and 

Vanillyl alcohol (VA) can be applied in food and polymer industries or ad fuel 

additive, cf. Chapter 1.3.1.[198] Typically, the hydrogenation of V towards vanillyl 

alcohol (VA) or MMP is conducted using supported precious metal (Pd, Pt, Ru and 

Rh) catalysts in batch systems and high pressure of H2 (0.5 MPa – 10 MPa). 

Nevertheless, few studies have investigated the utilization of supported Ni or Cu 

as an active species. In this regards, Bindwal et al.[194] showed an efficient 

conversion of V to VA and MMP using Ru/C (complete V conversion with VA yield 

up to 90 mol % and MMP yield up to 10 mol% at 338 K and 2.1 MPa of H2).[194] 

Furthermore, investigations about the performance of noble metals catalysts (Ru, 

Rh, Pd, Au and Pt) supported on C in aqueous phase hydrogenation of V in a batch 

system were reported.[200] All these catalysts showed a complete V conversion, 

whereas, Pd/C gave the highest yield of MMP (95%) H2.[200] Moreover, bimetallic 

Cu-Pd catalysts anchored on organic porous polymer were found to be able to 

convert V to MMP (yield 93 mol%), in i-propanol as a solvent.[201] Nevertheless, 

few trails have been reported utilizing non-noble metal based catalysts for V 

hydrogenation. For instance, Nie et al.[202] obtained a V conversion of 90% and 

MMP yield of 66% using a 20 wt.-% Ni on nitrogen-doped carbon in a batch system 

at 423 K, 0.5 MPa of H2 and 2 h of reaction time.[202] 

 

Scheme 4.. Hydrogenation of vanillin (V) toward 2-methoxy-4-methylphenol (MPP) 
through vanillyl alcohol (VA). 

   In this part, the selective aqueous-phase hydrogenation of vanillin (V) to 2-

methoxy-4-methylphenol (MMP) via vanillyl alcohol (VA) will be addressed 

(Scheme 4.3). In contrast to the experiments conducted with aqueous solutions of 

sugars, i.e., Glu and Xyl, no conversion of V to any products were observed in the 

absence of catalyst and in the presence of the support (NDC) at 423 K, (Figure 

C23 in Appendix). Moreover, under similar reaction conditions but in presence of 
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35Ni/NDC, a quantitative conversion of V towards MMP was obtained (Figure C23 

in Appendix). This conversion and yield are much higher when compared to 

literature experiments with a different Ni catalyst supported on carbon black and 

NDC in a batch system.[202]  

   The influence of reaction temperature on the space time conversion of V (STCV) 

and on products distribution was investigated, by applying five different reaction 

temperatures (353 K, 373 K, 398 K, 408 K and 423 K). The complete STCV to VA 

and MMP was obtained over 373 K (Figure 4.4). It can be clearly seen that from 

the reaction temperature of 398 K and above, the reaction equilibrium is shifted 

towards the formation of MMP, which is the consecutive product of VA 

hydrogenation (Scheme 4.3). Interestingly, the experiment utilized low reaction 

temperature (353 K) resulted in high space time yield of VA (STYVA) of 0.22 molVA 

h-1 molNi-1 (YVA = 77 mol%) and low STYMMP of 0.04 molMMP h-1 molNi-1 (YMMP = 16.9 

mol%), (Figure 4.4). A similar interplay between VA and MMP is in agreement with 

similar studies reported in batch system using Ni, Pd and Ru catalyst by altering 

the reaction time.[199, 202, 264] Therefore, it can be deduced that the prepared catalyst 

exhibited a high efficiency on V hydrogenation towards VA and/or MMP. Since 

varying the temperature has been reported a change in the main product from 

MMP to VA, the same has been researched varying the space time at 423 K 

(Figure C24 in Appendix). In this context, the space time was found to be less 

effective in tuning the reaction products with respect to reaction temperature. 

However, it is possible to see that altering the space time of one order of 

magnitude, i.e., from 3.4 h molNi molV-1 which is equal to 15 min of residence time 

to 0.35 h molNi molV-1 that correspond to 1 min of residence time, the STYVA 

increased from to 0.95 molVA h-1 molNi-1 (YVA from 0 to 33 mol%), (Figure C24 in 

Appendix). These results showed that the tunability of reaction products is also 

possible by reducing the residence time from minutes to potentially seconds scale 

at low reaction temperature range. Additionally, this indicate that using a flow 

system also allows optimization and potential isolation of the intermediate 

products. 
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Figure 4.4. The space time conversion of V (STCV), the space time yield of VA (STYVA) 

and space time yield of MMP (STYMMP) as a function of temperature (T) using  
35 Ni/NDC in the aqueous-phase hydrogenation of V to VA and MMP; reaction conditions: 
cV = 72 mM (1.0 wt.-%), T = 353 K, 373 K, 398 K, 408 K and 423 K, Qeduct = 0.3 mL min-1 

(τ= 3.4 h molNi molV-1), QH2
 = 15 mL min-1 and p = 2.5 MPa.  

   The stability of the catalyst has been investigated using the optimized 

reaction conditions, in which V is quantitatively converted to MMP. Similarly 

to Glu and Xyl hydrogenations, in this case the catalyst survived after 40 h 

of time of stream (Figure 4.5). In fact, the utilized catalyst showed better 

catalytic performances, i.e., STCV of 0.29 molV h-1 molNi-1 (XV = 100 Mol%) 

and STYMMP of 0.28 molV h-1 molNi-1 YMMP > 98 mol%, after 40 h of TOS. 

Contrarily to what observed in the case of Glu and Xyl revealed a significant 

decrease of the specific surface area (ABET), from 700 m2g-1 to 125 m2g-1. 

This reduction is mainly attributed to a drop in the micropores, (Figure C16 

in Appendix). This is common phenomenon for porous carbon in the 

presence of aromatic species.32 Therefore, the decrease in the specific 

surface area can be explained as pore blocking due to the strong interaction 

between the aromatics and the NDC surface. This confirmed from the 

elemental analysis of the spent catalyst in which increasing of C from 53 wt.-

% to 59wt.-% when compared to the fresh 35Ni/NDC (c.f. Table 4.1). 

However, this deposition did not affect the catalyst performances, since the 

STCV and STYMMP were extremely stable over 40h of TOS. This constant 

activity correlated to the presence of highly dispersed Ni and the remaining 
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efficient mesoporous that allows this reaction to proceeds without noticeable 

deactivation. 

 

Figure 4.5. The space time conversion of V (STCV), the space time yield of VA (STYVA) 

and space time yield of MMP (STYMMP ) as a function of time on stream (TOS) using 
35Ni/NDC in the aqueous-phase hydrogenation of V to MMP; reaction conditions: cV = 72 
mM (1.0 wt.-%), T = 423 K, Qeduct = 0.3 mL min-1 (τ = 3.4 h molNi molV-1), QH2

 = 15 mL min-

1 and p = 2.5 MPa. 

   Moreover, Ni leaching was minimal and found to be 30% after 40 h TOS 

which is similar the values reported for 35Ni/NDC_UGlu and 35Ni/NDC_UXyl 

(Table 4.1). In agreement with the results obtained with the spent catalyst in 

Glu and Xyl hydrogenation, a slight reduction of Ni specific surface area from 

21 m2 g-1 to 14 m2 g-1 that is attributed to slight Ni leaching from 35 wt.-% to 

31 wt.-%, deposition of carbonaceous species and agglomeration of non-

strongly bonded Ni (Table 4.1). Again, the successful regeneration 

procedure was confirmed by the XRD reflections, which showed the re-

reduction of Ni from (Figure C17 and C18 in Appendix). Additionally, both 

XRD and CO-TPD of the regenerated sample showed similar Ni crystallite 

size of ~20 nm. 

   Finally, the robustness of this catalyst has been confirmed one more time, 

extending its usage from the valorization of sugar fraction of biomass to the 

aromatics fraction. In all these cases the catalyst showed high catalytic 

performance after 40 h of TOS with and was successfully regenerated. 

Therefore, the 35Ni/NDC catalyst has the potential to be implemented into 
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multi-step valorisation using others commercially available catalysts. To this 

aim, in the following chapter, 35Ni/NDC will be used in combination with 

zeolites for integrated processes, such as glucose to isosorbide. 

 

4.4 Integrated process for isosorbide production 

from glucose 
 

4.4.1 Sorbitol dehydration to Isosorbide over Beta zeolites 
 

   In the previous chapter, Glu to Sor has been reported using 35Ni/NDC catalyst. 

Although Sor is a valuable compounds, it can be upgraded via acid-catalyzed 

hydrolysis to a high valuable building block such as Isosorbide, cf. Chapter 1.3.1. 

Despite its value, Isosorbide is produced nowadays with non-sustainable and 

economically inefficient homogenous catalyst, cf. Chapter 1.3.1. Seeking for 

heterogenous alternatives, several solid acid catalysts, i.e., zeolites, mixed oxides 

and resins, have been proposed for isosorbide production from sorbitol.[148, 163-176] 

These trials used a molten bulk phase in small quantities (the solid phase consists 

of sorbitol and catalyst), i.e., they cannot be largely scaled. Of these catalysts, 

zeolite was found to be the optimum choice for dehydration of sorbitol to isosorbide, 

and Beta zeolite showed the highest catalytic performance (isosorbide yield ~ 80 

mol%), as it possesses suitable textural properties, i.e., pore size distribution of (5-

7 Å) and acid side density above 300 µmol g-1.[177, 178] However, to date, isosorbide 

synthesis in flow systems has been reported only using water steam, i.e., gas-

phase reactions.[172, 180-182] The group of Huang tested various solid acids such as 

sulfated copper oxide,[181] metal phosphate,[180] supported tungstophosphoric acid 

[172] and modified tantalum oxide by phosphoric acid in the gas-phase dehydration 

of sorbitol to isosorbide. [182] The highest isosorbide yield using these solid acids in 

gas-phase reaction was 68 mol% at 473 K.[181] All those above-mentioned 

approaches rely on the usage of gas-phase reaction, using N2 as carrier and inert 

gas. Also, Xi et al.[265] reported a sequential process for isosorbide production from 

cellulose, composed by cellulose depolymerization/hydrogenation toward sorbitol 

using Ru/NbOPO4-pH2 in batch system. In a separated second step a steam of the 



 
 
 

 
55 

 

formed sorbitol was flown over NbOPO4-pH2 for isosorbide production, with an 

isosorbide yield of 57 mol%.[265] When compared to water in liquid-phase, the use 

of vapor phase reaction presents additional costs such as the gas-supply and gas-

liquid separation.  

   In these terms, it is surprisingly that the isosorbide synthesis from sorbitol in liquid 

aqueous-phase has not been reported yet. Therefore, to establish an integrated 

process from glucose to isosorbide, is necessary to conduct the sorbitol 

dehydration in continuous flow systems over solid acid catalyst first.   

 

Scheme 4.4. Synthesis by sorbitol dehydration to 1,4-sorbitan and finally to isosorbide 
over Beta zeolite. 

  Based on the literature, Beta zeolite was selected as a catalyst for sorbitol 

dehydration to isosorbide.[177] Beta zeolite has a 3D pore architecture and offers 

sufficient specific surface area (400 – 600 m2 g-1) and total acid site densities (200 

– 600 µmol g-1) to perform efficiently the bimolecular dehydration of sorbitol to 

isosorbide. In addition, it allows quick diffusion to/from the pores since its pore size 

(6.6 x 6.7 Å) is larger than the cross section of both sorbitol (5.7 x 5.9 Å) and 

isosorbide (5.9 x 6.2 Å). As an attempt to maximize isosorbide yield from an 

aqueous solution of sorbitol in a flow system, the reaction temperature, acid sites 

density of Beta zeolite, and catalyst contact time were varied.  

   The textural properties of all the used Beta zeolites, i.e., Beta(12.5), Beta(75) 

and Beta(150), were characterized via N2-sorption, XRD, SEM and Pyr-IR. The 

specific surface area (ABET), the pore volume (Vp) and the average pore-diameter 

(Dp) were deduced from N2-sorption, (Table C2 and Section C2.2.1 in Appendix). 

Moreover, the XRD patterns of fresh Beta zeolites used in this work exhibited the 
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typical reflection of zeolites (Figure C25 in Appendix). Similarly, the SEM images 

showed typical zeolite morphology, (Figure C26 in Appendix). 

 

Figure 4.6. The conversion of sorbitol and the yield of isosorbide and 1,4-sorbitan as a 
function of reaction temperature; Reaction conditions: csorbitol = 0.05 M, Qsolution = 0.3 mL 
min-1, T = 473 K, 483 K, 493 K, 503 K, 513 K and 523 K, psystem = 4.0 MPa, mcatalyst = 2.5 g 
and τ = 3.0 h kg mol-1. 

   Initially, Beta zeolite with a Si/Al molar ratio of 75 has been selected to perform 

a temperature studies, as it showed optimum catalytic performance in molten bulk 

phase.[177] Therefore, increasing the reaction temperature from 473 to 503 K was 

found coupled with gradual increase of sorbitol conversion from 80 – 95 mol% and 

isosorbide yield from 38 - 83 mol% (Figure 4.6). A lower reaction temperature 

resulted in the formation of higher amounts of 1,4-sorbitan instead of isosorbide 

due to insufficient amount of energy to enable an efficient performance of the 

second dehydration from 1,4-sorbitan to isosorbide (Figure 4.6). The conversion 

of sorbitol (95 mol%) remained constant throughout further increase of reaction 

temperature to 523 K. However, isosorbide yield was found to decrease from 83 

mol% at 503 K to 76 mol% at 513 K and subsequently to 68 mol% at 523 K without 

any identified byproducts. This gradual decrease of isosorbide yield at temperature 

above 503 K is due to the formation of high condensed humic species (dark brown 

colored solution) that also deposit on the catalyst. TGA analysis for the spent 

catalyst showed a weight loss of around 3.0 wt.-%, reflecting this deposition. This 
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indicates that isosorbide is not stable at temperature higher than 503 K. Moreover, 

the blank experiment with absence of catalyst at 503 K showed no conversion of 

sorbitol, which is stable under this reaction conditions. This indicate that the 

presence of solid acid catalyst is essential to enable the dehydration of sorbitol to 

isosorbide. Furthermore, these findings indicate the degradation of the products as 

the major limitation for further temperature increasing. In these regards, the 

removal of products from the hot reaction environment guaranteed by of 

continuous flow systems can be beneficial for selectively perform the dehydration 

of sorbitol to isosorbide, i.e., by using the continuous flow system sorbitol is 

converted selectivity to 1,4-sorbitan and isosorbide with no additional by-products 

such as the isomers of 1,4-sorbitan. 

   To gain more insight of the reaction kinetics, the apparent activation energy (Ea) 

for the 1st dehydration (sorbitol to 1,4-sorbitan) and 2nd dehydration (sorbitol to 

isosorbide) reactions were calculated from Arrhenius plot assuming first order 

kinetics (Figure C27 in Appendix). The calculated values are 55 kJ mol-1 and 125 

kJ mol-1, respectively. These calculated Ea values are lower than the one reported 

in literature for sorbitol dehydration over heterogeneous catalysts in molten phase 

batch system, i.e., silicotungstic acid (140.3 kJ mol-1)[266], sulfonated ZrO2 (87 kJ 

mol-1)[174] and Beta zeolite (89 kJ mol-1)[177]. Our 55 kJ mol-1 for sorbitol dehydration 

to 1,4-sorbitan was comparable to the value calculated of homogenous catalysts 

(48 kJ mol-1 for H2SO4).[161, 162] In addition, the calculated Ea for 1,4-sorbitan 

dehydration to isosorbide is comparable to the reported value for silicotungstic acid 

(104.17 kJ mol-1).[169] All these results indicated that the second dehydration of 1,4-

sorbitan to isosorbide is the rate-determining step while the reaction at the 

operation conditions was not limited by transport phenomena. Furthermore, the 

turnover frequency (TOF) for isosorbide production was found to be 0.64 h-1 at 503 

K. These results emphasize the advantages of operating this reaction in 

continuous-flow system which will improve the isosorbide formation.  
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Figure 4.7. The conversion of sorbitol and the yield of isosorbide and 1,4-sorbitan 
as a function of space time; Reaction conditions: csorbitol = 0.05 M, Qsolution = 0.15, 
0.3. 0.7, 1.0 mL min-1, T = 503 K, psystem = 4.0 MPa, mcatalyst = 2.5 g and τ= 6.1, 3.0, 
1.3 and 0.8 h kg mol-1. 

   The effect of contact time was also investigated using Beta(75) and 503 K as 

reaction conditions. As expected, below 3.0 h kg mol-1, the reaction turns 

incomplete and sorbitol conversion decreased from 95 mol% to 81 mol% (Figure 

4.7), as well as Isosorbide yield dropped from 83 mol% to 56 mol%. Insignificant 

influence of space time above 3.0 h kg mol-1 was found on all the sorbitol 

conversion and 1,4-sorbitan yields (Figure 4.7), whereas isosorbide yield slightly 

decrease from 83 mol% to 76 mol%. This latter decrease is attributed to the longer 

residence time, which leads to isosorbide decomposition and consequent 

humification. Accordingly, the use of flow system allows a fast quenching of 

metastable products to form high isosorbide yield. An experiment at low space 

time, of 0.8 h kg mol-1 at 503 K, was performed to ensure that isosorbide and 1,4-

sorbitan is the only reaction products by operating the reaction where the sorbitol 

conversion was not at its maximum (< 94 mol%), (Figure C28 in Appendix). After 

3.5 h of time on stream (TOS), isosorbide and 1,4-sorbitan were the only detected 

products with yields of 50 mol% and 40 mol%, respectively. With the progress of 

the reaction, the conversion of sorbitol and the yield of isosorbide gradually 

decreasing respectively to 60 mol% and 10 mol% after 12 h of TOS. At this TOS 
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value, 1,4-sorbitan was the dominant product (yield around 40 mol%). This finding 

is a further evidence that the dehydration of sorbitol in continuous flow system 

resulted on 1,4-sorbitan and isosorbide. Also, it emphasizes that the dehydration 

of 1,4-sorbitan to isosorbide is the rate determining step. On the other hand, the 

gradual drop of sorbitol conversion and isosorbide yield is attributed to the 

hydrothermal instability of Beta (75) under these harsh reaction conditions (Figure 

C25 and C28 at ESI). In this term, the hydrothermal stability of the zeolite catalyst 

represents the central drawback of such catalyst for industrial applications.  

 

Figure 4.8. The conversion of sorbitol and isosorbide yield in aqueous liquid phase 
dehydration in continuous flow reactor and batch system over Beta(75); reaction 
conditions in continuous flow reactor: csorbitol = 0.05 M, Qsolution = 0.3 mL min-1, T = 503 K, 

psystem = 4.0 MPa, mcatalyst = 2.5 g and τ = 3.0 h kg mol-1; reaction conditions in batch system: 
csorbitol = 0.05 M, T = 503 K, Veduct = 30 mL, mcatalyst = 1.0 g, n = 800 min-1 treaction = 2 h and 
autogenous pressure. 

   For a comparison purpose and deep understanding of the reaction pathway and 

products distribution, experiments in batch system was performed in absence and 

presence of Beta(75) at 503 K (Figure C34). The blank experiment (without 

catalyst) showed no conversion of sorbitol. This is in an agreement with the one 

that performed at continuous flow system, as well as show that the presence of 

solid acid catalyst is essential for this reaction. Interestingly, the presence of 

Beta(75) led to 92 mol% conversion of sorbitol to 42 mol% of 1,4-sorbitan as a 

major product (Figure C34), as well as isosorbide of 18 mol%, 2,5-mannitan of 10 
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mol% and 1,5-anhydro-D-sorbitol of 3 mol% (the side product was confirmed using 

HPLC/MS equipped with hypercarb column and evaporative light scattering 

detector (ELSD). The low yield of isosorbide is due to the deposition of humificated 

products on the surface of the catalyst which blocked the accessibility to the active 

acid side (BAS), as well as the absence of removal of the formed product in 

comparison to continuous flow system. This result clearly showing the 

advantageous of using a continuous flow system with respect to batch reactor as 

it is efficient and led to high selectivity toward isosorbide. 

