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Abstract 

Lignocellulosic biomass is the most abundant and renewable natural resource 
on earth. It has been regarded as an environmentally sustainable raw material to 
be converted into chemicals and biomaterials. To profitably use the entire 
lignocellulosic biomass, its dominant components, i.e., cellulose, 
hemicelluloses and lignin, must be fractionated effectively based on a green 
pathway. Moreover, a fractionation process suitable for a flexible and 
economically feasible integrated biorefinery should be beneficial for the 
subsequent valorization of each obtained stream. In this thesis, formic acid 
fractionation of bamboo was developed to separate its major components. The 
obtained fractions were thoroughly analyzed by using advanced instruments 
analysis methods. Furthermore, valorization processes for the production of 
lignin nanoparticles, lignin-based composite and hybrid nanoparticles were 
developed to achieve integration of the concept of current biorefinery into 
nanomaterials production. 
 
Firstly, one-step formic acid fractionation approach was developed for 
converting bamboo (Neosinocalamus affinis) to its main components focusing 
on the selective separation of lignin and hemicelluloses. Under the optimized 
conditions (i.e., 85% formic acid, a liquor-to-solid ratio of 7:1, and a 
temperature of 145 °C for 45 min), this process provided a high efficient way 
to produce 42.2% cellulose pulp, 31.5% lignin, 8.5% hemicellulose fractions. 
An integrated process combining autohydrolysis and formic acid rapid-
delignification for bamboo chips was also explored. Autohydrolysis 
pretreatment facilitated oligosaccharide production, while the subsequent rapid-
delignification using formic acid at a low liquid/solid ratio with a relatively 
short reaction time allowed to obtain cellulose fibers and lignin with a high 
purity. 
 
Then, the structural characterization of lignin obtained from formic acid 
fractionation of bamboo was conducted. The results indicated that the formic 
acid fractionation under pressure presented a quick and efficient delignification 
method by enhancing the cleavage of interunitary bonds in lignin, however, 
condensation reaction of dissolved lignin also occurred. Compared to 
atmospheric formic acid lignin, high-pressure formic acid lignins obtained from 
both original and autohydrolyzed bamboo showed a higher purity and yield, and 
had relatively higher contents of phenolic and carboxylic groups. 
 
The dissolved lignin was processed into nanoparticles (lignin-NPs), which 
exhibited spherical morphology and a uniform particle size distribution. 
Moreover, the obtained cellulose was easily converted into cellulose 
nanocrystals (CNCs) by using TEMPO oxidation in a relatively short time. 
Mixtures of lignin-NPs and CNCs were prepared and further filtrated to form 
nanocomposite films. The lignin-NPs were homogeneously dispersed in the 
CNCs matrix and the obtained nanocomposite films exhibited a very smooth 
surface. Most impressively, at CNCs/lignin-NPs ratio of 5:1, the tensile strength 
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and Young’s modulus were improved by 44% and 47%, respectively, compared 
to the pure CNC film. Owning to the presence of lignin-NPs, the 
nanocomposites also exhibited an effective antibacterial activity against E. coli 
(ATCC 11229).  
 
Additionally, novel hybrid nanoparticles were prepared by a facile method 
involving epichlorohydrin as a cross-linker between carboxymethylated lignin 
and amino-functionalized magnetic nanoparticles. Both the special 
nanostructures and the abundant active sites produced from the 
carboxymethylated lignin are beneficial for achieving excellent performance for 
the adsorption of heavy metal ions. The as-synthesized magnetic hybrid 
nanoparticles exhibited adsorption capacities of 152.4 and 71.4 mg/L for Pb2+ 
and Cu2+, respectively. More importantly, the adsorption equilibrium of Pb2+ 
and Cu2+ onto hybrid nanoparticles can be achieved within 30 s, which was 
among the fastest of those previously reported for Pb2+ and Cu2+ adsorbents. The 
binding mechanism of Pb2+ and Cu2+ by hybrid nanoparticles could be attributed 
to ion exchange and hydrogen bonding.  

 

Keywords 

autohydrolysis, biorefinery, formic acid fractionation, functional 
nanocomposite, heavy metal ions, lignin-based hybrid magnetic nanoparticles, 
lignin nanoparticles, lignin structure, nanocellulose, ultrafast adsorption 
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Svensk sammanfattning 

Biomassa från lignocellulosamaterial är den mest förekommande och förnybara 
naturliga råvaran på jorden. Biomassa anses vara ett miljövänligt och hållbart 
råmaterial som kan konverteras till kemikalier och biomaterial. För att lönsamt 
använda hela biomassan måste dess ingående huvudkomponenter, d.v.s. 
cellulosa, hemicellulosor och lignin, effektivt fraktioneras i en miljövänlig 
process. En optimal fraktioneringsprocess i en flexibel och ekonomisk lönsam 
integrerad bioraffineringsprocess bör dessutom vara anpassad för efterföljande 
förädling av de olika råmaterialströmmarna. I detta arbete utvecklades 
myrsyrafraktionering av bambu så att huvudkomponenterna i bambu kunde 
separeras. Fraktionerna som erhölls analyserades noggrant med hjälp av 
avancerade analysmetoder. Dessutom utarbetades metoder för att förädla lignin 
till nanopartiklar, lignin-baserade kompositer och hybrid-nanopartiklar för att 
integrera bioraffineringskonceptet med produktion av nanomaterial. 
 