   In addition, aiming to fully understand the role of the acid sites for isosorbide 

production from sorbitol, we investigated Beta zeolites with different Si/Al molar 

ratios (12.5, 75 and 150) under the optimum reaction conditions, cf. Section 4.2.2 

in Appendix. The experiment showed that the Beta(75) zeolites present the more 

suitable acitidy, owing to Brønsted (BAS) and Lewis (LAS) acid site densities of 69 

µmol g-1 and 14 µmol g-1 at 523 K, respectively. Similarly, an experiment using 

Beta(75) in batch systems was conducted for comparison purpose 

 

Figure 4.9. The conversion of sorbitol and the yield of isosorbide and 1,4-sorbitan as a 
function of time on stream (TOS) using Beta(75); Reaction conditions: csorbitol = 0.05 M, 

Qsolution = 0.7 mL min-1, T = 503 K, psystem = 4.0 MPa, mcatalyst = 30 g and τ = 14.8 h kg mol-
1. 

   To investigate this process on a larger scale and analyzing process stability at 

higher space time, Beta(75) in pellet form, and reaction conditions of 503 K, 14.8 
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h kg mol-1 and a larger prototype set-up were used (the experimental details are 

shown in Section B in Appendix). Under these reaction conditions and after 

reaching the steady state, the conversion of sorbitol (94 mol%) and the yield of 

isosorbide (83 mol%) were maximized, (Figure 4.9). Also, by using this prototype 

tubular reactor, an isosorbide TOF of 0.12 h-1 was calculated. This process was 

conducted for 50 h of TOS and the catalysts performance appeared to be stable. 

These results clearly showed the advantages of using a continuous flow system 

for isosorbide synthesis with respect to a batch system in which the catalyst suffers 

from a rapid deactivation, as continuous removal of the products is absent. The 

post characterization of Beta(75) showed a reduction in the specific surface area 

from 520 m2 g-1 to 290 m2 g-1 combined with decrease of in crystallinity (Table C2 

and Figure C25 in Appendix). SEM images of the fresh and spent catalysts 

showed no differences (Figure C26 in Appendix). The changes in the textural 

properties are both due to the deposition of carbonaceous species and the known 

instability of zeolites in hot aqueous media (Figure C29 in Appendix), and are in 

good agreement with previous literature reports.[267, 268] 

4.4.2 Glucose to isosorbide integrated process using 35Ni/NDC 
coupled with Beta zeolites 
 

   To date, very few studies on literature have reported Isosorbide synthesis from 

glucose. Uniquely, the Sels group showed that isosorbide (> 60 mol%) can be 

straightforwardly produced from cellulose using two different catalysts (heteropoly 

acids for the dehydration reactions and Ru on carbon for the hydrogenation 

reaction) at 503 K and under 5 MPa of H2.[269] Similarly, the direct complete 

conversion of aqueous glucose solution to isosorbide (yield = 79 mol%) was 

reported using Ru/Dowex at 463 K after 24 h.[154] However, these studies rely on 

the usage of batch systems, while one of major advantage of using continuous flow 

systems consists in straightforward integration for industrial application, cf. 

Chapter 1.2.3. Accordingly, in the two previous section, i.e., Chapter 4.3 and 

Chapter 4.4.1, are distinctly reported the continuous flow synthesis of Sorbitol from 

Glucose over 35Ni/NDC catalyst and of Isosorbide from Sorbitol over Beta zeolites. 

Since the two reaction are conducted in the same solvent, i.e., water, the two 

reaction can be straightforward implemented in an integrated process for 
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isosorbide production from glucose, without isolating the in-situ formed sorbitol 

(Scheme 4.4).  

 

Scheme 4.4. Presented synthesis of isosorbide by hydrogenation of glucose to sorbitol 
over 35Ni/NDC, followed by sorbitol dehydration to 1,4-sorbitan and finally to isosorbide 
over Beta zeolite. 

   In addition, to prove the scalability of the proposed integrated process, were used 

the prototype-scale reactors. Therefore, to perform this experiment, the prototype 

scale setup for sorbitol dehydration to isosorbide has been coupled to a similar 

scale setup for aqueous-phase hydrogenation of glucose to sorbitol using 

35Ni/NDC catalyst, analogously to what reported in smaller scale in Chapter 4.3 

(the experimental details of the integrated process are describe in details in 

Section B4 in Appendix).  

 

Figure 4.9. The conversion of glucose and the yield of sorbitol, isosorbide and 1,4-sorbitan 
as a function of time on stream (TOS) using Beta(75) and 35Ni/NDC; Reaction conditions: 
cglucose = 0.05 M, Qsolution = 0.7 mL min-1, T1 = 423 K and T2 = 503 K, psystem = 4.0 MPa, 

m35Ni/NDC = 10 g and mBeta(75) = 30 g and τ 35Ni/NDC = 4.9 h kg mol-1 and mBeta(75) = 14.8 h kg 
mol-1. 
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   In this integrated experiment, the aqueous glucose solution has been fed at the 

same flow rate, i.e., 0.7 mL min-1, over 35Ni/NDC at 423 K (Reactor 1), followed 

by bimolecular dehydration of the formed sorbitol to isosorbide (Reactor 2) on 

Beta(75) at 503 K. After reaching the steady state, a complete glucose conversion 

was found (Figure 4.9). Furthermore, an isosorbide yield of 54 mol%, together with 

14 mol% of 1,4-sorbitan and 10 mol% of sorbitol that did not undergo dehydration 

were calculated. Interestingly, traces of isomannide (< 5 mol%) was observed as 

a result of the hydrogenation of fructose (formed by glucose isomerization) to 

mannitol followed by dehydration of the intermediates, i.e., mannitol, 2,5-mannitan 

(Scheme C1 in Appendix). These yields of 1,4-sorbitan and isosorbide are 

comparable to the reported data obtained from the one pot 

hydrogenation/dehydration of glucose in water over Ru/Dowex at 463 K after 24 h 

of reaction time in batch system.[154] The performance of the catalysts, i.e., 

35Ni/NDC at glucose hydrogenation and Beta(75) at dehydration of the formed 

sorbitol to isosorbide, remained constant for 50 h of TOS. A similar experiment 

analyzing only the products after Reactor 1, gave a 95 mol% conversion of glucose 

with yields of 88 mol% of sorbitol and 5 mol% of fructose (Scheme C1 and Figure 

C30 in Appendix). These findings are in agreement to the previous studies 

conducted in a smaller scale, cf. Chapter 4.3. This makes the overall 54 mol% 

isosorbide yield in the integrated experiment up to 78 mol% when correlated to 

sorbitol yield that formed from glucose after the first reactor. As expected, the 

founded isosorbide yield is in accordance with the one reported with similar 

condition, i.e., 83 mol% (Figure 4.6). This agreement is an evidence that 

isosorbide production from Beta (75) in these conditions is a robust procedure, 

whose activity is not affected by minor changes in the reactant educts. 
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4.5 Conclusions of Chapter 4 

   The 35Ni/NDC catalyst exhibited high catalytic performance in aqueous-phase 

hydrogenation of glucose, xylose, and vanillin in a continuous-flow system. The 

utilization of a continuous-flow system allows high control of reactant conversion 

and product selectivity. For aqueous-phase sugar hydrogenation, reaction 

temperature is the most important factor to moderate undesired humification. In 

vanillin hydrogenation, reaction temperature and residence time are the key factors 

for well-controlled product selectivity, between either vanillyl alcohol or 2-methoxy-

4-methylphenol. In all presented reactions under optimized conditions, the catalyst 

system was stable for 40 h on flow, with no practical loss in catalytic performance, 

which corresponds to 120 batch cycles with direct catalyst reuse demonstrating 

this in a space-time yield concept: a kilo of our catalyst can produce in a day 7.7 

kg of the product (Sor, Xyt, or MMP). The phenomenon of rapid Ni leaching in water 

was hindered by changing the electron density of the carbon by introducing 

nitrogen to the system, which enhanced catalytic performance for longer time on 

stream. Nevertheless, further development for long-term operation of the catalyst 

are required, i.e., optimizing support synthesis to increase the N content on the 

support and the stabilization of Ni on the support. 

   Additionally, continuous flow dehydration of sorbitol to isosorbide in liquid water 

over Beta zeolite was reported. Isosorbide yield of 83 mol% is the highest yield yet 

reported in literature for both batch and continuous flow systems using 

heterogeneous catalysts. From these observations, the combination of Brønsted 

acid sites and a high specific surface area are crucial factors for a highly active 

catalyst design, targeted for isosorbide production from sorbitol in liquid aqueous-

phase utilizing a continuous flow system. The calculated apparent activation 

energies suggest that the first dehydration step of sorbitol to 1,4-sorbitan is very 

fast, while the removal of the second water molecule to form isosorbide is the rate-

determining step. In this context, the capability of a continuous flow system to 

rapidly quench the reaction products has been found beneficial to obtain high 

isosorbide yield. Moreover, the dehydration to isosorbide in water was performed 

in a medium size prototype reactor, which gave efficient and stable performance 

up to 50 h of time on stream.  
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   Finally, the integrated aqueous-phase glucose hydrogenation to sorbitol, 

followed by the bimolecular dehydration to isosorbide was investigated at prototype 

scale. The positive result of this benign process offer a more efficient route for 

isosorbide production and, could make isosorbide an economically feasible 

replacement for bisphenol A in polycarbonates and polyesters. The missing 

hydrothermal stability of standard zeolites in aqueous media at elevated 

temperature remains the central drawback for the application of standard zeolites 

at a viable biorefinery scale. Therefore, the development of new, hydrothermally 

stable, heterogeneous acid catalysts is eagerly required. Eventually, investigation 

of this process on large scale (pilot plant level) should be considered to elucidate 

the industrial relevance of this approach. 

 

  



66 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

 
67 

 

5. Valorization of waste raw materials  

 

5.1 Introduction 
 

   The development of a circular bio-economy, and sustainable society depends on 

the effective valorization of feedstocks, as well as industrial process design aimed 

at waste minimization.[36, 38] In this context, the valorization of waste LCB products 

from established industries such as agro-forestry, or paper and pulp is a major 

opportunity for sustainable biorefinery.[39] One of the major bottleneck for the 

development of modern biorefinery is the pre-treatment of LCB feedstock, cf. 

Chapter 1.2.1. The pulp and paper industry alone processes ~1 Gton of LCB as 

feedstock every year. [14, 75] From this perspective, only the fraction of sugar is 

valorized as pulp, whereas the remaining lignin is isolated as by-products during 

the pretreatment. The isolated lignin is used in some product streams with low 

capacity, but mostly converted in energy and heat via combustion. However, 

moving toward a more sustainable and mature biorefinery is a broadly proclaimed 

and targeted goal, which is based on efficiently valorizing all LCB components, 

including lignin. Therefore, the aim of this chapter is to provide a continuous flow 

process design for lignin valorization starting from waste materials such as sodium 

lignosulfonate (LS), as well as waste beech wood sawdust (BWS) from the paper 

and pulp industry.  

   The reductive catalytic treatment of lignin has emerged as one of the most 

promising strategies for lignin valorization via catalytic depolymerization, to obtain 

valuable dimers and monomers. Therefore, in this chapter, 35Ni/NDC will be 

applied in the context of catalytic valorization of the industrial waste stream.   

Among industrial waste, sodium lignosulfonate (LS) is the major waste of paper 

and pulp industry, with only few low-value applications.[270] Therefore, LS 

valorization toward monomers was investigated, combining solvothermal 

fragmentation (SF) using water/alcohol mixtures with a catalytic 

hydrogenolysis/hydrogenation using 35Ni/NDC (SHF).  
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   Moreover, alternative LCB pretreatments for pulp processes are necessary to 

valorize lignin and reduce the byproducts. In this context, reductive catalytic 

fractionation (RCF) of lignin is one of the most promising avenues for the 

valorization of lignin toward monomers and dimers cf. Chapter 1.3. Therefore, in 

Chapter 5.3, 35Ni/NDC will be applied for the reductive catalytic fractionation 

(RCF) of lignin in a continuous flow system, using beech wood sawdust (BWS) as 

feedstock. Herein, two distinct reactors will be used, one for extraction and 

solvothermal fractionation of lignin (SF) from BWS coupled with a 35Ni/NDC 

packed reactor for RCF (SF-RCF). Therefore, SF-RCF will be applied for the first 

time in prototype-scale which will exceed the mg-scale in favor of a more practical 

gram scale production. This will facilitate the analysis of SF-RCF products, to study 

the mechanism and actual practicality of the approach for biorefinery.  

     

5.2 Valorization of waste sodium lignosulfonate in 

continuous flow system 

 

5.2.1 Background and state of the art 
 

   Lignin is a complex three-dimensional network of cross-linked phenylpropanoid 

units connected through different types of ether bonds, i.e., β-O-4, 4-O-5, γ-O-α, 

and carbon-carbon bonds, e.g., 5-5, β-β linkages, viz. Figure 1.[8, 22, 23, 116] Some 

of the big challenges in lignin valorization are its heterogeneity, its recalcitrance 

against treatments, as well as the mandatory use of mild conditions, such as low 

temperature and pressure as lignin monomers are very sensitive to follow up 

condensation reaction.[23, 71] 

   Currently, in pulp and paper industries, four main technologies are used to 

separate lignin from the other biomass components, i.e., the Kraft, Soda, 

Organosolv, and Sulfite processes.[23, 270-272] These processes rely on the lignin 

separation from the LCB matrix via solubilization by applying harsh conditions such 

as low pH (1-5) and high temperature (433-493 K).[205, 270] The resulting lignin is 

named technical lignin and indeed different from the primary plant product.[205, 270] 
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Every year, from the principal 250 Mton about ~70 Mton of technical lignin are 

separated, of which an estimated 95 % are burned to produce energy.[76, 77] Among 

this quantity, approximately 2 Mton/y are only by sulfite process.[76, 270] 

 

Figure 5.1. Route for sodium lignosulfonate valorization towards monomers using a 
continuous flow system. 

 

   In the sulfite pulping, debarked wood chips are treated with sulfite and bisulfite 

salts solution (Na is the major counter-ions to bisulfite) in acidic aqueous media 

(pH 1-5) at temperatures ranging from 398 to 463 K.[270, 273] During the process, the 

lignin‘s ether bonds undergo partial hydrolysis followed either by sulfonation, 

introducing SO3- functionality, or by oxidative coupling, forming parasitic C-C 

bonds.[270, 274] Consequently, the resulting technical lignin is named sodium 

lignosulfonate (LS). It possesses a wide range of molecular weight (Mw) from 1000 

to 100000 g mol-1, the obtained Mw values depending on process severity.[270] LS 

contains a large amount of sulfur (3 to 8 wt.-%) and a reduced amount of C-O 

bonds (Figure 5.1) when compared to the native lignin in wood.[23] Uniquely, LS is 

highly water-soluble due to the presence of SO3- groups. The sulfonate gives LS 

the surfactant properties and it is used in a wide class of applications, e.g., as 

superplasticizer in cements and clays [275], dispersant agent for polymeric foams 

[276, 277], dyes,[278] and colloidal dispersions.[279, 280] Additionally, LS has been used 

to create wholly new lignin-based material, e.g., bio-composites for fire-retardant 

thermal insulators [281, 282] or S-doped carbonaceous materials for high-
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performance electrochemical devices such as batteries and supercapacitors.[281, 

283, 284] All the above-mentioned applications have been reported to depend strongly 

on the molecular weight distribution (Mw).[282, 285, 286]  

   As LS has a high phenolic content, it also shows great potential for the production 

of bio-based aromatics via oxidative or reductive catalytic fractionation (O or RCF). 

[279, 287-291] In the last decade, RCF that was pioneered by the Sels group, has been 

reported as one of the methods with the highest potential for lignin valorization 

towards phenolic single units, mostly starting directly from wood.[16, 21, 28, 71, 78, 80, 81, 

207, 211] Despite the potential of RCF, few studies have been reported using LS 

solutions. To this end, Shu et. al [288] reported LS hydrogenolysis using a Pt on 

carbon catalyst and CrCl3 homogenous co-catalyst at 553 K, 3 MPa of H2, in batch 

systems. Additionally, the effect of a Ni and Mo bimetallic catalyst on Al2O3 was 

studied in ethylene glycol and supercritical ethanol at 583 K and 2.6 MPa of H2 in 

batch systems. [292, 293] This approach led to LS fragmentation mostly towards 

dimers and oligomers resulting in an optimized 88 wt.-% oil yield, while the minor 

fraction of monomers was only qualitatively studied.[292, 293] All these studies were 

performed in batch systems, which presents disadvantages when compared to 

continuous flow systems, such as more complicated product-catalyst separation 

as well as the time and energy-consuming discontinuous steps such as reactor 

heating/cooling procedures and its loading/unloading.[71, 80, 212] Horáček et al. [287] 

only reported the LS fragmentation in a continuous flow system at a very high 

reaction temperature (593 K) over bimetallic Ni and Mo catalyst supported on 

Al2O3. In this study and due to over hydrogenation, guaiacol was found the major 

product of LS catalytic fragmentation (yield higher than 1.8 wt.-%). The major 

challenge of all the trials dealing with LS is metal catalyst poisoning due to the 

included sulfur, which led to rapid catalyst deactivation and limited reusability.[287-

289, 292, 293] In these regards, the advantages of metal-supported nitrogen-doped 

carbon (NDC), such the 35 wt.-% Ni on NDC (35Ni/NDC), described in Chapter 

4,has the potential to positevly influence the catalytic performances. 

   In this chapter, the LS depolymerization in a continuous flow system at mild 

reaction conditions is investigated using water/alcohol solvent system. In addition, 

the effect of catalyst-free solvothermal fragmentation (SF) of LS to low Mw fractions 

and phenolic monomers was explored. Furthermore, the latter step was coupled to 
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hydrogenolysis/hydrogenation fragmentation (SHF)in a continuous flow system 

using water/alcohol solvent and 35 wt.-% Ni supported on nitrogen-doped carbon 

(35Ni/NDC) as a catalyst. Finally, the advantage of operating the catalytic 

depolymerization of LS in a continuous flow system was highlighted with respect 

to batch system.   

 

5.2.2 Experimental procedures 
 

Materials  

   All the materials, including sodium lignosulfonate (LS), were utilized as received 

without further purification. The complete list of used chemicals, suppliers, purities 

is found in Section A of the Appendix. 

 

Continuous flow setup 

   The liquid-phase LS depolymerization using water/alcohols solvent mixtures was 

conducted in a continuous flow system, similar to what reported in Chapter 4.2 

and in Section B3 of Appendix. In this case the prototype-scale reactor has been 

used (Figure B3 in Appendix). The set-up experiment using two consecutive fixed 

bed reactors filled with 10 g each of 35Ni/NDC has been performed with a setup 

analogous to the one used for the integrated process from glucose to isosorbide, 

described in Chapter 4.2 and visualizes in Figure B4 in Appendix. The flow chart 

of the setup are displayed in Figure B5 and Figure B6 in Appendix. 

LS depolymerization experiment 

   Prior to each experiment, the LS solution (cLS = 1.0 wt.-% or 2.5 wt.-%) was 

filtrated through a paper filter (Whatman™ grade 40, 8µm ) to remove eventual 

solid residues that could cause clogging of the continuous flow system. In a typical 

experiment, the solution of LS was fed by the HPLC pump at 1.0 mL min-1, then 

mixed with H2 (20 mL min-1) and passed through the preheating unit and the tubular 

reactor. The temperature and pressure were kept constant at ambient conditions 

(398 K and atmospheric pressure) for 30 minutes at this steady-state. Afterwards, 



72 
 

the system has been pressurized to 7.0 MPa to ensure the presence of 

water/alcohol solvent system in liquid state. Later, the system was heated to the 

desired reaction temperature (423 K, 473 K, and 523 K). 10 g of catalyst mass was 

used in each catalytic experiment. Samples (30 mL) were collected once the 

steady-state was reached (ca. 60 min). In the case of the two coupled reactors, a 

second, similarly filled reactor was mounted after the first reactor, and the same 

conditions were used as in the single reactor experiments. Samples were collected 

once both systems reached the steady-state (ca. 120 min).  

   The collected sample has been injected in SEC without further processing, while 

a product analysis procedure has been established to separate the residual LS 

from the reaction mixture, and therefore analyze the separated mixtures in GC-MS, 

GC-FID, 2D HSQC NMR, FTIR, elemental analysis and EDS. All the detailed 

descriptions of the applied analytical methods are reported in Section B2 in 

Appendix . The established products analysis procedure are described in detail in 

section B5 in Appendix. 

   The batch experiment was conducted in a stainless steel autoclave equipped 

with PTFE liners and a magnetic stirrer from Berghof (Model: BR-100). The batch 

catalytic experiments were performed at 523 K using 30 mL of LS solution in 

MeOH/H2O solvent mixture (cLS= 2.5 wt.-%) with 1.0 g of 35Ni/NDC and 7.0 MPa 

of external H2 pressure for 1 and 3 h. Prior to heating to 523 K, the air was purged 

out using 1.0 MPa of N2 three times. The analysis of the reaction products followed 

the same protocol that was established for the continuous flow experiments.      

 

5.2.3 Results and discussion 
 

Compositional analysis of sodium lignosulfonate 

   Initially, the chemical composition of the utilized commercially available sodium 

lignosulfonate (LS) has been investigated via elemental analysis, (Table 5.1). The 

LS was found to contain 7.0 wt.-% of sulfur (Table 5.1). This finding indicates a 

high sulfonation degree, and consequentially high content of counter ions (Na, Ca, 

and Mg). Na was found to be the major sulfonate counter ion with 10 wt.-%, 
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combined with the presence of Ca and Mg traces (Table 5.1). The presence of 

these Ca and Mg ions points to the usage of mixed sulfite salts containing Na, Ca 

and Mg in the industrial sulfate process.[270] Moreover, the TGA analysis of LS 

showed a relatively high residual mass at 973 K of 56 wt.-%, confirming the high 

sulfonation degree (Figure C34 in Appendix). Finally, the moisture content was 

found to be 4.5 wt.-%, as derived from TGA analysis (see Table 5.1 and Figure 

C34 in Appendix).  

Table 5.1. Chemical composition, textural and size properties of LS. 

 Ca / 
wt.-% 

Sb / 
wt.-% 

Oa / 
wt.-% 

Ha /  
wt.-% 

Nac / 
wt.-% 

Cac /  
wt.-% 

Mgc / 
wt.-% 

Mw 
d /    

 g mol-1 
Đd  

 

LS 40 7.0 36 4.0 10 1.0 0.10 12390 9.1 

SHF-LSe 39 5.0 34 4.6 9.4 0.8 0.10 433 1.2 

aMeasured via EA analysis,  bmeasured  with EDS, emeasured via ICP-OES, dcalculated 
from SEC.e referred to SHF-MeOH/H2O experiment. 

 

   The SEC analysis of an aqueous LS solution (1 wt.-%) showed a weight average 

molecular weight (Mw) of 12390 g mol-1 with a dispersity (Đ) of 9.1 (Figure C35 in 

Appendix). This high Đ value indicates that LS presents a polydisperse distribution 

of molecular weight. The 2D HSQC NRM spectra of the LS showed the absence 

of syringyl units, and only guaiacyl units have been found in the typical aromatic 

region (δC/δH 100-150/6.2-7.5), (Figure C36 in Appendix).[294, 295] This indicates 

that the utilized LS has been produced from softwood, in which the syringyl to 

guaiacyl molar ratio (S/G) is zero. Generally, lignin-rich in guaiacyl units is 

favorable for certain applications such as additives for polymers and resins. This is 

due to the reactive ortho-position of the phenolic rings, which promotes radical-

initiated crosslinking.[296] 2D HSQC NMR of LS showed the presence of Sulfo-

groups in α position (α-SAα,β,γ) at δC/δH 66-68/4.5-4.7, 79-82/4.7-5.1 and 60-62/3.9-

4.0 respectively, which is typical for LS, (Figure C36 in Appendix).[294, 295] 

Moreover and as expected, FTIR analysis showed the typical O-H band at around 

3400 cm-1, the asymmetric and symmetric O=S=O stretching at 1150-1200 cm-1 

and 1036 cm-1 and the typical signals of the aromatic ring vibration at around 1400 

cm-1respectively, (Figure C36 and Table C4 in Appendix). [297] 
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Solvothermal fragmentation (SF) of sodium lignosulfonate  

   The usage of short-chain bio-derivable alcohol such as ethanol (EtOH) and 

methanol (MeOH), as well as their mixture with water, have been reported as an 

efficient solvent mixtures for both lignin extraction and valorization processes.[209, 

211, 298, 299] Due to the low solubility of LS-salts in organic solvents, an aqueous 

solvent mixture, i.e., MeOH/H2O and EtOH/H2O, is necessary.[77] Therefore, the 

efficiency of water/alcohol mixtures (MeOH/H2O and EtOH/H2O with 1:1 wt.-% 

ratio) as a solvent was studied for the catalyst-free solvothermal (SF) LS 

fragmentation of LS. 

   The solvothermal fragmentation reactions (SF) were performed at 423 K, 473 K 

and 523 K in absence of the catalyst. In both cases, i.e., using MeOH/H2O and 

EtOH/H2O as a solvent mixture, the (SEC) elugrams exibithed the successive 

disappearance of the peak at low retention times (<10 min), corresponding to the 

high molecular weight fraction, (Figure 5.2 and Figure C38 in Appendix). For the 

MeOH/H2O solvent mixture, the derived mass average molecular weight (Mw) was 

decreased from 12390 g mol-1 of untreated LS over 9132 g mol-1 and 6093 g mol-1 

to 3856 g mol-1, following the increase of reaction temperature from 423 K, to 473 

K and to 523 K, respectively (Figure 5.2, Table C5 and Figure C39 in Appendix). 

Similarly, EtOH/H2O solvent mixture showed a decrease of Mw with the increase of 

temperatures, i.e., from 423 K to 473 K and to 523 K, giving the at 523 K the Mw 

lowest value of 3000 g mol-1 (Figure 5.3, Table C5 and Figure C39 in Appendix). 

Analogously to Mw, the number averaged molecular weight distribution (Mn) 

decreased with the increase of reaction temperature, giving the minimum at 523 K, 

with Mn of 586 g mol-1 and 556 g mol-1 for MeOH/H2O and EtOH/H2O, respectively 

(Figure C39 and Table C5 in Appendix).  
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Figure 5.2. SEC chromatograms of the solvothermal fragmentation (SF) of LS in 
MeOH/H2O (1:1 wt.-% Ratio). Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 

523 K, p = 7.0 MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min. The 

straight line indicates the eluents buffer reference peaks (NaHPO3), dotted and dashed 
lines show the analytical standard peak (sodium poly-(styrene sulfonate)) with Mw of 246 
g mol-1 (RT = 10.9 min) and with Mw of 891 g mol-1 (RT= 10.4 min), respectively. 

   The significant drop in molecular weights in both cases indicates that the 

cleavage of the weaker linkages of LS (mostly phenyl ether bonds) occurs already 

at the lower reaction temperatures, i.e., 423 K and 473 K. Rather expectedly, this 

fragmentation is getting most effective at the highest applied temperature, i.e,. 523 

K. However, the molecular weight dispersity (Đ) was found higher than 5.0 at all of 

the investigated temperatures using both solvent systems (Table C5 in Appendix). 

This indicates that fragmentation occurred only partially, resulting in a 

heterogeneous mixture with different size of oligomers, mostly tri-, tetra- and 

pentamers. An additional explanation for such heterogeneous molar mass 

distribution could also be in-situ re-polymerization (side reactions) of the cleaved 

intermediates due or radical polymerizations. 



76 
 

 

Figure 5.3. Mass-average (Mw) and number-average (Mn) molar mass calculated from 
SEC curves for the thermal LS fragmentation (SF) and solvothermal assisted by catalytic 
Hydrogenolysis/hydrogenation (SHF) using EtOH/H2O and MeOH/H2O solvent systems; 
Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 523 K, mcat= 10 g, p = 7.0 MPa, 

Qeduct = 1.0 mL min-1,QH2 = 20 mLmin-1and tresidence = 50 min.  

    Based on this, MeOH/H2O sample was selected in order to qualitatively analyze 

the monomers and dimers using GC-MS, (Figure C39 and C40 in Appendix). 

From this chromatogram, a wide range of phenolic molecules (16 compounds) has 

been identified and reported in Table C6 in Appendix. Moreover, the GC-MS 

chromatogram exhibited peaks at high retention time region (>20 min), which can 

be attributed to dimers. However, these dimers were not identified and recognized 

by the compounds database of the GC (NIST_17 Mass Library). Among the 

identified compounds, 4-propyl guaiacol (G1), 4-ethyl guaiacol (G2), homovanillic 

alcohol (G3), dehydroconyferyl alcohol (G4), guaiacol (G5) and creosol (G6) were 

quantified with GC-FID, and a cumulative monomer yield of 4.6 mg gLS-1 was 

calculated (Figure C41 in Appendix). It is interesting to resume that already 

solvothermal fragmentation in continuous flow systems produced partially 

depolymerized LS. Within this simple approach, the molecular weight distribution 

has been found to depend directly on the reaction temperature. This finding can be 

attributed to the thermal elimination of single phenol units from LS. This is a typical 

behavior of a thermodynamically unstable polymer that undergoes reversible 

addition-fragmentation reactions. Moreover, the derived dispersity values (Đ=6.5) 
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indicates that this equilibrium is perturbed by a side reactions such as 

condensation of the cleaved fragments. Such phenomenon is a clear evidence of 

the presence of a ceiling temperature, above which the polymer is spontaneously 

depolymerized into smaller units. Interestingly, the ceiling temperature is a general 

phenomenon in polymer science but was mostly not reported in the community of 

lignin biorefinery.[300]  

 

Sodium lignosulfonate (LS) catalytic assisted solvothermal fragmentation 

hydrogenloysis/hydrogenation (SHF) 

   In this part, the influence of coupling a catalytic hydrogenolysis/hydrogenation 

step with the abovementioned solvothermal treatment on LS depolymerization was 

investigated. Herein, the presence of a redox catalyst (35Ni/NDC) facilitates LS 

depolymerization through hydrogenolysis of LS fragments ether bonds, mostly β-

O-4, β-O-5, and 4-O-5. Simultaneously, the formed unsaturated fragments are 

reduced, i.e., hydrogenated, which prevent the recondensation of the formed 

unsaturated fragments. For these purposes, set of experiments were performed at 

three different reaction temperatures, i.e., 423 K, 473 K, and 523 K, using 

water/alcohol with weight ratio (1:1) as a solvent mixture, i.e., EtOH/H2O and 

MeOH/H2O. These experiments are noted as SHF-MeOH/H2O and SHF-

EtOH/H2O.  

   The dependence of the molecular weight distribution on reaction temperature in 

these experiments is shown in Figure 5.4. Increasing the reaction temperature 

from 423 K to 473 K and to 523 K, the SEC elugrams showed a disappearing of 

the peak at low retention time (RT< 9 min), which corresponds to high molecular 

weight fraction, in both solvent systems. Similarly, Mw and Mn exhibited a significant 

decay when the temperature was increased from 423 K to 473 K and to 523 K for 

both SHF-MeOH/H2O and SHF-MeOH/H2O, (Figure 5.3 and Figure C42 in 

Appendix). The Mw has been found to be decreased to 433 g mol-1 and to 502 g 

mol-1 at 523 K for SHF-MeOH/H2O and SHF-EtOH/H2O, respectively (Figure 5.4 

and Table C5 in Appendix).  
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Figure 5.4. SEC chromatograms of LS SHF-MeOH/H2O (top) and SHF-EtOH/H2O 
(bottom). Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 523 K, p = 7.0 MPa, 

Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min. solvent system: MeOH/H2O 

and EtOH/H2O with weight ratio (1:1).mcat = 10.0 g. The straight line indicates the eluents 
buffer reference peak (NaHPO3), dotted and dashed lines show the analytical standard 
peak (sodium poly-(styrene sulfonate)) with Mw of 246 g mol-1 (RT = 10.9 min) and with 
Mw of 891 g mol-1 (RT= 10.4 min), respectively. 

 

   All the values are smaller than those for SF (Table S2 in ESI). Most interestingly, 

Đ has substantially decreased from 6.5 to 1.2, i.e., from a highly disperse to a 

relatively monodisperse distribution (Table C5 in Appendix). This decrease of both 

Đ and Mw clearly characterizes the role of SHF in LS fragmentation, which occurred 

to a higher and in a more controlled extent with respect to SF. These observations 
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are in good agreement with the proposed mechanism of stabilization of the formed 

monomers via hydrogenolysis/hydrogenation, where the presence of both H2 and 

redox catalyst behaves as a protective factor to prevent recondensation.[80, 85]  

   For detailed insights about the structure of the sample taken from SHF-

MeOH/H2O at 523 K, characterizations of the freeze-dried solid residue (denoted 

as SHF-LS) were performed via elemental analysis (EA) including analysis of Na, 

Ca, Mg via ICP-OES, FTIR, and 2D HSQC NMR. The EA showed a drop of the S 

content from 7.0 wt.-% to 5.0 wt.-%, while the O content dropped slightly from 36 

wt.-% to 34 wt.-%,(Table 5.1). Differently, Na, Ca, and Mg amount in the freeze-

dried solid residue remained constant before and after the experiment. The 

difference in S content is attributed to elimination of sodium sulfate and sodium 

sulfide as a result of sulfonate hydrolysis and reduction. We also found a slightly 

higher acidity of the product solution (pH = 5.5) when compared to the reactant 

solution (pH = 6.3). It is important to note that at this pH the water soluble 

phenolates are not formed with no subsequent loss of aromatics in water phase. 

The 2D HSQC NMR spectra for SHF-LS showed the disappearance of the sulfo-

group signals (α-Sα,β,γ at δC/δH 66-68/4.5-4.7, 79-82/4.7-5.1 and 60-62/3.9-4.0), 

which is an indication of the sulfonate group removal from LS (Figure C43 in 

Appendix). In addition, low intensity of Ni2S3 reflections with respect to Ni0 were 

found in XRD pattern of spent catalyst indicating a small amount of S2- reacting on 

the catalyst surface (Figure C44 in Appendix), which however does not influence 

the catalyst performance, as proven by SEC and monomers yield. Furthermore, 

FTIR analysis of SHF samples showed a decrease of the O=S=O stretching bands 

at 1036 cm-1 and at around 1200 cm-1, when compared to the original FTIR 

spectrum of LS, (Figure C37 and Table C4 in Appendix). Moreover, FTIR showed 

that the C-H stretching modes at 2954 and 2937 cm-1 exhibited higher peak 

intensity in SHF samples than in the original LS. This suggest a higher 

concentration of alkyl chains in the SHF sample due to the LS 

hydrogenolysis/hydrogenation.  

   In order to evaluate the depolymerization efficiency at different temperatures, the 

SHF product has been qualitatively and quantitatively analyzed using GC-MS and 

GC-FID, respectively. From the GC-MS it was possible to identify a wide range of 
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compounds (18 compounds), reported in Table C7 in Appendix. Among the 

identified compounds, 4-propyl guaiacol (G1), 4-ethyl guaiacol (G2), homovanillic 

alcohol (G3), dehydroconyferyl alcohol (G4), guaiacol (G5), Creosol (G6), 4-propyl 

phenol (H1) were the predominant ones, and have been quantified from GC-FID 

chromatograms (Table C8 and Figure C40 and C45 in Appendix). At a reaction 

temperature of 423 K, the cumulative monomers yield was found to be 9.1 mg gLS-

1 and 1.8 mg gLS-1 for MeOH/H2O and EtOH/H2O solvent mixture respectively 

(Figure 5.4 and Figure C46 in Appendix). Increasing the temperature from 423 K 

to 473 K and 523 K corresponded to an increase in the monomers yield from 9.1 

mg g LS-1 to 16 mg gLS-1 and to 34 mg gLS-1 for SHF-MeOH/H2O mixtures and from 

1.8 mg gLS-1 to 6.3 mg gLS-1 and to 31 mg gLS-1 for SHF-EtOH/H2O. The values of 

monomers yield in both solvent systems at low temperature, i.e., at 423 K and 473 

K, are in-line with the maximum theoretical yield (~10 mg gLS-1) that Rinaldi et al. 

reported only for β-O-4 linkages of LS, indicating the complete cleavage of these 

linkages type.[23] Nevertheless, at 523 K, the cumulative monomer yield was found 

three times higher than the maximum theoretical yield, indicating the cleavage of 

others linkages in addition to β-O-4. In all the cases except EtOH/H2O at 423 K, 

the monomers were similarly distributed with propyl-guaiacol (G1) and 

dihydroconyferyl alcohol (G4) as the major products, viz. in Figure 5. However, the 

prevalence of phenolic monomers with reduced tail, such as G1-G6 and H1, 

indicates the effective hydrogenlysis/hydrogenatin of LS fragments in SHF process 

by the 35Ni/NDC catalyst. 

In the studied system, SHF-MeOH/H2O solvent mixture showed higher monomer 

yield over all the temperature range than SHF-EtOH/H2O. The higher activity of 

MeOH/H2O then EtOH/H2O in SHF experiments is attributed to the higher polarity 

of such mixture that allows a better solubility of LS, which led to higher diffusion of 

LS through the 35Ni/NDC catalyst and higher LS hydrogenolysis/hydrogenation 

rates. These findings is in agreement with other studies conducted with MeOH on 

catalytic lignin depolymerization reported by the Sels group.[299, 301] This 

demonstrated the crucial role of a polar solvent in lignin solubilization, which could 

lead to improve process efficiency. 
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Figure 5.5. A) Monomer yield for the SHF-MeOH/H2O and SHF-EtOH/H2O as function of 
temperature. Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 523 K, p = 7.0 

MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min. solvent system: 

MeOH/H2O and EtOH/H2O with weight ratio (1:1), mcat= 10.0 g. B) Structure of the 
identified compounds. 

  

Process optimization 

   In order to maximize the efficiency of the LS depolymerization toward monomers, 

a further experiment has been performed with a higher LS concentration than the 

previous SF and SHF experiments (2.5 wt.-% of LS solution) at 523 K. This LS 

concentration represents the solubility limit of LS in the MeOH/H2O solvent mixture. 

Herein, Mw and Mn were found of 430 and 391 g mol-1 with Đ of 1.1, respectively 

(see Table C9 in Appendix). These values are almost identical to the one obtained 
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from the experiment conducted using 1 wt.-% LS solution (Table C9 in Appendix). 