Först utvecklades en process för fraktionering av bambu (Neosinocalamus 

affinis) med myrsyra i ett steg. Processen fokuserade på selektiv isolering av 
lignin och hemicellulosor. Under optimala förhållanden (d.v.s. 85 % myrsyra, 
förhållandet koklut till fast material 7:1 och en temperatur på 145 °C i 45 min), 
erbjöd denna process ett högeffektivt sätt att producera 42,2 % cellulosamassa, 
31,5 % lignin och 8,5 % hemicellulosor. En integrerad process som 
kombinerade autohydrolys och behandling med myrsyra för snabb 
delignifiering av bambuflis undersöktes också. Den autohydrolytiska 
förbehandlingen underlättade produktionen av oligosackarider, medan den 
efterföljande myrsyradelignifieringen, som kunde utföras med relativt korta 
reaktionstider och lågt förhållande mellan kokvätska och bambu, resulterade i 
cellulosafibrer och lignin. 
 
Den kemiska strukturen på ligninet som erhölls från myrsyrafraktioneringen 
karakteriserades. Resultaten indikerade att myrsyrafraktionering under tryck var 
en snabb och effektiv delignifieringsmetod eftersom denna metod ökade 
spjälkningen av bindningar mellan ligninenheterna. Dock skedde också 
kondensationsreaktioner hos det utlösta ligninet. Lignin som erhållits med 
myrsyrafraktionering vid högt tryck, med eller utan autohydrolys, hade högre 
renhet och utbyte samt relativt högre halt av fenoler och karboxylsyror jämfört 
med lignin som producerats vid atmosfärstryck. 
 
Det lösta ligninet processerades till nanopartiklar (lignin-NP), vilka uppvisade 
en sfärisk morfologi och en jämn partikelstorleksfördelning. Den erhållna 
cellulosan kunde dessutom lätt och relativt snabbt konverteras till 
cellulosananokristaller (CNC) genom TEMPO-oxidering. Blandningar av 
lignin-NP och CNC preparerades och filtrerades för att forma nanokomposit-
membran. Lignin-nanopartiklarna dispergerades homogent i matrisen av 
nanocellulosa och nanokomposit-membranerna hade en väldigt jämn yta. Vid 
förhållandet CNC:lignin-NP 5:1, så erhölls en imponerande ökning i dragindex 
(44 %) och i Young’s modul (47 %) jämfört med membran av enbart CNC. 
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Nanokompositerna uppvisade också en effektiv antibakteriell aktivitet mot E. 

coli (ATCC 11229) som kunde kopplas till närvaron av lignin-NP. 
 
Ytterligare preparerades hybrid-nanopartiklar av lignin genom en enkel metod 
som inkluderade epiklorhydrin som tvärbindare mellan karboximetylerat lignin 
och aminofunktionaliserade magnetiska nanopartiklar. Både den speciella 
nanostrukturen och de rikligt förekommande aktiva centra från det 
karboximetylerade ligninet är fördelaktiga för att producera nanopartiklar med 
utmärkt prestationsförmåga att adsorbera tungmetalljoner. De syntetiserade 
magnetiska hybrid-nanopartiklarna kunde adsorbera 152,4 mg/l Pb2+ och 71,4 
mg/l Cu2+. Ännu viktigare var att adsorptionsjämvikten för hybrid-
nanopartiklarna uppnåddes redan efter 30 s, vilket är bland det snabbaste som 
rapporterats för adsorbenter av bly- och kopparjoner. Bindningsmekanismen för 
Pb2+ och Cu2+ på hybrid-nanopartiklarna tillskrevs jonbytesreaktioner och 
vätebindningar. 
 

Nyckelord 

Autohydrolys, bioraffinering, myrsyrafraktionering, funktionella 
nanokompositer, tungmetalljoner, lignin-baserade hybrid-magnetiska 
nanopartiklar, lignin-nanopartiklar, ligninstruktur, nanocellulosa, ultrasnabb 
adsorption 
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1. Introduction 

1.1 Biomass and biorefinery 

 

Figure 1.1. Illustrative flow of biomass to marketable products in a biorefinery 

process. 

Currently, the energy requirement of human development is largely met by 

fossil resources, such as petroleum, coal, and natural gas. The enormous 

consumption of fossil fuels due to increasing industrialization has led to serious 

environmental problems, such as climate change, as well as air and water 

pollution. The urgent need to look for sustainable resources as alternatives to 

meet the increasing energy demand has attracted extensive attention. Biomass 

is one of the most promising resources to meet the challenges of sustainable and 

green energy systems, and contributes to over 50% of the world’s renewable 

energy. [1] On the other hand, biomass has also enormous forthcoming 

potentials to deliver human needs of all useable forms of chemicals, and 

materials. Biomass is a plant matter, which originally comes from solar energy 

through the photosynthesis. Biomass includes energy crops and trees, 

agricultural and forestry residues, aquatic plants, industrial and municipal 

wastes, and other waste materials. Among various biomass resources, 

lignocellulosic biomass particularly attracts a great deal of attention all over the 

world. This is not only because its amount is abundant, but also because the 

integrated utilization of lignocellulosic biomass is expected to contribute to 

revitalizing the traditional forest products industries, such as the pulp and 

papermaking industry. Lignocellulosic biomass is primarily composed of 

cellulose, hemicelluloses, lignin and small quantities of other compounds such 

as pectins, proteins, extractives and ash. To overcome the disadvantages of 

traditional forest products industries and to achieve full utilization of 

lignocellulosic biomass, it is of great significance that the main components of 

lignocellulosic biomass are considered as a raw material to produce various bio-

based chemicals and materials. [2]  