Also, the cumulative monomer yield was found to be similar in both cases. One of 

the advantages of operation in continuous flow systems is the possibility to couple 

multiple reactors together. Herein, two identical packed reactors with 35Ni/NDC 

have been coupled in series, in order to prolong the contact time between the LS 

solution and the catalyst and consequently optimize the monomer yield (Figure 5.6 

and Figure B4 in Appendix). Therein, the concentrated 2.5 wt.-% LS solution has 

been continuously fed through the two coupled reactors packed with 35Ni/NDC 

(referred as dual column experiment.). The molecular weight distributions in the 

two reactors experiment showed a slight decrease when compared with the sole 

reactor experiment using 2.5 wt.-% (Table C9 in Appendix). In contrast, the 

cumulative monomer yield increased from 27 to 42 mg gLS-1 when compared to the 

single column experiment (Figure 5.6), i.e., prolonging the residence time resulted 

in improved monomer yield. In addition, this monomers yield (42 mg gLS-1) is four 

times higher than the maximum theoretical monomers yield (~10 mg gLS-1) that was 

reported by Rinaldi et al. based on the cleavage of LS β-O-4 linkages.[23]  

 

Figure 5.6. Monomers yield derived from the SHF-MeOH/H2O in continuous flow system 
and batch reactor; Reaction Conditions in continuous flow system: c

LS
 = 1.0 and 2.5 wt.-

%, T = 523 K, p = 7.0 MPa, Qeduct = 1.0 mL min-1, QH2 = 20 mL min-1and tresidence = 50 min. 

solvent system: MeOH/H2O with weight ratio (1:1). Mcat = 10g. Reaction conditions in dual 
column continuous flow system: c

LS
 = 2.5 wt.-%, T1 and T2 = 523 K, p = 7.0 MPa, Qeduct 

= 1.0 mL min-1,QH2 = 20 mL min-1and τresidence = 100min. solvent system: MeOH/H2O with 
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weight ratio (1:1). mcat = 20g.Reaction conditions in batch system: c
LS

 = 2.5 wt.-%, Veduct 

= 30 mL, T = 523 K, pH2
 = 7.0 MPa, n = 400 rpm, and treaction = 60 min. solvent system: 

MeOH/H2O with weight ratio (1:1). The quantified compounds (G1-G6 and H1) are 
reported in Figure 5.5B. 

 

Comparison between batch and flow 

   To identify the assumed advantages of continuous flow over batch systems, the 

catalytic LS depolymerization was performed in a batch system using MeOH/H2O 

solvent system. 1 h reaction time was set to be comparable to the one in flow 

system, yielding an Mw of 1615 g mol-1 and a Đ of 3.3 (Table C9 in Appendix). 

These values are considerably higher than the ones of the flow systems 

experiment. In addition, the cumulative monomers yield was found to be 18 mg gLS-

1, which is lower than that for continuous flow system (27 mg gLS-1). We attribute 

these findings to the re-polymerization of the phenolic intermediates in batch 

system due to deposition of LS and char formation on the catalyst, which is typical 

of batch system. [240] Increasing the reaction time from 1h to 3h, corresponded to 

an increase of Mw from 1615 g mol-1 to 6942 g mol-1, combined with Đ increase 

from 3.3 to 10. This is attributed to the fragments re-polymerization in batch system 

that also leads to catalyst deactivation due to longer contact times between 

reactants and products.[302]   

 

5.3 Beech wood sawdust valorization  
 

5.3.1 Background and state of the art 
 

   Wood sawdust is a waste material from the primary physical treatment of LCB in 

the lumber industry, such as sawing and shaving.[303] In Europe, beech (or Fagus 

sylvatica) is the most common deciduous tree and the most economically relevant 

wood in Europe, with a production 160 kton per year.[304] Nevertheless, beech 

wood sawdust (BWS) has a low commercial value and is generally used as fuel, 

livestock bedding, adsorbent materials, or particleboard panels.[303, 305] However, 
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BWS has the potential to be implemented into biorefinery to produce value-added 

compounds.  

  Traditionally, wood can be treated with pulp processes, i.e., with alkali treatments 

to separate the cellulosic pulp from lignin, such as the Kraft process, or Sulfite and 

Soda pulping. In these approaches, sugars are valorized within the pulp, and lignin 

is separated as a low valuable by-product, cf. Chapter 5.2. Recently, to avoid 

waste production several alternative methodologies have been proposed based on 

the lignin-first paradigm, cf. Chapter 1.3.1. Lignin first is an integral approach to 

derive a valuable and treatable LCB fraction from polysaccharides and lignin.[71] 

Moreover, this approach is based on the simultaneous extraction, fragmentation, 

and active stabilization of lignin from the LCB matrix as the initial step to obtain 

pulp.[80, 205, 306] One of the most promising lignin-first methodologies is the reductive 

catalytic fractionation (RCF).[21, 80, 211, 212] A typical RCF process consists of two 

steps, the extraction of lignin from LCB (with by partial solvothermal fragmentation) 

followed by the catalytic depolymerization (hydrogenolysis) and stabilization of 

unsaturated fragments via hydrogenation.[71, 80] To date, the majority of RCF 

processes have been conducted in batch systems, yielding more than to 50 wt.-% 

of cumulative monomer yield.[16, 71, 80, 207, 208] However, in a batch system the RCF 

catalyst and biomass bed are placed in the same vessel, which lead to difficulty to 

investigate separately the lignin extraction and the catalytic process as well as 

requires separation steps after reaction.[80, 81] To overcome these drawbacks, 

continuous flow systems are a suitable alternative.[211, 307] Ideally, a continuous flow 

RCF presents the two typical process steps physically separated in two distinct 

packed reactors connected together. Accordingly, in the first reactor (packed with 

BWS) occurs the extraction and partial solvothermal fragmentation of lignin (SF) 

while in the second reactor (packed with 35Ni/NDC catalyst) the catalytic 

fragmentation (hydrogenolysis) and stabilization via hydrogenation (RCF), (Figure 

5.7 and cf. Chapter 1.2.3).[81, 298] This process allows the investigation and 

optimization of the two process distinctly. Additionally, it provides better time-

resolved data when compared to batch.[80] Moreover, operating in continuous flow 

mode guarantees high control over residence time and efficient heating, which can 

reduce unwanted recondensation of the products. 
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Figure 5.7. Scheme of SF-RCF in continuous flow mode. In the first reactor, the lignin is 

extracted from the bed and solvothermally fragmented (SF). In the second reactor, the 

partially fragmented lignin undergoes reductive catalytic fractionation (RCF) 

hydrogenolysis and stabilized via hydrogenation. 

    However, the continuous flow SF-RCF of biomass has yet been adequately 

investigated. Firstly, Samec et al. reported the lignin transfer-hydrogenolysis 

depolymerization with two coupled reactors (extraction and hydrogenation 

reactors) using MeOH/H2O (7:3 wt.-% ratio) as a solvent mixture and H-donor, with 

5 wt.-% Pd/C (150 mg) as catalyst and birch wood (150 mg) as feedstock. This 

work reported a maximum of 27 wt.-% of monomer yield with 0.1 mL min-1 of educt 

flow, an extraction temperature of 473 K, and a reduction temperature of 453 K. 

The Luterbacher’s group designed a two step semi-continuous flow process, 

feeding a solution of acetal-stabilized birch wood lignin previously extracted in 

batch (solvent MeOH/dioxane 8:2 wt. ratio) over a packed-bed reactor (500 mg of 

5% Ni/C or 5% Ru/C).[308] In this process, a high monomer yield (~40 wt.-%) was 

obtained at 453 K, with an educt flow rate of 0.1 mL min-1  and H2 flow rate of 50 

mL min-1 at 6.0 MPa. Uniquely, the Beckham and Roman Leshkov groups 

designed a continuous flow process coupling a catalyst-packed bed reactor with a 

dual bed “switchable” LCB-packed bed reactor.[298] In this study, the extraction bed 

was filled with 1 g of poplar wood while the catalyst was filled with 600 mg of 

pelletized Ni/C catalyst (15% Ni on C and SiO2 50/50 wt. ratio), yielding a maximum 

of 15 wt.-% monomer yield at a temperature of 463 K, MeOH as solvent (flow rate 
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0.5 mL min-1) and 50 mL min-1 of H2 flow rate at 6 MPa.[298] However, the above-

mentioned flow systems rely on the usage of a low mass of wood bed (mg scale), 

which represents a bottleneck for accurate investigation and analysis of the 

products. 

   In this chapter the solvothermal fragmentation (SF) coupled with the reductive 

catalytic fractionation (SF-RCF) of beech wood sawdust (BWS) using the double-

column prototype scale reactor (10 g) in continuous flow systems using 35Ni/NDC 

catalyst (10 g) is presented. The SF-RCF will be conducted using biomass 

derivable organic solvents, i.e., MeOH and MeTHF. The efficiency of the SF-RCF 

process will be evaluated in terms of cumulative yield of phenolic monomers. In 

addition, the RCF efficiency will be evaluated at different time reaction times. 

 

5.3.2 Experimental procedures 
 

Materials  

   All the materials, including beech wood sawdust (BWS), were utilized as received 

without further purification. The complete list of used chemicals, suppliers and 

purities can be found in Section A of the Appendix. 

Continuous flow experiments  

   The lignin extraction and solvothermal fragmentation (SF) experiment was 

conducted in a continuous flow system, similar to what was reported in Chapter 

4.2 and in Section B3 of Appendix. In this case, the prototype-scale reactor 

(Figure B3 in Appendix) was packed with 10 g of BWS (diameter 1.0-0.5 mm), 

sandwiched between ~1 g of glass wool to ensure efficient heating and to prevent 

clogging of the system. Then, the solvent solution (i.e., MeOH or MeTHF) was fed 

via HPLC pump at 1.0 mL min-1 and passed through the preheating unit and tubular 

reactor. The temperature and pressure were kept constant at ambient conditions 

(298 K and atmospheric pressure) for 30 minutes at this steady-state. Afterwards, 

the system was pressurized to 7.0 MPa to ensure the presence of the solvent 

system in liquid state. Later, the system was heated to the desired reaction 

temperature (498 K and 508 K).  
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   For solvothermal coupled with reductive catalytic fractionation (SF-RCF), two 

prototype-scale reactors, one filled with 10 g of BWS followed by the other with 10 

g on 35Ni/NDC, were coupled analogously to the setup used for the integrated 

process from glucose to isosorbide, described in Chapter 4.2 and visualizes in 

Figure B4 and Figure B7 in Appendix. Then, the solvent solution (i.e., MeOH or 

MeTHF) was fed via HPLC pump at 1.0 mL min-1 with the addition of 40 mL min-1 

of H2 at 7.0 MPa.  

   Samples (30 mL) were collected once the steady-state was reached (ca. 120 

min) once per hour. The collected sample were injected in SEC without further 

processing, while a product analysis procedure was established to analyze the 

separated mixtures with GC-MS and GC-FID. In both cases, the residual BWS 

analysis was conducted after drying the BWS at 363 K for 12 h. All the detailed 

descriptions of the applied analytical methods are reported in Section B2 in 

Appendix . The established products analysis procedure are described in detail in 

section B5 in Appendix. 

 

5.3.3 Results and discussion 
 

   Firstly, the elemental composition and the amount of Klason lignin (KL) of the 

beech wood sawdust (BWS) have been investigated to ensure an accurate product 

quantitative analysis. The chemical composition was evaluated using elemental 

analysis for C, O and H, giving content of 46 wt.-%, 44 wt.-% and 5.6 wt.-%(Table 

5.2), which correspond to a C/O ratio of 1:1.The KL was found of 21 wt.-%, which 

is the expected value according to literature.[85] Additionally, the moisture content 

in the BWS was calculated to be 4.7 wt.-% (Figure C47 in Appendix). Elemental 

analysis, as well as KL values, are in good agreement with the typical beech wood 

composition.[206] Moreover, acid soluble lignin (ASL), cellulose, and hemicellulose 

content in beech wood was taken from literature as 3.4 wt.%, 35 wt.-% and 20 wt.-

%, respectively (Table 5.2).[85] Furthermore, the BWS crystallinity was investigated 

with XRD, showing two broad peaks at 2θ of 15° and 22°, which are typical 

attributed to cellulose in the LCB matrix (Figure 5.8).[309] 
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Table 5.2. Chemical composition obtained by elemental analysis of and the KL content in 
original beech wood sawdust (BWS). 

*These values are taken from reference [85]and [310] while ** from reference [310]. 

 

   To investigate lignin extraction and solvothermal fragmentation in the first 

reactor, a study was conducted in a single BWS-packed reactor, cf. Section B3 of 

Appendix. Accordingly, the effect of temperature and time on stream (TOS) have 

been studied using methanol (MeOH) and 2-methyltetrahydrofuran (MeTHF) as a 

solvent. MeOH is well known as an efficient solvent for lignin extraction,[209, 211, 298, 

311] while MeTHF was scarcely investigated and can be alternatively used with the 

aim to simplify the separation of sugars from lignin via water-MeTHF extraction. In 

addition, both solvents, i.e., MeOH and MeTHF, can be derived from LCB within a 

biorefinery process. 

   Initially, the effect of temperature on the efficiency of lignin extraction and 

solvothermal fragmentation was evaluated in terms of residual BWS mass, residual 

wood crystallinity (XRD), and molecular weight distributions of extracted products 

from size exclusion chromatography (SEC). Firstly, MeTHF was used as solvent 

at 448 K, 473 K, 498 K, and 523 K. Therefore, increasing the temperature from 448 

K to 473 K and 498 K corresponded to a decrease in residual mass from 9.4 g, to 

8.6 g, and to 6.5 g respectively (Figure C48 in Appendix). Low residual mass at 

473 K and 498 K suggest removal of lignin combined with partial removal of the 

sugar fractions. Accordingly, the XRD of the residual wood displayed more intense 

and sharper cellulose peaks at 2θ of 15° and 22° when compared to initial BWS 

(Figure 5.8). This indicates the extraction from the BWS of the amorphous 

components, i.e., lignin and hemicellulose, combined with the preserved 

crystallinity of cellulose.  

 

 

Moisture 
/ wt.-% 

KL /  
wt.-% 

ASL 
wt.-%** 

Cellulose 
/ wt.-%* 

Hemicellulose / 
wt.-%* 

O / 
 wt.-% 

C / 
 wt.-% 

H / 
 wt.-% 

C/O 
Ratio 

BWS 4.7 21 3.4 39 20 44 46 5.6 1.1 
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Figure 5.8. XRD reflection patterns for the initial BWS and the residual wood at different 
temperature using MeTHF as solvent. Reaction conditions: mBWS = 10 g, Textraction= 498 
K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, tresidence1 = 50 min. Caution the low-intensity peaks in 
the 524 K peaks at 2θ~14° and ~25° are typical glass wool signals, herein caused by glass 
wool impurities. 

   A further increase of temperature from 498 K to 523 K correspond to the almost 

complete liquefaction of BWS (residual mass of 0.3 g), (Figure C48 in Appendix). 

This finding is combined with the complete loss of crystallinity of the residual wood 

displayed by XRD (Figure 5.8). This indicates that at 523 K the lignin extraction is 

not selective, with loss of all LCB components, i.e., hemicellulose and cellulose in 

addition to lignin. Therefore, the sample at 498 K was selected for further analysis 

and investigation. Firstly, the molecular weight distributions were analyzed with 

SEC, resulting in a weight average molecular weight (Mw) of 1160 g mol-1 and a 

number average molecular weight (Mn) of 896 g mol-1 (corresponding to a dispersity 

Đ of 1.3). These findings indicate the presence of relatively small fragments of 

polymer in the extracted solution, which are attributed to lignin. Moreover, these 

low Mw and Mn indicates that the lignin depolymerization occurs solvothermally in 

absence of catalyst. These findings are attributed to the fast product quenching 

guaranteed from continuous flow system, which prevent product recondensation. 

 Based on the aforementioned results, MeOH was used for extraction at 498 K for 

6 hours of TOS. In this case, the residual mass of BWS was found to be slightly 

lower (6.3 g) than using MeTHF (6.5 g), indicating a more effective extraction 
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process (Table C10 and Figure C50 in Appendix). Similarly to the MeTHF 

experiment, the SEC of MeOH extraction sample after 2 h TOS showed a Mw of 

1239 g mol-1 and a Mn of 903 g mol-1 (Table C10 in Appendix). 

 
 
Figure 5.9. UV-Vis spectra of SF samples using MeOH as solvent at different time. 
Reaction conditions: mBWS = 10 g, Textraction= 498 K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, 
tresidence1 = 50 min.  

 
   One of the advantages of SF-RCF in continuous flow systems is the possibility 

to provide precise time-resolved investigations. Therefore, the UV-Vis spectra of 

the extracted solution was recorded once every hour. Accordingly, the first sample, 

at 1 h of TOS, using MeOH showed the two typical lignin maxima at wavelength of 

208 nm and 250 nm corresponding to the π → π* electronic transition in the 

aromatic ring and to the conjugated methoxyphenyl group, respectively (Figure 

5.9).[312, 313] However, the presence of the UV-inhibitor, BHT, as a stabilizer in 

MeTHF strongly interfered with the measurement, hampering a precise peak 

attribution (Figure C50 in Appendix). Nevertheless, in both cases by increasing 

the TOS from 1h, to 2h, 3h and 4h, corresponded to a progressive decrease in the 

absorbance intensity of the identified peaks (Figure 5.9 and C50 in Appendix). 

This is attributed to the progressive decrease of aromatic chromophore 

concentration, i.e., of lignin concentration, in the extracted solution. Thus, the 

efficiency of lignin extraction is maximized at the beginning of the process and 

decrease with TOS increasing. Alternatively, the presence of lignin even after 4h 
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indicates an incomplete lignin extraction process, which is attributed to non-

accessible lignin.  

   Based on the above-mentioned results, a temperature of 498 K, solvent flow rate 

of 1 mL min-1, and system pressure of 7.0 MPa were selected as reaction 

conditions to perform the lignin extraction and solvothermal fragmentation 

combined with catalytic hydrogenolysis and hydrogenation using 35Ni/NDC as 

catalyst. For this purpose two reactors were coupled, one for lignin extraction and 

solvothermal fragmentation, and the other for catalytic reduction. The experimental 

setup and procedure of these experiments are described in detail in section B3 

and B4 in Appendix.  

   Initially, the efficiency of SF-RCF over time on stream was evaluated using 

MeTHF and MeOH as solvents, (Figure 5.10 A and 5.10B) .The SF-RCF samples 

were analyzed with SEC to investigate the presence and size of polymers. 

However, resulting Mw below the quantification limit of the applied calibration (<600 

g mol-1), indicate an efficient depolymerization of extracted lignin. Therefore, the 

evaluation of the process was based on the quantification of lignin-derived 

monomers. In this regard, 15 compounds were identified via GC-MS and quantified 

with GC-FID (Figure 5.10C and Table C11 in Appendix). Furthermore, the GC-

MS chromatogram displayed peaks at high retention time region (>20 min), 

typically attributed to dimers and trimers. However, were not possible to identify 

these compounds according the used GC database (NIST 17). 

   The identified compounds present both guaiacyl and syrginyl units, which is 

expected as a result of the typical beech wood S/G ratio of 3.36.[314]. In the case of 

MeTHF, the cumulative monomer yield was found to progressively decrease during 

the first 4 h of TOS, from 11.0 mg gKL-1 after 1 h to 9.5 mg gKL-1 after 2 h and to 6.8 

mg gKL-1 after 3h. Moreover, extending the TOS to 4, 8, and 10 h correspond to a 

decrease of cumulative monomer yield from 4.7 mg gKL-1 to 2.8 mg gKL-1 and to 2.7 

mg gKL-1, respectively (Figure 5.10 B). These findings indicate that the combination 

of lignin extraction in SF and RCF is maximized in the first 4 h pf TOS, which is 

correlated to the decay in lignin extraction from BWS. This is in good agreement 

with the findings of Beckham and Roman Leshkov groups, which reported a similar 

decrease after the first 4 hours of TOS.[298] The same progressive decrease in 
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cumulative monomer yield was found using MeOH as a solvent, namely from from 

22.2 mg gKL-1 at 1h to 14 mg gKL-1 at 2 h of TOS, to 7.6 mg gKL-1 at 3h and 4.99 mg 

gKL-1 at 4 h of TOS (Figure 5.10 A). Extending the TOS to 8 and 10 h yielded in a 

cumulative monomer yield of 2.97 and 2.78 mg gKL-1, respectively.  

 

 

 Figure 5.10. Monomer yield of SF-RCF process as a function of time on stream (TOS) 
using A) MeTHF and B) MeOH and as solvent.C) Structure of quantified monomers. 
Reaction conditions: m35Ni/NDC = 10 g, MBWS = 10 g, Textraction= 498 K Treduction = 498 K, p= 
7.0 MPa, Qeduct = 1.0 mL min-1, QH2 = 48 mL min-1, tresidence1= tresidence2 = 50 min.  

   In the first 2 h of TOS, the cumulative monomer yield using MeOH as a solvent 

was found to be double in comparison to MeTHF, (22.2 and 11.0 mg gKL-1, 

respectively). Increasing the TOS from 2 to 10 h corresponded to a progressive 

decrease in cumulative monomer yield until 2.7 mg gKL-1 for both solvents (Figure 

5.10 A-B). Nevertheless, both solvents displayed similar monomer distribution all 
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over the investigated TOS, with 4-propyl syringol and 4-propyl guaiacol (G1and 

S4) as the most abundant quantified monomer (Figure 5.11). It is noteworthy to 

mentioned that the selectivity to predominant monomers remains without change 

in reaction time (after 10 hours), which allows the exclusion of catalyst deactivation 

as a reason for lowering rate of extraction. Moreover, for the investigated TOS, the 

syringyl to guacyl ratio (S/G) of ~3 was found, which is expected with respect to 

the initial BWS S/G ratio (3.36). The constant S/G ratio indicates a near-

homogenous extraction process of lignin from the LCB matrix. 

 

Figure 5.11. Monomer yield of SF-RCF process after 10 h of TOS in function of the used 
solvent, i.e., MeTHF MeOH. Reaction conditions: m35Ni/NDC = 10 g, mBWS = 10 g, Textraction= 
498 K Treduction = 498 K and 508 K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, QH2 = 48 mL min-1, 
tresidence1= tresidence2 = 50 min, TOS= 10 h. The colors are referred to the compounds listed 
in Figure 5.10.C. 

    To achieve a complete quantification of the total monomer yield over all the TOS, 

the reaction products was collected from the beginning to the end of the reaction 

(after 10 of TOS, around 600 mL) were collected using both MeOH and MeTHF as 

solvents (Figure 5.11). As expected, the total monomer yield using MeOH as a 

solvent was found double with respect to MeTHF, i.e., 186 mg gKL-1 and 98.3 mg 

gKL-1 respectively. These results are in good agreement with the samples after 1h, 

and strongly indicates that lignin extraction takes place mainly at the first hours 

(around 4 h) of the experiments. Additionally, the higher total monomer yield shows 

a clear advantage of MeOH over MeTHF as a solvent. This is in agreement with 
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the findings of the Sels group, which reported the efficiency of MeOH as a solvent 

in batch systems. [209, 315] This higher MeOH efficiency is attributed to a higher 

polarity (and Lewid acidity) with respect to MeTHF, which allows deeper 

penetration of the solvent inside the LCB matrix and higher lignin accessibility. [315] 

The total monomer yield of 185 mg gKL-1 is lower than the reported values for batch 

systems using hardwood (400-550 mg gKL-1), which is attributed to the lack of 

accessibility of lignin due to large BWS size.[21] Nonetheless, a total monomer yield 

of 185 mg gKL-1 is higher than the maximum yet reported for flow systems of 172 

mg gKL-1 from the Beckham and Roman Leshkov groups, using Ni catalyst poplar 

wood.[298]  This higher monomer yield is attributed to a long TOS of 10 h, as well 

as to the usage of pellet shaped NDC support rather than mixed Ni/C with SiO2. 

Moreover, using 10 g of BWS allowed to quantify a bigger number of compounds 

(15 with respect to 8). However, after 10 h of TOS, a residual wood mass of 6.3 

and 6.6 g was found for MeOH and MeTHF, respectively. This low residual mass 

indicates the extraction of carbohydrates in addition to lignin from the BWS. This 

is in agreement, to what found for the non-catalytic extraction after 6 h of TOS. In 

addition, GC-MS exhibited the presence of furanic compounds derived from the 

sugar fraction. However, it is noteworthy to be mentioned here that in this work the 

sugars derivatives from BWS were not quantified, as the scope of this chapter was 

mainly on lignin valorization. Nevertheless, currently investigations aiming to reach 

the highest possible carbon mass balance are ongoing.   

   In order to maximize the cumulative monomer yield, a further experiment using 

MeOH as a solvent was performed, increasing the temperature for the first reactor 

(SF) from 498 K to 508 K, while the second reactor (RCF) was kept constant at 

398 K. Similar to the experiment at 498 K, a time-resolved study was conducted 

for the SF-RCF with 508 K as the extraction temperature. The cumulative monomer 

yield of this experiment for the first 4 h of TOS was found to be higher than that 

with 498 K as the extraction temperature, yielding 34.1 mg gKL-1 at 1 h of TOS, 19.7 

mg gKL-1 at 2 h of TOS, 10.4 mg gKL-1 at 3h of TOS, and 6.4 mg gKL-1 at 4h of TOS 

(Figure 5.12 and Table C14 in Appendix). 
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Figure 5.12. Monomer yield of SF-RCF process as a function of time on stream (TOS) 
using MeOH as solvent and Reaction conditions: m35Ni/NDC = 10 g, mBWS = 10 g, Textraction= 
508 K Treduction = 498 K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, QH2 = 48 mL min-1, tresidence1= 
tresidence2 = 50 min. The colors are referred to the compounds listed in Figure 5.10.C. 

   Interestingly, at 8 and 10 h of TOS the monomer yield of at an extraction 

temperature of 498 K and 508 K were found with a similar value of around 2.8 mg 

gKL-1, indicating a minimized extraction efficiency at such TOS. These findings 

confirmed that the higher extraction efficiency occurs during the first 4 h of the 

reaction. Furthermore, the total monomer yield after 10 h increased from 185 mg 

gKL-1 to 247 mg gKL-1 (Figure 5.11 and Figure C51 in Appendix). The higher total 

monomer yield at 508 K is attributed to more accessible lignin with respect to 498 

K. However, the residual BWS mass was found to decrease from 6.4 g to 5.9 g, 

with the increased extraction temperature of 498 K to 508 K, which indicates that 

a higher amount of sugars is extracted at 508 K.  

 

5.4 Conclusions of Chapter 5 
 

   In summary, in this chapter the 35Ni/NDC catalyst have been successfully 

applied for the valorization of lignin in two rather distinct approaches, for LS and 

BWS valorization in continuous flow systems.        

      In Chapter 5.2, industrial LS was successfully valorized using solvothermal 

fragmentation independently, and combined with catalytic 
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hydrogenolysis/hydrogenation in a continuous flow system. The depolymerization 

was found to occur thermally in absence of catalyst, rather independent of the 

solvent mixture. The decrease in molecular weight was found to depend on the 

reaction temperature, whereas LS at those temperatures is unstable, and 

displayed a ceiling behavior. This allows a direct and simple tuning of molecular 

weight for the formed fractions based on reaction temperature.   

   To obtain monomers and lower molecular weight fraction, solvothermal 

fragmentation should be coupled with a catalytic hydrogenolysis/hydrogenation 

step (SHF). An optimum cumulative monomer yield of 32 mg gLS-1 was obtained at 

523 K using MeOH/H2O as solvent using 35Ni/NDC as catalyst. Moreover, the SHF 

allowed a higher degree of depolymerization, even at lower temperatures. This 

clearly displayed the vital role of 35Ni/NDC in this approach, as it is responsible for 

further fragmentation through hydrogenolysis/hydrogenation steps as well as due 

to its protective effect against product recondensation. Extending the residence 

time by coupling two reactors yielded an even higher cumulative monomer yield of 

42 mg gLS-1, with respect to the experiment in a single tubular reactor, pointing to 

possible further improvement. 

   In chapter Chapter 5.3, the valorization of BWS was conducted by coupling two 

reactors, one packed with BWS for SF, followed by a 35Ni/NDC catalyst-packed 

reactor for SF-RCF with MeOH and MeTHF as solvents. The extraction was found 

to be effective at 498 K for both solvents, yielding 185 mg gKL-1 using MeOH as the 

solvent. Moreover, the extraction power of the solvent was maximized in the first 

few hours of TOS, and decreased progressively with increasing TOS. Furthermore, 

the cumulative monomer yield was optimized to 247 mg gKL-1 applying an extraction 

temperature of 508 K. To date, this value represents the highest cumulative 

monomer yield for continuous flow SF-RCF. However, there are ongoing 

investigations to optimize the system, such as the effect of temperature over the 

hydrogenation reaction and flow rate of the solvent. Additionally, experiments are 

ongoing for evaluating the influence over the SF-RCF of removing water-soluble 

hemicellulose prior to the treatment using hot liquid water as a solvent.   

   Furthermore, the analysis of carbohydrates in residual BWS would assess the 

process selectivity. In addition, the analysis of sugar-derived compounds in the 
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products could determine the effect of simultaneous feed of sugar and lignin 

through 35Ni/NDC in continuous flow. Nevertheless, to date, these experiments 

represent the only study in literature that exceed the mg scale of wood and catalyst, 

and demonstrate the feasibility of 35Ni/NDC for BWS valorization. 

   It is important to underline that all presented results were made using industrial 

waste as received, i.e., LS containing 7.0 wt.-% of sulfur and 10 wt.-% sodium, or 

not-sieved BWS. Nevertheless, giving value to industrial waste will increase the 

sustainability of already established biorefinery processes and accelerate the 

transition toward a sustainable and circular bio-economy.  
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6. Conclusions and outlooks 
 

   The central motivation of this thesis is to contribute to the development of 

sustainable and integrated biorefinery processes, using heterogeneous catalysts 

in continuous flow systems. Therefore, the synthesis of a 35 wt.-% Ni on nitrogen-

doped carbon catalyst (35Ni/NDC) served as a starting point to establish a 

framework of catalytic continuous flow processes for lignocellulosic biomass-

derived compound valorization. Furthermore, the 35Ni/NDC catalyst was 

successfully applied to the valorization of industrial LCB-waste, namely, sodium 

lignosulfonate (Ls) and beech wood sawdust (BWS). Prototype-scale reactors 

provided an insight into the great potential to scale-up the reported process from 

laboratory to pilot scale. 

   The synthesis of a simple, scalable, cheap, and highly porous 35Ni/NDC support 

in pellet shape was successfully achieved. Then, the 35Ni/NDC catalyst was 

applied for aqueous-phase hydrogenation reactions, namely: glucose to sorbitol, 

xylose to xylitol, and vanillin to 2-methoxy-4-methylphenol, exhibiting high catalytic 

performances over a long time on stream. The high catalytic performances were 

attributed to the high specific surface area of 35Ni/NDC and to the heterojunction 

effects stabilizing and adjusting the dispersity of Ni nanoparticles onto NDC. Thus, 

35Ni/NDC catalyst has the potential to provide a safer and more sustainable 

alternative to Raney Nickel. Additionally, continuous flow systems allowed high 

control over reactant conversion and product selectivity. Notwithstanding, there are 

still perspectives for improving the 35Ni/NDC catalyst. This could be accomplished 

by varying the carbon precursor with respect to semolina, or other sustainable 

materials can be used such as more protein-rich wheat or wheat-derived waste, 

e.g. dry bread. Furthermore, to verify the industrial viability, the activity of 

35Ni/NDC should be evaluated on a larger scale and in combination with other 

catalysts in integrated processes. 

    To that end, 35Ni/NDC catalyst was combined with commercial Beta zeolite in 

a dual column integrated process for isosorbide production from glucose. 

Accordingly, Isosorbide was obtained with high yield over a long time on stream in 

both the single column sorbitol dehydration over Beta zeolite and in the dual 
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column experiment from glucose over 35Ni/NDC and Beta zeolite.  This high yield 

was attributed to the combination of high surface area and acid site density of Beta 

zeolite for sorbitol to isosorbide dehydration as well as to the high catalytic 

efficiency of 35Ni/NDC in the glucose hydrogenation to Sorbitol. In addition, the 

capability of continuous-flow systems to rapidly quench the products was found to 

play a crucial role to obtain isosorbide in high yields. Hence, the reported catalytic 

strategy has the potential to provide a more efficient and economically viable route 

for isosorbide production. Moreover, these results demonstrated the possibility of 

integrating this system by coupling two packed bed reactors in continuous flow. 

However, the missing hydrothermal stability of zeolite at high temperatures 

represents the main drawbacks of this approach. This could be overcome with the 

development of hydrothermally stable heterogeneous catalysts, e.g. acidic carbon 

pellets. Moreover, the system integration should not be limited to only two coupled 

reactors but rather expanded in a more complex design embracing multiple steps 

and separation processes, e.g., the production of isosorbide from cellulose. 

   Beyond the upgrading of LCB-derived compounds, 35Ni/NDC was successfully 

applied for lignin valorization from waste LCB materials, i.e., sodium lignosulfonate 

(LS) and beech wood sawdust (BWS). The LS depolymerization was found to 

occur solvothermally in the absence of catalyst, with tunable molecular weight by 

varying temperature. These findings were attributed to the instability of LS as a 

polymer that presents ceiling behavior. Nevertheless, the presence of a catalyst 

(35Ni/NDC) emerged to be essential to obtain a high monomer yield due to the 

hydrogenation/hydrogenolysis reactions of the cleaved LS fragments. 

Furthermore, the usage of continuous flow system guaranteed optimum control 

over molecular weight and monomer yield.  

   Similarly, the BWS valorization was conducted by combining solvothermal and 

catalytic reductive fractionation in a dual-column experiment. The efficiency of 

35Ni/NDC for the reductive catalytic fractionation of wood was successfully 

demonstrated with a comparably high monomer yield. The high yield was attributed 

to the efficiency of 35Ni/NDC on the hydrogenation of fragmented lignin as well as 

to the fast product quenching guaranteed by continuous flow systems. Moreover, 

the usage of large BWS mass (10 g) can potentially give more reliable data for 

deeper insight into product analysis and reaction mechanism, as well as pave the 

way for a process scale-up. However, there are ongoing investigations on this 
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project, such as the effect of varying flow rate and hydrogenation temperature over 

the monomer yield, the carbohydrate fraction, as well as the effect of removing at 

first water-soluble hemicellulose over the process selectivity. 

   Overall, this thesis provided insight for all main aspects regarding the 

development of an integrated biorefinery, in terms of: catalyst design, process 

design, process integration, and process intensification. Furthermore, the flexibility 

of a continuous flow system based on a packed bed reactor was demonstrated 

over a broad framework of targeted chemical transformation comprising cellulose-

derived feedstocks, hemicellulose-derived feedstocks, lignin-derived feedstocks, 

technical lignin, and waste wood. Moreover, the scalability of catalyst and process 

was demonstrated, bridging the gap between a laboratory (mg-scale) to a pilot plan 

scale (kg). Furthermore, the scalability of the 35Ni/NDC catalyst on an industrial 

scale should be determined with a specific techno-economic assessment. Finally, 

this work provided a step further to drive biorefinery processes from small 

laboratory scale into big industrial scale. 
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Appendix 

A Materials 

 List of used chemicals 

D-(+) Glucose Anhydrous (>99,5%), D-(-) fructose (>99%), D-(+) xylose 

(>99%), D-sorbitol (>98%), vanillin (>99%), 1,2,6 hexanetriol (96%), dianhydro-

D-glucitol, sulfuric acid (95-97%) ,L-iditol (≥ 98%) 4-propyl-guaiacol (99%), 

homovanyllyl alcohol (99%) 4-eethyl-2,6-dimethoxyphenol (99%), 4-ethyl 

guaiacol (99%), methanol (>99.5%) and sulfuric acid (95-97%) were delivered 

from Sigma-Aldrich. Xylitol was provided by Laguma. Isosorbide (98%) and 

hydrochloric acid (0.1 M in water) was obtained from Merk. Vanillyl alcohol, 2-

methoxy-4-methylphenol (99%) and 1,5-anhydro-D-sorbitol (97%) were 

purchased from Acros Organics. Urea and nickel nitrate hexahydrate (>99%) 

and 2-methyltetrahydrofuran (MeTHF) were supplied from Carl Roth. Guaiacol 

(99%) has been provided by Sigma. Homovanillyc alcohol (99%) syringol (99%) 

and 4-propyl phenol (99%) were supplied from Aldrich. Dhydroconyferyl alcohol 

(97%) was supplied from AmBeed. Zinc oxide nanoparticles (d = 20 nm) were 

ordered from Nanostructured and Amorphous inc. Semolina (type durum 

wheat) was purchased from the commercial brand Divella. The forming gas 

bottle (95/5) and H2 bottle were purchased from Westfalia. Carbon black grains 

- Vulcan©-XC72R were furnished by Cabot. H-form Beta(12.5) in powder form 

and H-form Beta(75) in pellet form were supplied by Clariant. Whereas, H-form 

Beta(150) in powder form were obtained by Zeolyst. All Beta zeolites that have 

been used in this thesis are coded as the following: Beta(Si/Al molar Ratio). 

1,4-Sorbitan (98%), 2,5-mannitan (98%) and 2,5-anhydro-d-gluctiol (98%) were 

purchased from BIOZOL Diagnostica Vertrieb GmbH. Industrial residues of 

Sodium lignosulfonate (LS) have been provided from Domsjö-Fabriker. The 

sodium poly-(styrene sulfonate) SEC standards (Mw of 29500 g mol-1, 15800 g 

mol-1, 13500 g mol-1, 9740 g mol-1, 3800 g mol-1, 1670 g mol-1, 891 g mol-1 and 

246 g mol-1) have been provided by Polymer Standard Service-USA inc. (PSS). 

MgSO3 anhydrous has been purchased by J.T. Baker. Saw dust beech wood 
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(BWS) was supplied by GOLDSPAN®. All the chemicals were used as received 

without any further purification. 
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 B Methods 
 

B.1 Catalyst synthesis 
 

Incipient wetness impregnation of 35 wt.-% Ni on NDC  

   A 35 wt.-% Ni catalyst supported on NDC pellet is prepared via incipient wetness 

impregnation. Before Ni impregnation, the washed and dried NDC pellets were 

dried under vacuum at 363 K for 12 h. To obtain the target metal loading, i.e., 35 

wt.-%, the appropriate amount (170 g) of Nickel nitrate hexahydrate (Ni(NO3)4 ∙ 

6H2O) was dissolved in (110 mL) of millipore water, followed by dropwise addition 

with continuous stirring of the aqueous Ni solution on the NDC dried pellets until 

complete saturation of the support pores. Subsequently, the impregnated pellets 

were dried again at 333 K in air for 12 h. Afterwards, the catalyst was calcined 

under N2 atmosphere at 723 K. The temperature program of the calcination 

process consists of two steps: i) purging with N2 at room temperature for 30 min; 

ii) increasing the temperature to 723 K with a heating rate of 3 K min-1 and 

maintained for 2 h. Prior the catalytic experiments, the catalyst was reduced in 

forming gas (5 wt.-% H2 and 95 wt.-% N2) using the following program: i) 30 min of 

purging at room temperature, ii) increasing the temperature to 723 K with a heating 

rate of 3 K min-1 and maintained for 5 h.  