A concept similar to the modern petroleum refinery defined as “biorefinery” has 

been proposed to produce a spectrum of marketable products and energy from 

biomass. [3] International Energy Agency (IEA) defines biorefinery as a 

sustainable processing of biomass into a spectrum of marketable food and feed 

ingredients, chemicals, materials and energy”. [4]  
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Through its definition, it is clear that the most important distinguishing features 

of biorefinery are the numerous and various type of high-value products. 

Generally, an integrated biorefinery involves multi-step processes, in which the 

first step is conventionally referred to as fractionation of biomass. In this step 

the feedstock is fractionated into its main distinguished components. Afterwards, 

the obtained biomass components are used in further conversion processes, in 

which the outputs can be converted to various marketable products such as 

chemical intermediates, biofuels, and materials (Figure 1.1). 

As one of the most abundant biomass feedstocks in the world, approximately 6-

7 million tons of bamboo are produced annually in Asia, because of its high 

productivity, short regrowth period, easy propagation, and low sensitivity to 

disease. [5, 6] It has received increasing attention as a biomass source for 

numerous applications within the emerging field of biorefinery. It is important 

to note that the maximum utilization of the raw materials and minimum 

production of residues is a grand challenge for biorefinery. In order to maximize 

the value of the fractions obtained from lignocellulosic biomass and avoid the 

potential environmental pollution, establishment of an effective fractionation 

process is of great significance. Moreover, the sustainable valorization 

pathways should be further developed to convert the major components 

obtained from the fractionation into chemicals, materials and biofuels in future 

biorefinery concepts. [7-9] 

1.2 Biomass fractionation processes 

1.2.1 Organosolv fractionation processes 

 

Figure 1.2. The biorefinery platform based on organosolv fractionation of 

lignocellulosic biomass. 

As a typical consumer of lignocellulosic biomass, traditional pulping processes, 

such as conventional alkaline Kraft and acidic sulphite pulping processes, use a 
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lot of water and chemicals and require efficient effluent treatment to avoid 
serious environmental problems. Furthermore, the commercial pulping 
processes mainly focus on the extraction of the cellulose fraction, while the 
other two main components, hemicelluloses and lignin, are still underutilized. 
[10] For example, the majority of Kraft lignins produced by conventional 
chemical pulping mills are burnt to generate heat and power without considering 
its potential values. Only approximately 2% by mass is commercially available, 
ascribed to the complexity of the lignin structure formed during the pulping 
processes. [11] To promote full utilization of the main components of 
lignocellulosic biomass, it is essential to develop an efficient and 
environmentally friendly fractionation approach to selectively separate each 
component and to facilitate the subsequent valuable conversion. 

Recently, new biorefinery technologies based on organosolv fractionation were 
developed to obtain cellulose, lignin, and hemicellulosic sugars from 
lignocellulosic biomass without extensive degradation and modification of 
those biopolymers, [12] as shown in Figure 1.2. Importantly, the organic 
solvents can easily be recovered and reused. Such an environment-friendly 
approach particularly also provides the possibility of exploiting the high-value 
applications based on the three components of lignocellulose. [13, 14] 

Novel fractionation processes using organic solvents, especially alcohols and 
organic acids, have been proven to be promising for selective separation of 
lignocellulosic biomass. [15-18] During recent decades, volatile alcohols with 
low boiling point have been widely reported as the organic solvent to fractionate 
lignocellulosic biomass in organosolv processes. Among those alcohols, 
methanol and ethanol have been frequently used due to their low cost, [19] and 
ethanol is sometimes preferred because of its lower toxicity. During the 
fractionation processes, the reaction temperature usually exceeds 160 °C for a 
process times of 30-90 min. The process parameters depend on the chosen 
solvent, raw material, and delignification degree. The organosolv fractionation 
processes using ethanol and methanol are presented in Table 1.1. These 
processes can be conducted using an aqueous solution of alcohols with or 
without the addition of catalysts. The addition of catalysts, such as sulphuric 
acid, hydrochloric acid, and acetic acid, contributes to the separation of the 
lignicellulose, but it can also result in an excessive degradation of 
hemicelluloses and the enhancement of the production of furfural and HMF. 
The organosolv processes based on alcohols, including ASAM (alkali-sulfite-
anthraquinone-methanol) and ALCELL (ethanol-water), have been 
implemented at a pilot-plant or industrial scale, but these processes have not 
succeed in replacing the Kraft process. The integrated strategies to combine 
ethanol fractionation and pretreatment technologies, including enzymatic 
pretreatment and autohydrolysis, were also applied to fractionate lignocellulose. 
Both pretreatment processes facilitate the subsequent delignification by 
enhancing cleavages of aryl-ether bonds.  