   For the experiments conducted in chapter 4, the used catalysts will be annotated 

with 35Ni/NDC_UGlu, 35Ni/NDC_UXyl and 35Ni/NDC_UV which refers to their use in 

Glu, Xyl and V hydrogenation, respectively.   

 

Methodology for regeneration of Ni0 at spent catalyst  

   After the reaction, Ni0 at spent catalyst was regenerated through calcination 

procedure under air increasing the temperature to 573 K with a heating rate of 3 

Kmin-1 and maintained 3 h, followed by reduction step under forming gas (5 wt.-% 

H2 and 95 wt.-% N2) using the following program: i) 30 min of purging at room 

temperature, ii) increasing the temperature to 723 K with a heating rate of 3 K min-

1 and maintained for 5 h. 
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Pelletization of zeolite  

   All the used zeolite were used without any further chemical modification. Prior 

the reaction, the used zeolites in powder form were pressed up to 10 metric ton 

using hydraulics press (CARVER 3851CE). Afterwards, the zeolite has been 

crushed and sieved in the range 250-500 𝜇m to ensure a homogeneous flow of the 

reactant through the catalyst bed during the experiment, as well to avoid the 

pressure drop and clogging of the system 

 

B.2 Characterization methods 
 

Combustion elemental analysis  (EA) 

   Elemental analysis of C, N, O and S was performed with a Vario-MICRO cube 

CHNOS Elemental Analyzer (Elementar Analysensysteme GmbH, Langenselbold) 

in the CHNS mode. Prior to the analysis the samples were finely ground.  

 

Inductively coupled plasma optical emission spectroscopy elemental 

analysis (ICP) 

   The Ni, Zn, Na, Ca and Mg content was determined by inductively coupled 

plasma optical emission spectroscopy (ICP-OES) using an Optima 8000 ICP-OES 

from PerkinElmer. Prior to the analysis, the samples (0.1 mg) were finely grinded 

and digested for 13 hours in 500 µL of Aqua regia solution (3:1 molar ratio of HCl 

and HNO3, respectively). 

Thermogravimetric analysis (TGA) 

   TGA measurement was performed using a Thermo Microbalance TG 209 F1 

Libra (Netzsch, Selb, Germany). In a typical experiment, 0.01 g of sample were 

placed on a Pt crucible, dried at 423 K C for 2 h and then heat to 1273 K with a 

heating rate of 10 K min-1.  The heating has been performed under a synthetic air 

flow of 20 mL min-1. Previous to the analysis the samples has been dried for 6h at 

363 K under vacuum. 
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X-ray diffraction (XRD) 

   Powder XRD measurement were performed on a Bruker D8 diffractometer 

equipped with a CuKα source (λ = 0.154 nm) and a NaI scintillation counter-Scinti-

Detector. The diffraction pattern was recorded in the 2θ range between 4-70° with 

steps of 0.05° and acquisition time of 2 sec per step.  

   The Ni0 crystallites size has been calculated applying the Scherrer equation at 

the reflection at 44° θ. 

B(θ) = Kλ / L cosθ    

  Where B is the size of the crystallites, L is the full width at half max (FWHM) 

calculated for the main reflection at the Bragg angle of 44°θ. K is the shape factor 

of crystallites, herein, a spherical assumption has been made, with K = 0.9. 

 

N2 sorption 

   N2 sorption measurements were accomplished with N2  at 77 K, after degassing 

the sample at 423 K for 20 hours under vacuum, using a Quantachrome 

Quadrasorb SI porosimeter. The specific surface area was calculated by applying 

the Brunauer-Emmet-Teller model in the relative pressure region of (0-0.05) for the 

adsorption branch (ABET). The pore volume, the pore size distribution and the 

average pore size were determined using the desorption branch via Barrett-Joyner-

Halenda (BJH)  for Zeolites, as well the quenched solid functional theory (QSDFT) 

calculation of the desorption branch using the QuadraWin program for slit/cylindral 

pores for NDC and Ni/NDC. 

 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) 

   The surface morphology and structure of the support and catalyst were 

investigated using SEM. The SEM images were taken using a Zeiss Lei Gemini 

1550 microscope. Information about the dispersion of the Ni nanoparticles was 

obtained using transmission electron microscopy (TEM). The sample was 
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prepared by dispersing (0.05 g) in ethanol in an ultrasonic bath for 10 min. Finally, 

the sample was placed onto a carbon-coated copper grid and dried at room 

temperature. The images were taken using an EM 912 microscopy (Omega/Carl-

Zeiss Oberkochen) operating at 120 kV.  

 

High-resolution scanning transmission electron microscopy (HR-STEM) 

   The HR-STEM images were acquired using a double-Cs-corrected JEOL 

ARM200F, equipped with a cold field emission gun and an energy-dispersive X-

ray (EDX) filter. The acceleration voltage was set to 80 kV for the investigation. 

 

Energy-dispersive X-ray spectrometry (EDS) 

   The EDS investigation of LS and SHF-LS has been conducted on a Scanning 

electron microscope (SEM) – Gemini Leo 1550 equipped. Prior to the analysis, the 

detector has been calibrated with a standard copper sample, the measure was 

conducted at 15 keV. 

 

X-ray photoelectron spectroscopy (XPS)  

   XPS measurements were conducted under ultrahigh vacuum (UHV) 1.5x10-8 Pa 

(CISSY equipment) equipped with a SPECS XR 50 X-ray gun with AlKα (1486 eV) 

and Mg Kα  (1254 eV) radiation source and combined with a lens analyzer module 

(CLAM). The binding energy was calibrated with Au4f7/2 as reference. The binding 

energy determination and the peak deconvolution has been made using “Igor” and 

“CasaXPS” software, for the background a Shirley function was used, while for the 

peak deconvolution a Voight  function has been selected. Previous to the analysis 

the sample where grinded finely and dispersed on a top of a conducting tape and 

evacuate in UHV for 40 min.[316] 
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Carbon monoxide temperature programmed desorption (CO-TPD)  

   CO-TPD measurements was performed using AMI-300 equipped with thermal 

conductivity detector (TCD) from Altamira Instrument. In each measurement, 0.05 

g of catalyst was placed between two layer of quartz wool in the measurement cell 

(quartz U-tube). primarily, the sample was treated at 393 K in a flow He for 1 h. 

Afterwards, the sample was reduced by increasing the temperature to 723 K in the 

presence of a mixture of H2 (20%) in He (80%) with a dwell of 4 h. Later, saturation 

of the catalyst with CO at 303 K was applied by flowing CO (20%) over the sample 

for 5 h. Then, the non-adsorbed CO was removed by flowing He (100%) over the 

sample for 30 min. To ensure a complete saturation of the samples, 20 pulses (509 

µL each) of CO (20%) in He (80%) over the sample at 303 K. Finally, the CO 

desorption profile was recorded by increasing the temperature from 303 to 823 K 

with K min-1 with dwell of 30 min at 823 K.      

 

Temperature programmed desorption of ammonia (NH3-TPD)  

   The total acid sites density for NDC and 35Ni/NDC was characterized via 

ammonia temperature-programmed desorption (NH3-TPD). All measurements 

were performed using AMI-300 equipped with thermal conductivity detector (TCD) 

from Altamira Instrument. In each measurement, 0.05 g of catalyst was placed 

between two layers of quartz wool in the measurement cell (quartz U-tube). 

primarily, the sample was treated at 393 K in a flow He for 1 h. Afterwards, 

saturation of the catalyst with NH3 at 323 K was applied by flowing NH3 (20%) over 

the sample for 5 h. Then, the non-adsorbed NH3 was removed by flowing He 

(100%) over the sample for 30 min. To ensure a complete saturation of the 

samples, 20 pulses (509 μL each) of NH3 (20%) in He (80%) over the sample at 

323 K was pulsed. Finally, the NH3 desorption profile was recorded by increasing 

the temperature from 323 K to 923 K with 10 K min-1 with dwell of 30 min at 923 K. 

 

Pyridine-probed infrared spectroscopy (Pyr-IR)  

   The amount of silanol groups and acidic sites were quantified by Fourier-

transform infrared spectroscopy (FT-IR) using a Nicolet 6700 Spectrometer 
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equipped with a deuterated triglycine sulfate (DTGS) detector. Prior to analysis, 

samples were pressed, under a pressure of 107 Pa, into precisely weighted self-

supported wafers of 5-10 mg/cm2, and degassed in-situ at 673 K (5 K/min) for 1 h 

under vacuum (< 0,1∙10-3 MPa). After cooling to 423 K, spectra of the materials 

were recorded as a reference with an accumulation of 64 scans at a resolution of 

2 cm-1. Note that the graphical resolution is greater than the spectral resolution and 

is close to 0.5 cm-1. All spectra were normalized to a constant disc mass (5 mg/cm2 

of dry catalyst). For acid sites quantification by pyridine adsorption, the samples 

were then subjected to 2,5∙10-3  MPa pyridine until saturation at 323 K . Spectra 

were recorded at 423 K after 20 min of thermal desorption under vacuum (<0,1∙10-

3 MPa) at 423 K, 523 K, and 623 K.[317] The amount of Brønsted and Lewis acid 

sites were determined by integrating the area of the characteristic bands: v8a of 

the pyridinium ions (PyH+) at 1545 cm−1 and v19b band of the coordinated pyridine 

species (PyL) at ~1445 cm−1, and using their corresponding molar absorption 

coefficient: εPyH+) = 1.67 cm/µmol and ε (PyL) = 2.22 cm/µmol, respectively.[318]  

To quantify the total amount of silanols of the BEA zeolite samples, the combination 

band (ν+δ)OH located at around 4600 cm-1 that refers to silanol groups was used 

instead of the fundamental ν(OH) at ~3740 cm-1, due to the high dependence of 

the molar absorption coefficient of this latter “ε(νSi-OH)” on H-bonding 

interactions[319], making the area of the whole ν(SiOH) massif not proportional to 

the Si-OH concentration. By contrast, it is possible to accurately calculate the 

amount of silanol groups using the sharp (ν+δ)OH combination band located at 

about 4600 cm-1 with the molar extinction coefficient determined by Gallas et al.[320], 

ε(ν+δ)OH = 0.16 cm/µmol.  

 

Size-exclusion gel permeation chromatography (SEC)  

   Size exclusion chromatography (SEC) of sodium lignosulfonate (LS) and 

depolymerized LS was conducted in a PSS Thermo Separation Products (TPS) 

equipped with a PSS SECurity2 UV-1000\2000 detector and a two columns 

systems composed by: i) precolumn PSS-MCX 5 µm and ii) main column PSS-

MCX-analytical 5 µm. The injection volume has been set to 100 µL, with an elution 

flow of 1.0 mL min-1 using Na2HPO4 0.084 M aqueous buffer as eluent and column 
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temperature of 298 K. Prior to the analysis the sample has been diluted 1:10 in the 

Na2HPO4  and the salt peak at 298 K has been used as the internal standard.  

   Size exclusion chromatography (SEC) of depolymerized lignin from BWS was 

conducted with a similar PSS-TPS device equipped a PSS-GRAM VS pre-column 

followed by two columns (PSS GRAM 7µm, 100 Å and PSS GRAM 7 mm, 1000 

Å). The injection volume has been set to 100 µL, with an elution flow of 0.8 mL min-

1 using N-methylpyrrolidone (NMP) + 0.5 g L-1 of LiBr.  

   The molecular weight distributions quantification (Mw, Mn and Đ) has been 

performed using the PSS – WinGPC UniChrom software and sodium poly-(styrene 

sulfonate) standards. Accordingly, eight different standard have been used with a  

Mw of 29500 g mol-1 (RT 8.63 min), Mw of 15800 g mol-1 (RT 9.14 min), Mw of 13500 

g mol-1 (RT 9.25 min), Mw of 9740 g mol-1 (RT 9.47 min), Mw of 3800 g mol-1 (RT 

9.88 min), Mw of 1670 g mol-1 (RT 10.23 min), Mw of 891 g mol-1 (RT 10.44 min) 

and Mw of 246 g mol-1 (RT 10.9 min). The standards have been fit with a calibration 

curve applying a polynomial function of the seventh order (PSS –poly 7).  

 

Two Dimensional 1H-13C heteronuclear single quantum coherence nuclear 

magnetic resonance (2D HSQC- NMR)  

   NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer. A 

sample of the sodium lignosulfonate (50 mg) was dissolved in 0.6 mL of DMSO-

d6. HSQC experiments had the following parameters: standard Bruker pulse 

sequence ‘hsqc’, spectral width of 8.6 ppm in F2 (1H dimension) by using 2048 

data points for an acquisition time (AQ) of 159 ms, spectral width of 149 ppm in F1 

(13C dimension). The number of scans was 64 with an interscan delay of 1.5 s (D1). 

 

Freeze-drying  

   The freeze-drying of the SHF-LS sample has been conducted using a Christ 

Alpha 1-4 LSC-basic device. Prior to the freeze-drying, the sample has been 

placed in a falcon tube and frozen at -263 K for 10 h. Afterwards, a further cooling 

step has been conducted in liquid nitrogen (77 K) for 5 minutes. Then, the sample 
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has been freeze-dried for 10 h at a pressure of around 4 kPa followed by 10 h at 

0.5 kPa for complete drying.  

pH-analysis 

   The pH of the reactant LS solution and the SHF-LS collected solution has been 

measured using a WTW Multilab 540 pH meter equipped with a KCL. Prior to the 

analysis, the pH meter has been calibrated using the Burkett standard buffer 

solution for pH of 4.0, 7.0 and 8.0. The pH has been measured while the sample 

has been kept under continuous stirring. 

 

Gas Chromatography equipped with mass spectrometer detector (GC-MS) 

and with flame ionization detector (GC-FID) 

   The qualitative and quantitative product analysis has been performed using a 

Gas chromatography (Agilent 8890 GC) equipped with a HP-5MS Ultra Inert 

column from Agilent (model: USR577054H), a split-splittles liner (Agilent 5190-

2295) and coupled with both mass spectrometer detector, i.e., GC-MS 

configuration, (Agilent 5975 MSD) and flame ionization detector (Agilent), i.e,. GC-

FID configuration,. 

   For qualitative analysis the GC-MS configuration was used. The MS method has 

been set with a run time of 32 min, injection volumes of 1.0 μL, and He as carrier 

gas with a flow of 1 mL min-1. The injection has been set in Split mode with a split 

ratio of 10 while the inlet has been kept at 553 K to evaporate the injection. The 

temperature program for the column oven has been set as following: start at 323 

K and maintaining for 1 min, then increasing to 573 K with a heating rate of 10 K 

min-1 and maintaining at 573 K for 6 min. The MS detector has been set to scan 

between 50 and 250 m/z with a gain factor of 1.1. The solvent delay has been set 

at 2.6 min, while the MS detector and the quadrupole has been kept at 503 K and 

423 K, respectively. The mass spectra of the compounds were analyzed integrating 

the peak area using the Agilent MassHunter Qualitative Analysisi 10.0 software 

from and comparing with the NIST 17 mass spectral database. 

   For the quantitative analysis GC-FID configuration has been used. The injection 

and the oven methods has been set identically to the GC-MS analysis above 
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described. During the analysis the FID detector has been fed with H2 flow of 30 mL 

min-1 as fuel gas while the heater has been kept at 623 K to avoid product 

condensation at the GC/FID interface. The quantification of the peak has been 

conducted using the Agilent MassHunter Qualitative Analysis 10.0 using the 

ChemStation integrator. 

Uv-vis Analysis 

   UV-vis measurements of the extracted lignin solution for BWS  have been 

performed using a high-performance split beam T70+ UV-vis spectrophotometer 

from PG Instruments. Prior to the experiment, 100 μL of each sample were diluted 

in 2.5 mL of solvent, i.e., MeOH, MeTHF (according to the solvent used for the 

reaction), in a high-precision quartz cuvette, type 100-QS (10 mm size). For every 

measure, the spectrum has been recorded between wavelengths of 1110 nm and 

190 nm with 1nm steps. The spectrophotometer is interfaced to a PC using the UV-

Win software used for the determination of absorbance spectra. 

 

Klaison lignin quantification 

   The acid-insoluble lignin, called Klason Lignin (KL) of the beach wood sawdust 

(BWS) was determined based on the procedure reported by Nakano and 

Meshitsuka.[321] Accordingly, 1g of BWS was transferred to 50 mL flask with 15 mL 

of H2SO4 solution (72 wt.-%). The mixture was left at room temperature for 2 h 

under continuous stirring. Afterwards, the solution has been transferred in a round-

bottom flask containing 360 mL of water. Then, the solution was boiled for 4 h 

under reflux conditions. Afterwards, the solution was directly filtrated without 

cooling. After filtration, a brown sludge was retained. The precipitate was washed 

with hot water to remove any leftover acid and the obtained residue was dried at 

353 K for 12 h. The mass of the KL has been determined gravimetrically from the 

weight of the dried residue. Therefore the KL content has been quantified in wt.-% 

with respect of the initial BWS mass.  
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B.3 Continuous flow systems setup 

 

 

Figure B1. The reaction set up consists of A) HPLC pump equipped with pressure control 
B) “T” unit for gas-liquid mixing  C) Mass flow controller for H2 D) heating unit (see the inner 
part of it at Figure S4) E) relief valve used for pressure controlling, connected with sample 
collector. 

 

 

 

Figure B2. Customized aluminum cylinder used for ensure efficient heat consisting of 
three holes, A) pre-heating unit, B) tubular reactor place and C) thermocouple location 
for temperature control. In this case the reactor has an outer diameter of 6.5 mm, a 
similar cylinder has been made for the bigger tubular reactor (outer diameter of 25 mm). 
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Figure B3. The used stainless steel tubular reactors: Left) the prototype scale reactor , 
with inner diameter 21 mm, outer diameter 25mm and length 280 mm. Right) reactor with 
inner diameter of 4.6 mm, outer diameter of 6.5 mm and length of 250 mm. 
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Figure B4. Integrated process of glucose conversion to isosorbide in continuous flow 
setup, the setup consists of A) HPLC pump equipped with pressure control, B) Mass 

flow controller for controlling the flow of H2, C) tee union for gas–liquid mixer, D1) and 
D2) independents heating units and E) sampling unit equipped with proportional relief 
valve. 
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B4 Catalytic experiments procedures  
 

Single-step valorization of Glucose to Sorbitol, Xylose to Xylitol and Vanillin 

to MMP.  

   In a typical experiment 1 wt.-% of an aqueous solution of glucose (cGlu = 56 mM), 

xylose (cXyl = 64 mM) or Vanillin (cV = 72 mM) were fed via HPLC pump at different 

liquid flow rates of 0.3, 0.5, 0.7,  1.0 or 3.0 mL min-1, mixed with an excess amount 

of H2 (QH2 = 15 mL min-1 at a pressure of 2.5 MPa) and introduced into the 

preheating unit prior to the fixed bed reactor. 1 g of catalyst pellets were fixed 

between 0.1 g of quartz wool. The reactor temperature and pressure were kept at 

ambient values for 15 min. Later, the system pressure was adjusted to 2.5 MPa 

and the temperature was increased to the targeted values, i.e., 353 K, 373 K, 398 

K, 408 K and 423 K. Samples (ca. 2 mL) were collected once the steady state was 

reached after ca. 30 min.Caution: Each time of stream (TOS) experiment was 

conducted in 4 consecutive days (ca. 10 hours each days) without removing the 

catalyst from tubular reactor and applying any post treatment on the catalyst. 

   Products analysis was performed using HPLC Agilent 1200 series 

equipped with a quaternary pump, diode array detector (DAD) and refractive 

index detector (RID). The analysis procedure and quantification of the 

reaction products are described in details in Section B5. 