Typically, the cellulose fiber is used as a raw material for papermaking and the 
production of dissolving pulp. It is also a feedstock for the production of 
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chemicals and biofuels such as glucose, ethanol, or butanol, by using enzymatic 
hydrolysis and fermentation. It has been proven that the ethanol-based 
organosolv fractionation of lignocellulosic biomass is an effective method for 
the subsequent enzymatic hydrolysis and fermentation of cellulose to produce 
glucose and ethanol. Lignin extracted from organosolv fractionation shows 
abundant carboxyl groups and a high purity. 
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        Table 1.1. Ethanol and methanol fractionation processes. 

Fractionation 
reagent 

Raw material Fractionation 
conditions 

Main result Ref. 

Ethanol Eucalyptus 

globulus 

Ethanol 60%, 
liquid/solid ratio 
6/1(v/w), 180-
200 °C, and 30-
120 min 

Glucose yields 69-
77% after 
enzymatic 
hydrolysis. 
Glucose to ethanol 
conversion 51% 
after fermentation 

[20] 

Ethanol and 
H2SO4 

Pine and elm Ethanol 75%, 
H2SO4 1%, 
liquor/solid ratio 
8/1 (w/w), 150-
180 °C, and 30-
60 min 

Ethanol yield 14.2-
87.9 g/per kg pine 
and 70.1-121.2 
g/kg of elm after 
fermentation 

[21] 

Ethanol and 
HCl 

Chamaecyparis 

obtusa 

Ethanol 50%, 
HCl 0.4%, 
liquor/solid ratio 
5.3/1 (v/w), 
170 °C, and 45 
min 

Glucose yield 70% 
after enzymatic 
hydrolysis 

[22] 

Ethanol and 
acetic acid 

Sugarcane 
bagasse 

Ethanol 60%, 
acetic acid 5%, 
liquor/solid ratio 
8/1(v/w), 190 °C, 
and 45 min 

Xylose yield 
11.83% and 
cellulose 
conversion 93.8% 
after enzymatic 
hydrolysis 

[23] 

Methanol Pressed 
pericarp fibers 

Methanol 65%, 
liquor/solid ratio 
8/1(v/w), 180 °C, 
and 75 min 

Lignin removal 
44.6% and glucose 
yields 42.5% after 
enzymatic 
hydrolysis 

[24] 

Methanol 
and H2SO4 

Hemp hurds Methanol 45%, 
H2SO4 3%, 
liquor/solid ratio 
25/1(v/w), 
165 °C, and 20 
min 

Hemicellulose 
removal 75%, 
lignin removal 
75%, and 
cellulose-to-
glucose conversion 
60% after 
enzymatic 
hydrolysis 

[25] 

Organocell 
process 

Populus 

tomentosa 

Carr 

Methanol 70%, 
NaOH 1%, 
80 °C, and 5 h 

Cellulosic fraction 
yield 80.3% and 
bioethanol 
concentration 5.09 
g/L after 
fermentation 

[26] 
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Figure. 1.3. Overview of the organic acid-based organosolv fractionation of 

lignocellulosic biomass. 

Although alcohols can be used to efficiently fractionate lignocellulosic biomass 
for high purity cellulose and lignin, it requires a high temperature and a long 
holding time to achieve efficient delignification. [27] Short-chain fatty acids, 
acetic, and formic acids have been emerged as the fractionation agents of 
lignocellulosic biomass due to their good delignification selectivity. [27] As 
shown in Table 1.2, the organosolv fractionation with a high concentration of 
organic acid can be operated under mild conditions due to its inherent 
advantages, such as high acidity and its Hildebrand’s solubility value is close to 
lignin. [19] In those processes, various catalysts, including inorganic acids (HCl 
and H2SO4) and oxidizing agents (H2O2), are usually added to assist the 
delignification during organic acid fractionation, especially in acetic acid 
treatment. The typical flowchart of organic acid fractionation is shown in 
Figure 1.3. After fractionation, the crude cellulose pulp and spent liquor are 
filtrated, and then the solids are washed with fresh organic acid and hot water, 
respectively, to prevent precipitation of the dissolved lignin. The high-purity 
cellulose is obtained by subsequent screening, which exhibited good 
performance in cellulose enzymatic hydrolysis. [28] Spent liquor, including the 
filtrate and the organic acid washings, is evaporated to recover recyclable 
organic solvent and concentrated residues, which is further separated into lignin 
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and hemicelluloses by adding water. The obtained main fractions can be further 
converted into a variety of chemicals and biomaterials. [29] For example, 
microcrystalline cellulose, which is widely used in pharmaceutical and food 
fields, can be produced from the cellulose fraction after organic acid 
fractionation. [30] Furthermore, organic acid fractionation also opens the 
possibility of using the lignin for high-value applications. It has been 
demonstrated that eucalyptus lignin obtained from the acetic acid fractionation 
process is an interesting candidate to produce lignin-based epoxy resin. [31]  

As one of the most studied organosolv fractionation processes, organic acid 
fractionation has been considered as a promising alternative to traditional 
pulping technology, because satisfying cellulose pulp yield and effective 
delignification with simultaneous hemicellulose degradation can be achieved. 
[6] Various organic acid fractionation processes, such as the Milox, [6] 
Formacell, [32] and Acetosolv [33] methods, have been developed, and 
exhibited high efficiency on different biomass materials including hardwoods, 
[34, 35] softwoods, [36] and non-woods. [6] It has been reported that organosolv 
fractionation using acetic and formic acid (65/35 mass ratio, 85% in water) at 
105 °C for 3 h resulted in efficient removal of lignin from wheat straw. [30] 85% 
lignin removal can be achieved by formic acid fractionation of rice straw in 90% 
formic acid-water solution at 100 °C for 60 min. [37] However, most of the 
organic acid fractionation processes are performed at atmospheric pressure with 
a low temperature, where the relatively mild conditions hinder efficient 
delignification.  

To further enhance the delignification degree, the whole fractionation process 
requires a long reaction time or a higher proportion of solvent. It was reported 
that one-step formic acid fractionation of beech wood under a high pressure 
level at 110-130 °C resulted in higher degree of delignification than the process 
at atmospheric pressure. [34] A single-stage autothermal performic acid 
fractionation of Miscanthus × giganteus at pressures of 35 bar achieved 89% 
and 88% removal of lignin and hemicelluloses, respectively, in 30 min. The 
formic acid fractionation under pressure presents a high-efficient delignification 
method to produce cellulose, lignin, and hemicellulosic sugars, which could 
contribute significantly to achieve its industrialization. 

Yet, some issues also exist in the current organosolv fractionation process. The 
major problem for organic acid fractionation is the corrosion risk, thus anti-
corrosion equipment is required during the whole process. Organosolv 
fractionation aims at the full utilization of biomass based on the integrated 
biorefinery. To date, numerous researches focus on the enzymatic hydrolysis 
and fermentation of the cellulose fraction obtained from organosolv 
fractionation, especially ethanol-based fractionation. Other value-added 
utilization pathways for the obtained cellulose, such as the preparation of 
nanocellulose as well its derived products, are relatively less reported. 
Furthermore, the organosolv lignin presents great potential due to its special 
structural properties, it has not been developed up to a commercial level towards 
the new materials and chemicals yet. In order to develop organosolv biorefinery 
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and provide more opportunities for integrated utilization of biomass, the 
structure and properties of biomass lignocellulosic components should be 
revealed and studied more in details. 
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         Table 1.2. Organic acid fractionation processes. 

Fractionation 
reagent 

Raw 
material 

Fractionation conditions Main result Ref. 

Formic acid  Bamboo Formic acid 88%, 
liquid/solid ratio 20/1 
(v/w), 101 °C, and 2 h 

Pulp yield 
52.8%, 
delignification 
80.4% 

[6] 

Formic acid 
and H2O2 

Bamboo Step 1: Formic acid 
88%, liquid/solid ratio 
20/1(v/w), boiling point 
and 1 h; Step 2: 3% 
H2O2, 101 °C and 2 h; 
Step 3: boiling point 
and 1 h (Milox method) 

Pulp yield 
48.7%, 
delignification 
88.9% 

[6] 

Formic acid 
and H2O2 

Bamboo Formic acid 88%, H2O2 
3%, liquid/solid ratio 
20/1 (v/w), 101 °C, and 
2 h 

Pulp yield 
48.1%, 
delignification 
87.9% 

[6] 

Formic acid 
and HCl 

Bamboo Formic acid 88%, HCl 
1%, liquid/solid ratio 
20/1 (v/w), 101 °C, and 
2 h 

Pulp yield 
51.7%, 
delignification 
79.1% 

[6] 

Formic acid 
and H2SO4 

Sugarcane 
bagasse 

Formic acid 78%, 
H2SO4 0.1%, 
liquid/solid ratio 10/1 
(w/w), 107 °C, and 1.5 
h 

Pulp yield 
48.2%, 
delignification 
87.3% 

[38] 

Acetic acid 
and HCl 

Empty fruit 
bunches 
from Elaeis 

guineensis 

86.25% acetic acid and 
0.25% hydrochloric 
acid by weight of 
liquor, boiling point, 
and 2 h (Acetosolv 
method) 

Pulps with 
46.56% yield 
and 10.3% 
lignin 

[33] 

Acetic acid 
and formic 
acid  

Miscanthus 

× 

giganteus 

Formic acid/acetic 
acid/water (30/50/20 
v/v), 107 °C, and 3 h 
(Formacell method) 

Delignification 
86.5% 

[32] 

Acetic acid, 
formic acid 
and H2O2 

Wheat 
straw 

First step: acetic acid 
and formic acid (65/35 
mass ratio, 85% in 
water), liquor/solid ratio 
8/1(v/w), 105 °C, and 3 
h; Second step: 10% 
H2O2 on dry matter raw 
pulp, 85 °C, 90 min  

Pulp yield 
48%, 
hemicellulose-
rich fractions 
27% and 
lignin yield 
21% 

[30] 

Peracetic 
acid 

Sugarcane 
bagasse 

Peracetic acid 20-60%, 
liquid/solid ratio 3/1-
7/1, 70-90 °C, and 2 h 

Delignification 
over 80% 

[39] 
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1.2.2. Autohydrolysis and acid-catalyzed hydrolysis 

 

Figure 1.4. Roadmap for acid-catalytic hydrolysis of lignocellulosic biomass 

for the production of high-value products. 