 

Sorbitol to isosorbide dehydration and integrated process for isosorbide 

production from glucose 

   In a typical experiment of isosorbide production from sorbitol, an aqueous 

solution of sorbitol (csorbitol = 0.05 M) was fed with HPLC pump at 0.3 mL min-1 and 

introduced into the preheating unit to the fixed bed reactor consisting of 2.5 g of 

zeolite fixed between two layers of quartz wool (30 g of Beta(75) was used for the 

experiment in prototype tubular reactor scale). The temperature and pressure were 

kept constant at room conditions (298 K and atmospheric pressure) for 15 minutes. 

Afterwards, the system was pressurized to 4.0 MPa to ensure the presence of the 

reactant solution in the liquid phase and the temperature was elevated to 503 K. 
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Samples (2.0 mL) were collected once the steady state was reached, after ca. 30 

min (1.5 h on prototype scale).  

In the case of the integrated process, an aqueous solution of glucose (cglucose = 

0.05 M) were fed with the HPLC pump at 0.7 mL min-1 and mixed with an excess 

of H2 (25 mL min-1 at the pressure of 4.0 MPa) and introduced into the two 

consecutive tubular reactors, the first one set to a temperature of 423 K and the 

second at the temperature of 503 K. In this experiments, catalyst mass of 10 g of 

35Ni/NDC (the first tubular reactor for hydrogenation of glucose to sorbitol), and 30 

g of Beta(75) at the second tubular reactor (for dehydration of the formed sorbitol 

from the first reaction to isosorbide)were used. Similar to the above-mentioned 

investigation (dehydration of sorbitol to isosorbide), the system was kept at room 

condition for 15 minutes and then set to the targeted pressure and temperatures. 

Samples were collected once both systems reached the steady state, i.e., after ca 

3 h.  

   Qualitative and quantitative analysis of the reactant and products were performed 

using HPLC/MS and HPLC, respectively. Detailed information about the reactants 

and product quantification, as well as the calculation of the turnover frequency 

(TOF) can be found at the ESI. 

 

B5. Products analysis and quantification 
 

Single-step valorization of Glucose to Sorbitol, Xylose to Xylitol and Vanillin 

to MMP. 

   Reactants and products of the catalytic hydrogenation reactions were analyzed 

using HPLC Agilent 1200 series equipped with a quaternary pump, diode array 

detector (DAD), and refractive index detector (RID). For the analysis of the 

products that were derived from Glu and Xyl hydrogenation reaction, the HPLC 

system was equipped with Phenomenex Rezex ROA Organic Acid column (length 

300 mm, 7.8 mm inner diameter) and RID was used as a detector. The analysis 

program was set to 45 min at 348 K using 0.1 wt.-% aqueous solution of formic 
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acid as eluent with flow of 0.35 mL min-1 and 3 µL as an injection volume. The 

retention time for the Glu, Sor, Fru, Xyl and Xyt was 18.0 min, 19.1 min, 19.9 min, 

19.1 min and 21.4 min, respectively. 

For V hydrogenation the HPLC was equipped with a C18 column (Hypersil GOLD 

C18 Selectivity LC Series) column and DAD was used as a detector. The DAD 

detector was used to ensure a complete separation of the reactant and products 

due to the presence of characteristic chromophores. All measurements were 

conducted using a wavelength of 280 nm. The HPLC program included an injection 

volume of 3.0 µm at 308 K. The retention time was 15 min with an eluent flow of 

1.2 mL min-1. The eluent phase consists of an isocratic mixture of acetonitrile and 

water (50:50 vol.-%) has been used in the first 8 minutes.Then, the column was 

washed with a non-isocratic solution of 100 % acetonitrile between the 8th and 12th 

minutes. Finally, the eluent composition has been reset to the initial isocratic phase 

at 15th minute. Prior the analysis, each sample was diluted with water (0.1 mL in 1 

mL) to avoid saturation of the DAD with high concentrated solution (1 wt.-%). The 

retention time for the V, VA and MMP was 3.0 min, 2.7 min and 3.8 min, 

respectively.  

   The products were identified comparing the retention time with standards 

substances. The molar concentration (ci) of the reactant and products was 

calculated from the integrated area of peaks and referred to calibration curve 

conducted with standard compounds. The conversion and yield of the i-th 

compound (Xi, and Yj) were calculated as reported the following equations: 

 

 

 

 

 

 

where c0i and cti indicates respectively the initial reactant concentration and the 

reactant concentration at a distinct time.   

   Space time conversion (STCi) and space time yield (STYi) normalized to Ni 

content were calculated as following:  
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   Where nNi indicates the moles of Ni inside the reactor and Ni molar flow used (L 

h-1). 

 

Sorbitol to isosorbide dehydration and integrated process for isosorbide 

production from glucose 

   Qualitative analysis of the reaction products was performed using reverse phase 

HPLC with Agilent 1200 series equipped with an ELSD detector and Hypercarb 

column (150 mm x 4.6 mm, 3 μm). The analysis method performed using flow rate 

of 0.7 mL min-1 with bidistilled H2O (0.1% formic acid) as isocratic eluent (5 min), 

followed by linear gradient to 10% ACN (25 min), linear gradient to 100% ACN (5 

min). 

Quantitative product analysis was conducted using HPLC Agilent 1200 series 

equipped with Phenomenex Rezex ROA Organic Acid column (length 300 mm, 7.8 

mm inner diameter), a quaternary pump and RID detector. The analysis program 

was set to 20 min at 353 K using 0.005 N of H2SO4 as eluent with flow of 0.7 mL 

min-1 and 2.0 μL as an injection volume. The retention time for the glucose, sorbitol, 

1,4-sorbitan, 2,5-anhydro-D-Glucitol and isosorbide was 9.2, 10.2, 10.6, 11.3 and 

12.7 min, respectively. The conversion and yield of the i-th compound (Xi and Yj) 

were calculated as reported in the following equations: 

 

   Were c0i and represent the initial reactant concentration, while ci/cj the 

reactant/product concentration at the given condition. The turnover frequency of 
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isosorbide production (TOF), expressed in h-1, has been calculated from the 

turnover number (TON) as follow: 

 

 

   Where Nisosorbide indicates the mole number of isosorbide calculated from the 

measured isosorbide concentration Cisosorbide and the reactor volume VReact. 

Similarly, NAcid sites indicates the atomic mole number of acidic site, calculated from 

the acidic site density , H+Density , from NH3-TPD and the catalyst mass, Mcat. The 

TOF has been calculating using the residence time inside the reactor, tr , expressed 

in h. 

 

Analytical procedure and product analysis for LS valorization 

   An analytical procedure has been established to meets the requirement for each 

analytical techniques, i.e., solid specimen  for EA, ICP, 2D HSQC NMR XRD, and 

FTIR) and liquid with minimized water content for GC analysis (GC-MS and GC-

FID), see  Figure B6. The used procedures for these methods are reported in detail 

in Section B2 For every experiment, a sample of around 30 g has been collected. 

Initially, the alcohol solvent, i.e., MeOH and EtOH, have been removed with rotary 

evaporation. In the case of EtOH, where the water-EtOH azeotrope is formed, the 

rotary evaporation has been interrupted when the half of initial sample has been 

evaporated.  

   After the first step, the resulting liquid has been separated into two equals 

fractions of around 7.5 gram in order to be further treated for solid and liquid 

analysis separately.  

   In the case of solid analysis, the water solvent has been removed via freeze-

drying. The resulting solid has been used for EA, ICP, 2D HSQC NMR, and FTIR 

analysis. 

   The other portion has been treated in order to perform GC analysis. Accordingly, 

to separate the residual sulfonate fragments and to extract the monomer from the 
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aqueous phase the sample has been extracted using MeTHF as extractive 

solvent.. thus, almost 5 g of water sample have been extracted with 50 mL of 

MeTHF, with 5 iterative extractions of 10 mL each. Afterwards, eventual water 

residuals in the solution have been dried adding almost 5g of MgSO3 anhydrous. 

The MgSO3 slurry has been removed via filtration. Finally, the MeTHF solution has 

been concentrated with rotary evaporation until an exact mass of almost 2.5 g has 

been reached.  

   The quantification has been conducted in comparison of the calibration curve 

with standard compounds using GC-FID as the detector. The single monomer yield 

and the cumulative monomers yield expressed in mg gLS-1 have been calculated 

as follow: 

 

 

Where Ci indicates the measured concentration of the i-th compounds expressed in 

wt.-%, M0 indicates the Mass of the collected sample before the analytical 

procedure, Mf represents the mass of the sample after the final step of the 

concentration and cLS represents the LS concentration in the reactant solution. 
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Figure B6. Analytical procedure scheme for solid SHF-LS and liquid SHF-LS 
analysis. 
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Analytical procedure and product analysis for BWS valorization 

   The analysis of  the BWS valorization products was conducted using GC-MS and 

GC-FID for qualitative and quantitative analysis, respectively. The detailed 

description of the applied methods is reported in Section B4.  In order to obtain 

higher intensity signals, prior to the analysis, 5 g of the collected samples have 

been concentrated with rotary evaporator until an exact mass of 1g was reached. 

Afterwards, the concentrated samples have been injected in GC-FID 

   The quantification has been conducted in comparison of the calibration curve 

with standard compounds using GC-FID as the detector. The monomer yield and 

were reported based on the Klason lignin content (mg gKL-1) and have been 

calculated as follow: 

 

 

 

Where Ci indicates the measured concentration of the i-th compounds expressed in 

wt.-%, M0 indicates the Mass of the collected sample before the rotary evaporation 

(genrally 5.0 g), Mf represents the mass of the sample after the rotary evaporation 

(generally 1.0 g) and MKL represents the Klason Lignin content. However, the 

sensitivity factor of the remaining non-commercially available monomers (4-ethyl 

syringol, propyl syringol, syringyl ethyl alcohol, dihydro sinapyl alcohol, allyl 

syringol, and isoallyl syringol) were deduced by appling the effective carbon 

number (ECN) principles on the sensitivity factor of analogous compounds.[331] 
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C. Supporting information (SI) 

 

C.1 Supporting information chapter 3 
 

 

Figure C1. The extrusion machine from La Monferrina P3 

 

 

Figure C2. A)  The raw carbon pellets after extrusion and the carbonized pellets. Caution: 
the pellets in this image has been extruded with bigger dye (0.5 cm) for representation 
purposes.[322] B) Illustration representing a single pellet dimension, diameter (d) and length 
(L).  
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Figure C3. TGA in synthetic air, of the pristine NDC support and 35Ni/NDC.  

 

 

 

 

Figure C4.  TEM pictures of NDC support. In the picture is visible the highly porous 
structure of NDC. 
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Figure C5. HR-STEM of the 35Ni/NDC catalyst.  

 

 

 

Figure C5. EDX mapping of the pristine NDC support. The upper left picture is the selected 
SEM area, while the EDX mapping is presented for C (red) and N (blue). The Black region 
in the C spectra represent a shadowing effect due to the thickness of the crashed pellets. 
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Figure C6.  N1s XPS profile of the NDC support and 35Ni/NDC catalyst.   

 

 

 

Table C. Elemental composition of fresh 35Ni/NDC quantified via EDX that linked to HR-
STEM. 

Catalyst C - K/ At.-% Ni-K / At.-% O-K / At.-% 

35Ni/NDC- nanoparticle 
region 

20 67 11 

35NiNDC- support region 94 3.8 1.7 
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Figure C7.  NH3-TPD of NDC (black line) and 35Ni/NDC (blue line). 
 

C.2 Supporting information chapter 4 
 
Supporting information chapter 4.4.2 

 

 

Figure C8. The conversion of glucose (XGlu) and the yield of fructose and sorbitol (YFru, 

and Ysor) in the absence of catalyst, in the presence of NDC and using 35Ni/NDC in the 
aqueous-phase hydrogenation of Glu to Sor; reaction conditions: cGlu = 56 mM (1.0 wt.-
%), T = 423 K, mcatalyst = 1.0 g, Qeduct = 0.3 mL min-1 (τ = 4.2 h molNi molGlu

-1), QH2
 = 15 mL 

min-1, p = 2.5 MPa. 
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Figure C9. Space time conversion of Glu (STCGlu) and space tiem yield of Sor (STYSor) as 
a function of space time “τ” using 35Ni/NDC in the aqueous-phase hydrogenation of Glu 
to Sor; reaction conditions: cGlu = 56 mM (1.0 wt.-%) , T = 423 K, Qeduct = 0.3, 0.5 and 0.7 
mL min-1 (τ = 2.0, 2.8 and 4.2 h molNi molGlu

-1), QH2
 = 15 mL min-1 and p = 2.5 MPa. 

 

Figure C10. The conversion of Glu (XGlu) and yield of Sor (YSor) as a function of space time 
“τ” using 35Ni/NDC in the aqueous-phase hydrogenation of Glu to Sor; reaction conditions: 
cGlu = 56 mM (1.0 wt.-%) , T = 423 K, mcatalyst = 1.0 g, Qeduct = 0.3, 0.5 and 0.7 mL min-1 (τ= 
2.0, 2.8 and 4.2 h molNi molGlu

-1), QH2
 = 15 mL min-1 and p = 2.5 MPa. 
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Figure C11. TGA in synthetic air, of the pristine NDC support, the fresh catalyst, 35Ni/NDC 
and the used ones, 35Ni/NDC_UGlu, 35Ni/NDC_UXyl and 35Ni/NDC_UV.  

 

 

 

Figure C12. XRD diffraction patterns of spent catalysts 35Ni/NDC_UGlu, 35Ni/NDC_UXyl 
and 35Ni/NDC_UV.  
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Figure C13. XPS spectra for the fresh 35Ni/NDC and spent catalyst in glucose 
hydrogenation (35NI/NDC_UGlu).  

 

 

Figure C14.  N1s XPS profile of the fresh 35Ni/NDC and the used 35Ni/NDC_UGlu catalyst.   
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Figure C15. TEM image of spent catalyst (35Ni/NDC_UGlu).  

 

 

 

Figure C16. N2 sorption isotherms of the spent catalysts measured at 77 K. 
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Figure C17. HR-STEM images of the regenerated 35Ni/NDC_RGlu. 
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Figure C18. XRD diffraction patterns of regenerated catalysts 35Ni/NDC_RGlu, 
35NI/NDC_RXyl and 35NI/NDC_RV, compared to the fresh one 35Ni/NDC.  
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Figure C19. The conversion of glucose (XGlu) and the yield of sorbitol (Ysor) over 35Ni/NDC 
and 35Ni/CB in the aqueous-phase hydrogenation of Glu to Sor; reaction conditions: cGlu 
= 56 mM (1.0 wt.-%), T = 423 K, mcatalyst = 1.0 g, Qeduct = 0.3 mL min-1 (τ= 4.2 h molNi molGlu

-

1), QH2
 = 15 mL min-1, p = 2.5 MPa. 

 

 

 

Figure C20. The conversion of Xyl (XXyl) and the yield of Xyt (YXyt)  in the absence of 
catalyst, in the presence of NDC and using 35Ni/NDC in the aqueous-phase 
hydrogenation of Xyl to Xyt; reaction conditions: cXyl = 68 mM (1.0 wt.-%), T = 423 K, Qeduct 
= 0.3 mL min-1  (τ= 3.6 h molNi molXyl

-1 ), mcatalyst= 1.0 g, QH2
 = 15 mL min-1, p = 2.5 MPa.    
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Figure C21. The space time conversion  of Xyl (STCXyl) and  space time yield of Xyt 
(STYXyt) as a function of temperature “T” using 35Ni/NDC in the aqueous-phase 
hydrogenation of Xyl to Xyt; reaction conditions: cXyl = 68 mM (1.0 wt.-%), T = 373 K, 398 
K and 423 K, Qeduct = 0.3 mL min-1 (τ= 3.6 h molNi molXyl

-1), QH2
 = 15 mL min-1, p = 2.5 MPa.    

 

Figure C22. The space time conversion  of Xyl (STCXyl) and  space time yield of Xyt 
(STYXyt) as a function of the space time “τ” using 35Ni/NDC in the aqueous-phase 
hydrogenation of Xyl to Xyt; reaction conditions: cXyl = 68 mM (1.0 wt.-%), T = 423 K, Qeduct 
= 0.3, 0.5 and 0.7 mL min-1 (τ= 3.6, 2.2 and 1.6 h molNi molXyl

-1), QH2
 = 15 mL min-1, p = 2.5 

MPa.    
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Figure C23. The conversion  of V (XV) and yield  of MMP (YMMP) in the absence of catalyst, 
in the presence of NDC and using 35Ni/NDC in the aqueous-phase hydrogenation of V to 
MMP; reaction conditions: cV = 71 mM (1.0 wt.-%), T = 423 K, mcatalyst = 1.0 g, Qeduct = 0.5 
mL min-1  (τ = 3.4, h molNi molV-1), QH2

 = 15 mL min-1, p = 2.5 MPa.    

 

 

  

Figure C24. The space time conversion of V (STCV), the  space time yield of VA (STYVA) 

and space time yield of MMP (STYMMP) as a function of space time “τ” using 35Ni/NDC in 
the aqueous-phase hydrogenation of V to MMP; reaction conditions: cV = 72 mM, T = 423 
K, Qeduct = 0.3, 0.5, 0.7, 1.0, 1.5 and 3.0 mL min-1 (0.35, 0.63, 0.92, 1.3, 1.8, 3.5  h molNi 
molV-1) , QH2

 = 15 mL min-1 and p = 2.5 MPa.    
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Supporting information Chapter 4.4.2 

 

Table C2. Textural properties deduced from N2-sorption, for different Beta zeolites, NDC 
and 35Ni/NDC. 

Catalyst 
ABET

 / m2 

g-1 

Vp / cm3 

g-1 
Dp / nm 

Beta(12.5) 111 0.3 5.0 

Beta(75) 520 0.3 5.7 

Beta(150) 451 0.2 5.2 

Beta(75)_ Spent 290 0.3 5.1 

35Ni/NDC 700 0.4 4.0 

35Ni/NDC_Spent 441 0.33 4.0 
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Figure C25. XRD patterns of the fresh and spent Beta (75) and the fresh and spent 
35Ni/NDC. 
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Figure C26. SEM images for the fresh and spent Beta(75). 

 

 

 

 

Figure C27. Arrhenius plot and activation energy (Ea) for the Sorbitol dehydration to 1,4-
sorbitan (A) and further to isosorbide (B) at different reaction temperatures (483, 493and 
503 K); reaction conditions: csorbitol = 0.05 M, Qsolution = 0.3 mL min-1, mcatalyst = 2.5 g, psystem 
= 4.0 MPa and space time = 3.0 h kg mol-1. 
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Figure C28. The conversion of sorbitol and the yield of isosorbide and 1,4-sorbitan as a 
function of space time; Reaction Conditions: csorbitol = 0.05 M, Qsolution = 1 mL min-1, T = 503 
K, mcatalyst = 2.5 pressure = 4.0 MPa g and space time = 0.8 h kg mol-1. 
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Figure C29. TGA in synthetic air of the spent Beta(75) in sorbitol to isosorbide, as well 
as in glucose to isosorbide. 
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Figure C30. The conversion of glucose and the yield of sorbitol and fructose as a 
function of time on stream (TOS) using 35Ni/NDC; Reaction conditions: cglucose = 0.05 M, 
Qsolution = 0.7 mL min-1, T = 423 K pH2

 = 4.0 MPa, mcatalyst = 10 g and space time = 4.9 h 

kg mol-1.  

 

 
Scheme C1. Proposed synthesis of isosorbide by hydrogenation of glucose to sorbitol 
over 35Ni/NDC, followed by sorbitol dehydration to 1,4-sorbitan and finally to isosorbide 
over Beta(75).  
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Beta zeolite acid sites discussion 

 

   The textural properties of all the used Beta zeolites, i.e., Beta(12.5), Beta(75) 

and Beta(150), were characterized via N2-sorption, XRD, SEM and Pyr-IR. The 

detailed description of the used methods is reported in Section B2 of Appendix.  