Autohydrolysis pretreatment and acid-catalyzed hydrolysis belong to a 
fractionation process in which hydronium ions break down the linkages in 
cellulose, hemicelluloses, and lignin. As shown in Figure 1.4, there are two 
pathways for the hydrolysis of lignocellulosic biomass for the production of 
high-value products, namely pretreatment and acid-catalyzed fractionation, 
which can be performed alone or in combination.  

As an environmentally friendly and economically feasible process, 
autohydrolysis, in which raw material is pretreated with pure water, is applied 
to selectively remove hemicelluloses prior to pulping processes. [40, 41] This 
process is catalyzed by hydronium ions generated by water and acetic acid 
formed directly due to the cleavage of acetyl groups from the xylan backbone 
in the wood cells. [42, 43] A liquid phase rich in hemicellulose-derived products 
can be obtained without significant modifications to lignin and leaving cellulose 
in the solid material. Afterwards, sugars degraded from hemicelluloses can be 
recovered in a liquid phase, [44] whereas cellulose and lignin remained in solid 
phase can be used to further fractionation and conversion. [45, 46] Recently, it 
has been demonstrated that autohydrolysis pretreatment facilitates the 
subsequent Kraft pulping of hardwood by increasing the solubility of lignin. [47] 
An integrated fractionation technology combining autohydrolysis with ethanol 
organosolv treatment was also proposed. [48, 49]  

Acid hydrolysis has been explored as a pretreatment process of lignocellulosic 
biomass. Pretreatment with acid hydrolysis can promote efficient 
saccharification of lignocellulosic biomass to fermentable sugars for the 
production of cellulosic ethanol. The dilute sulfuric acid pretreatment can result 
in removal of hemicelluloses to a high extent and significantly enhance the 
porosity of the substrate and accessibility of cellulose in the subsequent 
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enzymatic hydrolysis. [50] The released sugars from hemicelluloses by the 
dilute-acid pretreatment are usually recoverable. Recently developed dilute-acid 
hydrolysis processes usually use mild conditions to obtain a high conversion 
yield of xylan to xylose, which is beneficial to achieve favorable overall process 
economics because xylan accounts for up to one-third of the total carbohydrate 
content in many lignocellulosic materials. [51] Dilute sulfuric acid-based 
approaches are the most widely used, [52, 53] while nitric acid, [54] 
hydrochloric acid, [55] and phosphoric acid [56] have also been tested. However, 
such a mineral acid-based fractionation approach also has some inevitable 
drawbacks, including equipment corrosion and the recovery and recycle of the 
acids. [57] After acid pretreatment, the obtained hemicellulosic sugars and 
pretreated cellulosic solids can be further converted by acid catalytic hydrolysis. 
Acid catalytic hydrolysis has become a conventional technology to convert 
hemicelluloses and cellulose into intermediate platform chemicals, including 
furfural, glucose, 5-hydroxymethylfurfural (HMF) and levulinic acid (LA). [58-
62] The hemicellulosic sugars, which is mainly composed of xylose, can be 
converted to furfural, while cellulose can be hydrolyzed to glucose, HMF, and 
LA. Dilute sulfuric acid has been applied to commercially manufacture furfural, 
which is achieved by hydrolyzing hemicelluloses to sugars and then continue to 
break sugars down to form furfural. [63] Jeong et al. proposed a two-step acid-
catalyzed treatment of Quercus mongolica to obtain pentoses sugars and LA 
using dilute sulfuric acid reaction with the temperature range of 100-230 °C. 
[64] The pentose sugars were released from hemicelluloses through the 1st step 
acid-catalyzed pre-treatment, and the LA was produced through acid catalyzed 
hydrolysis of cellulose in solid residue under more severe conditions.  

In the acid-catalyzed fractionation systems, the participation of hydronium ions 
is beneficial to promote the cleavage of intramolecular and intermolecular 
linkages of lignin and hemicelluloses. One-step fractionation process using 
oxalic acid-catalyzed hydrolysis in a biphasic reaction mixture comprising an 
aqueous phase and an immiscible 2-methyltetrahydrofuran (2-MTHF) organic 
phase, has been developed. Oxalic acid catalyzes the hydrolysis of 
hemicelluloses to soluble sugars in aqueous solution and 2-MTHF selectively 
dissolves lignin into the organic phase, whereas the cellulose-fibers remain 
mostly intact. [65] As a novel recyclable acid, p-toluene sulfonic acid (p-TsOH) 
can also be used to rapidly and efficiently fractionate lignocellulosic biomass 
under mild conditions, producing a cellulose-based water insoluble solid 
fraction and a lignin-based spent liquor stream, both of which are easily 
converted in to wood-based nanomaterials. [66]  

Some of the key challenges of the acid hydrolysis process for biomass, 
involving environment, economy, versatility, and efficiency, limit its utilization 
in large-scale processes. Among most of the conventional acid hydrolysis 
processes, the recycling of the acid catalyst, product separation, and equipment 
corrosion are the main drawbacks. The use of solid acid catalysts can address 
some of these challenges due to efficient activity, high selectivity, long catalyst 
life, and mild operating conditions. [67] Several types of solid acids for biomass 
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hydrolysis are explored such as H-form zeolites, transition-metal oxides, cation-
exchange resins, supported solid acids, and heteropoly compounds. [67] Among 
these solid acids, carbonaceous solid acid catalysts are considered as the most 
promising catalyst for cellulose hydrolysis, since they provide good access of 
reactants to the acidic sites of SO3H groups. [68-70] Fukuhara et al. reported 
that a cellulose-derived and carbon-based solid acid exhibited a high catalytic 
performance for the hydrolysis of cellulose. [71] High glucose yields of up to 
75% with 80% selectivity were achieved with the reaction conditions at 150 °C 
and 24 h reaction time. [71] However, solid catalysts cannot be readily separated 
from the un-hydrolyzed solid residues due to their similar physical and chemical 
properties. The use of functionalized solid catalysts designed with magnetic 
property is one method to improve its separation and reuse. A magnetic solid 
acid with mesoporous structure showed improved performance for the 
hydrolysis of β-1,4-glucan, producing a glucose yield of up to 96% from 
cellobiose, while a 50% yield of glucose was obtained from amorphous 
cellulose with a conventional solid acid. It also exhibited good hydrothermal 
stability and can be recycled when a magnetic field is applied. [72] 

1.3 Plant cell wall polysaccharides 

1.3.1 Cellulose and nanocellulose 

The plant cell walls mainly consist of lignin and polysaccharides, which include 
cellulose and hemicelluloses. Cellulose is the most abundant renewable natural 
resource available worldwide. Approximately 1010-1011 tons of cellulose is 
produced annually on earth. [73] Cellulose is found in wood, cotton, agriculture 
crops, and other types of sources, such as bacteria, various algae and tunicates. 
Cellulose is a polysaccharide comprised of unbranched beta (1-4) linked D-
glucopyranosyl units. Its degree of polymerization (DP) is approximately 
10,000-15,000. [74] Cellulose contains a large number of hydroxyl groups, 
which are placed at the positions C2, C3, and C6, and can form intra- and 
intermolecular hydrogen bonds. These hydrogen bonds contribute to the 
formation of a relatively stable, highly ordered, and three-dimensional crystal 
structure. Cellulose fibrils exists as two regions: a highly-ordered (crystalline 
region) and a disordered (amorphous-like) region. This molecular structure of 
cellulose provides several characteristic properties, such as hydrophilicity, 
chirality, and degradability. Cellulose is typically used for manufacturing of 
paper, paperboard, and dissolving pulp. It can also be utilized to produce 
cellulose derivative products, such as cellulose ethers, rayon, and cellulose 
esters.  

The cellulose with at least one dimension in nanoscale is named nanocellulose. 
Extraction of nanocellulose from natural resources includes various treatment 
procedures and breaking of amorphous regions of cellulose so as to extract 
nanocellulose in the form of cellulose nanofibrils (CNF) and cellulose 
nanocrystals (CNCs). For CNFs, it is produced by defibrillation of cellulose 
fibers using high shear forces to break the interfibrillated hydrogen bonds and 
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form “hair-like” particles with a diameter of 5-20 nm and a length ranging from 
several hundred nanometers to a few micrometers. The manufacture protocols 
of CNF include mechanical fibrillation, chemical treatments, and enzymatic 
treatments; as well as a multi-stage process combining several of those 
treatments. [75-77] To reduce the energy consumption of the mechanical 
procedures, chemical and/or enzymatic pretreatment are widely recognized 
methods to facilitate defibrillation. As a typical approach, the 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation can be 
applied to the defibrillation process, and also to introduce an increasing amount 
of carboxyl groups, which are beneficial to the further modification and 
application. CNCs, also known as cellulose nanowhiskers, are manufactured by 
removal of the amorphous regions in cellulose fibers to obtain “rod-like” 
nanocrystals with a diameter of 4-25 nm and a length of several hundred 
nanometers. Typical preparation procedures of CNCs involve a hydrolysis step 
in various acid solutions such as mineral acids, organic acids, and solid acids. 
[78-82] The preparation procedures have a critical role in determining the 
intrinsic morphology and properties of the resulted nanocelluloses. As a 
common method for producing CNFs, TEMPO-mediated oxidation combined 
with mechanical defibrillation can also be used to produce CNCs. [83, 84] 
Previous research successfully prepared CNCs from softwood bleached Kraft 
pulp using a 4.5 or 7 h TEMPO-mediated oxidation followed by a 3 h treatment 
process with NaBH4. [84]  

Nowadays, the development of nanocellulose-based composites have attracted 
much attention in various fields due to their unique properties, including 
abundance, renewability, high strength and stiffness, eco-friendliness, and low 
weight. The target nanocomposites can be endued with various special super-
properties, such as enhanced mechanical property, antioxidant activity, water 
resistance and anti-UV property, etc. Both CNCs and CNFs have been 
employed as eco-friendly reinforcement materials for transforming from weak 
biopolymers to strong engineering biocomposites with excellent mechanical 
properties. [85] Combined with high mechanical properties, biopolymers such 
as chitosan, polylactic acid (PLA), starch and hemicelluloses, which itself have 
poor mechanical properties compared to those of synthetic polymers, have been 
widely used to make nanocellulose composites. [86] It is also reported that 
synthesized holistic nanocellulose and hemicellulose/lignin composite films 
exhibited significantly improved flexibility, transparencies, mechanical and 
moisture barrier properties. [87] Nanocellulose-based composites with various 
properties can be an appropriate future sustainable material for wide range 
applications in our daily life. 