The specific surface area (ABET), the pore volume (Vp) and the average pore-

diameter (Dp) were deduced from N2-sorption, (Table C2) Beta(75) and Beta(150) 

exhibited higher specific surface area of 520 m2 g-1 and 451 m2 g-1 with respect to 

Beta(12.5), i.e., 111 m2 g-1. Similar trend was found for specific pore volume, 

whereas average pore diameter (Dp) was in the mesopore range (Dp ~ 5 nm) for all 

used Beta zeolites, (Table C2). 

Table C3. Brønsted acid sites (BAS), Lewis acid sites densities (LAS) measured at 423 
K, 523 K and 623 K and silanol groups densities deduced from Pyr-IR for Beta(12.5), 
Beta(75) and Beta(150). 

Catalyst 
BAS /  

µmol g-1 

LAS /  

µmol g-1 

Silanols 

/ µmol g-

1 

 423 K 523 K 623 K 423 K 523 K 623 K  

Beta(12.5) 227 203 137 222 190 137 591 

Beta(75) 73 69 64 20 14 10 1289 

Beta(150) 52 50 43 5 4 3 2542 

 

The Brønsted (BAS) and Lewis (LAS) acid site densities of the fresh Beta zeolites 

has been quantified using Pyr-IR at different temperatures, i.e., 423 K, 523 K and 

623 K, (Table C3).  At all measured temperatures, the amount of total acid sites 

decreases with the increase of the Si/Al molar ratio of the zeolites. At the 

temperature of 523 K (the closest to the reaction temperature), the total acid site 

densities (BAS and LAS) were 393 µmol g-1, 83 µmol g-1 and 54 µmol g-1 for 

Beta(12.5), Beta (75) and Beta(150), respectively. As expected, increasing the 

Si/Al molar ratio, i.e., Beta(12,5), Beta(75) and Beta(150), the BAS has been found 

to be decreased in all utilized Beta zeolite at 523 K. Beta(75) showed a BAS of 69 
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µmol g-1 and LAS of 14 µmol g-1 at 523 K, while Beta(150) possesses lower BAS 

of 50 µmol g-1 and LAS of 4 µmol g-1 at 523K, with respect to Beta(12.5) and 

Beta(150). To investigate the strength of these acidic sites, pyr-IR measurements 

was performed at 423K, 523 K and 623 K. In all cases, increasing the measurement 

temperatures is combined with drop in BAS or LAS acid site density (Table C3). 

Noteworthy to be mentioned that LAS significantly dropped at Beta(75) and 

Beta(150) by increasing the temperature of pyr-IR measurements to 10 µmol g-1 

and 3 µmol g-1, respectively. This indicated that BAS was found to be the strong 

and stable acid sites in these Beta zeolites at elevated measurement temperatures, 

which show that BAS are the responsible sites of the activity of Beta zeolites in the 

dehydration of sorbitol to isosorbide at 503 K.  In addition, the silanols group 

amount in all three Beta zeolites has been deducted from the FT-IR 

measurements. It has been found that silanol groups are directly dependent on the 

Si/Al molar ratio, and amounted 591 µmol g-1, 1289 µmol g-1 and 2542 µmol g-1 for 

Beta(12.5), Beta(75) and Beta(150), respectively.  
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Figure C31. The conversion of sorbitol and the yield of 1,4-sorbitan and isosorbide as a 
function of Brønsted acid sites at three different Beta zeolites, i.e., Beta(12.5), Beta(75) 
and Beta(150); Reaction conditions: csorbitol = 0.05 M, Qsolution = 0.3 mL min-1, T = 503 K, 
psystem = 4.0 MPa, mcatalyst = 2.5 g and space time = 3.0 h kg mol-1. 
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   Aiming to fully understand the role of the acid sites for isosorbide production from 

sorbitol, we investigated Beta zeolites with different Si/Al molar ratios (12.5, 75 and 

150) under the optimum reaction conditions (Figure C31). The density and the 

nature of the active acid sites over the different zeolites were determined by 

pyridine adsorption and desorption at 523 K, followed by infrared spectroscopy 

(IR). The high wavenumber zone of the spectra of the different zeolites after 

activation (prior to pyridine adsorption) show a different distribution of the 

superficial sites (Figure C32). Regardless the difference in the distribution of the 

superficial sites, all Beta zeolites showed a sorbitol conversion between 90-95 

mol%, however, a difference in the isosorbide yields was observed (Figure C31). 

Beta(75) with 69 µmol g-1 Brønsted acid sites (BAS) showed the maximal 

isosorbide yield (83 mol%), while Beta(12.5) with 203 µmol g-1 BAS, and Beta(150) 

with 50 µmol g-1 BAS only gave isosorbide yields of ~ 50 mol% (Figure C31 and 

C33). Correspondingly, 1,4-sorbitan yield was minimized (12 mol%) using 

Beta(75). A low Si/Al molar ratio, Beta(12.5), led to a fast dehydration of sorbitol to 

1,4-sorbitan (41 mol%), but a slow follow up reaction to isosorbide, leading to the 

formation of undesired mono dehydration product (1,4-sorbitan) with yields of 49 

mol%. This observation could be explained by the fact that removal of water 

molecules in dehydration reactions in aqueous media is thermodynamically 

favored by using a catalyst with enhanced hydrophobicity, i.e., high Si/Al ratio.[177, 

323, 324]  

 

Figure C32. Infrared spectra of the different Beta zeolites in the region of ν(OH) stretching 
bands (3400-4000 cm-1) after activation at 673 K under secondary vacuum. 
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   Next to the amount of acid sites, the nature of the superficial sites offering the 

acidity to the material plays an important role in driving the selectivity of the 

reaction.[319] Indeed, the presence of terminal Al-OH (3780 cm-1) in significant 

proportions over Beta(12.5) may explain the poor selectivity of this latter, as they 

were seen to have a certain affinity to pyridine molecules (Figure C32).[325, 326] Over 

Beta(75), Al-OH species are mainly present in the structure in the form of 

framework Al-OH (3602 cm-1), which lead us to believe in their role in the selective 

production of isosorbide. We should note that an excess in the framework Al-OH 

amount may enhance the hydrophilic nature of the material and thus leads to the 

formation of undesired mono dehydration product (1,4-sorbitan).[327] A further 

increase in Si/Al molar ratio from 75 to 150 is coupled with a reduction of the 

amount of BAS together with an increase in the amount of silanol Si-OH species. 

As a result, the use of Beta(150) lowers the isosorbide yield from 83 to 52 mol%. 

These results are in a strong agreement with the finding of Kobayashi et al. [177] for 

the melt phase synthesis in batch system at 400 K. However, the sorbitol 

conversion, and isosorbide and 1,4-sorbitan yields were found higher over the 

whole range of Si/Al ratio, which we attribute to the higher temperature, i.e. 503 K, 

as well as the absence of diffusion limitation due to the continuous flow system 

usage. 

 

Figure C33. Infrared spectra of the residual pyridine species over the different Beta 
zeolites after adsorption and desorption at 523 K under secondary vacuum.  
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C.3 Supporting information chapter 5 

 
 
Supporting information chapter 5.2 

 

 

Figure C34. TGA of sodium lignosulfonate (LS) in synthetic air.  

 

 

 

Figure C35. SEC chromatograms of LS. The straight line indicates the eluents buffer 
reference peak (NaHPO3), dotted and dashed lines show the analytical standard peaks 
(sodium poly-(styrene sulfonate)) with Mw of 246 g mol-1 (RT = 10.9 min) and with Mw of 
891 g mol-1 (RT= 10.4 min), respectively. 



 
 
 

 
151 

 

 

 

 

Figure C36. 2DHSQC NMR spectra of LS. Selected structural motif are highlighted: 
Guaiacyl units (G2,5,6) and sulfo-groups (α-Sβγ).  
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Figure C37. FTIR of sodium lignosulfonate (LS) and of the residual LS after SHF-
MeOH/H2O treatment. The highlighted peaks e assigned in Table C4. 

 

Table C4 Main FTIR peak assignment from Figure C37, according to literature. 

Wave number 
/ cm-1 

functional group reference 

3450-3300 O-H stretching vibration [328] [329] [330] 

2934 C-H stretching CH3 (and O-CH3) [328] [329]  

2854 C-H stretching CH2 [328] [329] 

2359 CO2  noise n.a. 

1713 C=O stretching vibration [328] 

1585 C=C stretching (aromatic) and C=O stretching [329] 

1390-1487 Aromatic ring breathing [328] [329] 

1150-1200 O=S=O symmetric stretching [329] [330] [290] 

1122 C-O alkoxy group vibration [288] 

1036 S=O stretching [330] [288] 

791 Aromatic C-H out of plane  [328] [329] 

626 C=O ketone vibration breathing [328]
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Figure C38. GPC chromatograms of the thermal fractionation (SF) of LS in EtOH/H2O (1:1 
wt.-% Ratio). Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 523 K, p = 7.0 

MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min.  The straight line 

indicates the eluents buffer reference peak (NaHPO3), dotted and dashed lines show the 
analytical standard peaks (sodium poly-(styrene sulfonate)) with Mw of 246 g mol-1 (RT = 
10.9 min) and with Mw of 891 g mol-1 (RT= 10.4 min), respectively.  

 

 

Figure C39. Mass-average (Mw) and number-average (Mn) molar mass for LS thermal 
fractionation (SF) with MeOH/H2O (up) and EtOH/H2O (down) as a function of reaction 
temperature. Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 523 K, p = 7.0 

MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1 and tresidence = 50 min.  The straight line 

indicates the eluents buffer reference peak (NaHPO3), dotted and dashed lines show the 
analytical standard peak (sodium poly-(styrene sulfonate)) with Mw of 246 g mol-1 (RT = 
10.9 min) and with Mw of 891 g mol-1 (RT= 10.4 min), respectively. 
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Table C5.  Weight- (Mw) and number- (Mn) averaged molecular weight distribution and 
dispertity (Đ) values calculated from SEC in function of different solvents in SF and SHF 
experiments. 

Sample LS SF-MeOH/H2O SF-EtOH/H2O SHF-MeOH/H2O SHF-EtOH/H2O 

T / K n.a. 423 473 523 423 473 523 423 473 523 423 473 523 

Mw  /    

 g mol-1 
12390 9132 6093 3856 8899 6886 2994 10104 3106 433 8457 1556 502 

Mn  /    

 g mol-1 
1364 1192 991 586 1206 963 556 993 589 360 968 583 485 

Đ 9.1 7.7 6.1 6.5 7.4 7.1 5.3 10 5.3 1.2 8.7 2.7 1.1 

n.a.: not applicable 

5 10 15 20 25 30

In
te

n
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 / 

a.
u

.

Retention time / min

 SF
 SHF

Dimers and
Trimers

Monomers

 

Figure C40. Chromatograms of solvothermal frgamentation (SF) of LS and solvothermal 
combined with catalytic hydrogenolyisi/hydrogenation (SHF) with MeOH/H2O solvent 
mixture.Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 523 K, p = 7.0 MPa, 

Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min. solvent system: MeOH/H2O 

and EtOH/H2O with weight ratio (1:1).mcat = 10.0 g.  
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Table C6. identified compounds from GC-MS of  the solvothermal fragmentation (SF) 
experiment with MeOH/H2O. 

RT  /  
Min 

Name Structure 

7.563 Guaiacol 

 
10.061 4-propylphenol 

 
10.423 
 

4-Ethyl guaiacol 

 
10.911 Ethanone,1-(2-hydroxy-5-ethylphenyl)- 

 
11.542 p-Cymene-2,5-diol 

 
11.637 Phenol, 2-methoxy-4-propyl 

 
12.079 Vanillin 

 
12.171 Isoeugenol 

 
 

12.730 Eugenol 

 
13.226 t-butylhydroquinone 
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13.645 BHT – (MeTHF stabilizer) 

 
13.765 Homovanillyl alcohol 

 
13.988 Benzene, 4 butyl-1,2-dimethoxy 

 
14.753 Butanone,4-(4-hydroxy-3-methoxyphenyl)- 

 
15.093 Di-hydroconyferyl alcohol 

 
16.061 Benzeneacetic acid, 3,4 dimethoxy 
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Figure C41.  Monomer yield for the MeOH/H2O  solvothermal fragmentation (SF) – (up) 
and identified monomers structure (down) Reaction conditions: c

LS
 = 1.0 wt.-%, T = 523 

K, p = 7.0 MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min. solvent 

system: MeOH/H2O with weight ratio (1:1).mcat = 10.0 g.  
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Figure C42. Mass-average (Mw) and number-average (Mn) molar mass fot SHF-MeOH 
(up) and SHF-EtOH/H2O (down) as a function of reaction temperature. Reaction 
conditions: T = 423 K, 473 K, and 523 K, P = 7.0 MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL 
min-1, tresidence = 50 min, mcat = 10 g.  
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Figure C43. 2DHSQC NMR spectra of SHF-MeOH/H2O. Reaction conditions: c
LS

 = 1.0 

wt.-%, T = 523 K, p = 7.0 MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 

min. solvent system: MeOH/H2O and EtOH/H2O with weight ratio (1:1).mcat = 10.0 g.  
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Figure C44. Mass-average (Mw) and number-average (Mn) molar mass fot SHF-
MeOH/H2O as a function of reaction temperature. Reaction conditions: T = 523 K, P = 7.0 
MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1, tresidence = 50 min, mcat = 10 g. 
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Table C7. Identified compounds from GC-MS of  SHF experiment with MeOH/H2O. 

RT  /  
Min 

Name Structure 

7.563 Guaiacol 

 
8.742 Phenol 2-ethyl 

 
8.961 Ethyl p-hydroxybenzoate 

 
9.180 Creosol 

 
10.061 4-Propylphenol 

 
10.423 
 

4-Ethyl guaiacol 

 
11.542 p-Cymene-2,5-diol 

 
11.726 Propyl Guaiacol 

 
12.079 Vanillin 

 
12.171 Isoeugenol 

 
 

12.730 Eugenol 
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13.306 t-Butylhydroquinone 

 
13.645 BHT – MeTHF stabilizer 

 
13.765 Homovanillyl alcohol 

 
13.988 Benzene, 4 butyl-1,2-dimethoxy 

 
14.389 3,4-Dimethoxyphenyl alcohol 

 
14.753 Butanone,4-(4-hydroxy-3-ethoxyphenyl)- 

 
15.093 Dihydroconyferyl alcohol 

 
16.061 Benzeneacetic acid, 3,4 dimethoxy 
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Table C8. Quantified compound, via GC-FID of the SHF- LS fragmentation experiments. 

GC-MS 
RT/ 
Min 

GC-FID 
RT/ 
Min 

structure Name abbreviation 

11.653 17.70 

 

Propyl guaiacol G1 

10.428 13.548 

 

Ethyl guaiacol G2 

13.735 16.802 

 

Homovanillic 
alcohol 

G3 

15.098 18.137 

 

Dihydroconiferyl 
alcohol 

G4 

7.632 10.810 

 

Guaiacol G5 

9.158 12.330 

 

Creosol G6 

10.058 13.134 

 

4- Propyl phenol H1 
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Figure C45. GC-FID Chromatogram of the MeTHF fraction extracted from the SHF of LS 
using MeOH/H2O solvent mixture at 523 K. The red cross of the peak at 16.8 corresponds 
to the BHT stabilizer of MeTHF. Reaction conditions: c

LS
 = 1.0 wt.-%, T = 523 K, p = 7.0 

MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min. solvent system: 

MeOH/H2O with weight ratio (1:1).mcat = 10.0 g. 

 

 

 

Figure C46. Cumulative monomer yield for the SHF-MeOH/H2O and SHF-EtOH/H2O as 
function of temperature Reaction conditions: c

LS
 = 1.0 wt.-%, T = 423 K, 473 K and 523 K 

, p = 7.0 MPa, Qeduct = 1.0 mL min-1,QH2 = 20 mL min-1and tresidence = 50 min. solvent system: 

MeOH/H2O and EtOH/H2O with weight ratio (1:1).mcat = 10.0 g. 
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Table C9. Weight- (Mw) and number- (Mn) averaged molecular weight distribution and 
dispesity (Đ) values calculated from SEC.  The reaction conditions are reported in Figure 
5.6 of Chapter 5 

Sample LS 
SHF-

MeOH/H2O 
Flow 

2.5 wt.-% 
Two 

Reactors 
Batch 

3h 
Batch 

1h 
Mw  /    

 g mol-1 
12390 433 430 393 684 491 

Mn  /    
 g mol-1 

1364 360 391 337 6942 1615 

Đ 9.1 1.2 1.1 1.1 10 3.3 

 

 

 

Supporting information Chapter 5.3 

 

 

 

 
 

 

Figure C47. TGA in synthetic air of BWS. 
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Figure C48. Residual BWS mass as function of temperature in SF process using MeTHF 
as solvent. . Reaction conditions: M35Ni/NDC = 10 g, mBWS = 10 g, Textraction= 448, 473 K, 
498 K, 523 K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, tresidence = 50 min.  

 

 

 

 

 

 

 

Figure C49. Residual Wood Mass after SF experiment MeOH and MeTHF as solvents; 
Reaction conditions: mBWS = 10 g, Textraction= 498 K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, 
tresidence = 50 min.  
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Table C10: Mass- (Mw) and number-(Mn) molecular weight distribution, and the dispersity 
(Đ) calculated from SEC 

 

 

 

 

 

 
 
 
 
 

 

 
Figure C50. UV-Vis spectra of SF using MeTHF as solvent at different times. Reaction 
conditions: mBWS = 10 g, Textraction= 498 K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, tresidence= 50 
min. Caution: Due to the presence of BHT (UV inhibitor), which strongly adsorb UV in the 
MeTHF in both the reference cell and in the measuring cell, the absorbance presented 
negative peaks at 280 nm and 220 nm. 

 

 
 
 
 
 
 
 
 
 

 
Mw/ 

g mol-1 
Mn/ 

g mol-1 
Đ 

MeTHF 1160 896 1.3 

MeOH 1239 903 1.3 
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Table C11: Retention time and structure of the quantified compound with GC-FID 
 

RT –GC FID  
/ Min 

Name Structure Symbol 

10.6 
 
 

Guaiacol 
 

G5 

 
 

12.1 

 
 

Creosol 
  

G6 

13.4 

 
 

4-Ethyl 
guaicaol  

 

G2 

14.5 
 

4-propyl 
guaiacol 

 

G1 

16.6 
Homovanyllic 

alcohol 

 

G3 

18.0 

 
 

Dihydro-
coniferyl 
alcohl  

G4 

 
15.6 

Isoeugenol 

 

G7 

14.4 Syringol 

 

S1 

15.5 

 
 

4-Methyl 
syringol 

 

S2 
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16.5 
4-Ethyl 
syringol 

 

S3 

17.5 
4-Propyl 
syringol 

 

S4 

19.4 
Syringyl ethyl 

alcohol 

 

S5 

20.5 
Dihydro 
sinapyl 
alcohl 

 

S6 

18.3 Allyl syringol 
HO

O

O

 

S7 

18.5 
Isoallyl 
syringol 

 

S8 
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Figure C51. Cumulative monomer yield as a funtion of time on stream at different T of 
extraction using MeOH as solvent. Reaction conditions: m35Ni/NDC = 10 g, mBWS = 10 g, 
Textraction= 498 K and 508 K Treduction = 498 K, p= 7.0 MPa, Qeduct = 1.0 mL min-1, QH2 = 48 mL 
min-1, tresidence1= tresidence2 = 50 min. 
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