1.3.2 Hemicelluloses and their derivatives 

Hemicelluloses, which account for 15-30% of the lignocellulosic biomass by 
weight, are branched, amorphous polysaccharides composed of different sugar 
units, principally xylose, mannose, arabinose, galactose, glucose, and some 
uronic acid depending on the raw material. Softwoods mainly contain 
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galactoglucomannans (approximately 20%) and arabinoglucuronoxylans 
(approximately 10%), while hardwoods contain mainly glucuronoxylan, which 
possess about 80-90% of the hardwood hemicelluloses, as well as a small 
amount of glucomannan. [88, 89] For example, pine and spruce usually contain 
about 20 wt% O-acetyl-galactoglucomannan and 5-10 wt% arabino-4-O-methyl 
glucuronoxylan. [90] Moreover, xylan units of hardwood glucuronoxylan are 
strongly acetylated, while acetyl groups in softwood hemicelluloses are attached 
to the glucomannan backbone. [88, 89] Due to the chemical heterogeneity and 
the structural positioning, hemicelluloses possess numerous interactions with 
other cell wall components, including lignin, and structural proteins, forming a 
matrix adhering to cellulose macrofibrils. It is generally believed that lignin and 
hemicelluloses are linked by three types of linkages in the lignocellulosic 
biomass, which are phenyl glycoside, benzyl ether, and ester, forming lignin-
carbohydrate complex (LCC). [91, 92] 
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Figure. 1.5. Chemical structures of lignin from Monocot proposed by Ralph et 

al. [95]  
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1.4 Lignin 

Lignin is an abundant natural resource, which constitutes one of the three major 
components of lignocellulosic biomass, together with cellulose and 
hemicelluloses. As one of the main sustainable bio-resource raw materials and 
the high content of aromatic structures, lignin opens the possibility to synthesize 
environmentally friendly biopolymers to replace the current fossil-based 
polymers. [93] Due to the structural complexity, only approximately 2% of 
lignin obtained from the pulp and paper industry is utilized mainly for low-value 
applications and the massive amounts of lignin products are burnt for heat 
generation. [94] The successful conversion of lignin to high-value products will 
require overcoming several challenges associated in lignocellulose fractionation, 
including characterization of lignin structure, chemical modifications of lignin, 
and new end-use applications.  

1.4.1 Lignin chemistry and structural features  

As a composite with intertwined cellulose and hemicellulose in the cell walls, 
lignin plays an important role in plants, composing the matrix structure of the 
cell wall and offering strength. [96] Lignin is a complex and amorphous 
biomacromolecule that typically yields high molar mass of between 1 × 103 and 
2 × 104 g/mol, depending upon the extraction and measurement process used. 
[97, 98] The lignin structure consists of three different phenylpropane units: p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, originating from three 
cinnamyl alcohol monomers: p-coumaryl, coniferyl and sinapyl alcohols 
respectively (see Figure. 1.5). [99-101] Lignin biosynthesis is conducted in vivo 
via an enzyme-mediated dehydrogenation polymerization process. The 
monomers in the lignin structure are cross-linked with both ether and carbon-
carbon bonds (Figure 1.5). [102] The main bond between monomers in lignin, 
the β-O-4 ether linkage, typically makes up more than 50% of the bonds formed 
during the biosynthesis process, which is a crucial target of the degradation 
mechanisms. [103, 104] Other bonds include β-5 phenylcoumaran, β-β resinol, 
α-O-4 ether, 4-O-5 diphenyl ether, 5-5 biphenyl, and β-1 diphenyl methane, 
resulting in the significantly complicated structure and difficulty of degradation 
due to numerous radical and C-C bond formation. [105-109] The amount of 
lignin varies in different lignocellulosic biomass feedstocks, and the proportion 
of different monolignols and chemical bonds in lignin structure is also 
depending on various original lignocellulosic starting material, such as 
hardwood, softwood, or grass sources. [110] In the case of softwoods, the lignin 
structure is mainly composed of guaiacyl units, whereas for hardwoods, lignin 
has a mixture of guaiacyl and syringyl units with equal amounts. However, the 
lignin obtained from grass is characterized by the three units: guaiacyl, syringyl 
and p-hydroxyphenyl units, and the p-hydroxyphenyl structures dominate. [111] 
As can be seen in Figure 1.5, lignin carries abundant functional groups, 
including aliphatic and phenolic hydroxyls, and methoxyl groups. The 
abundance of the chemical sites in the lignin structure open various possibilities 
for chemical modification and the preparation of grafted copolymers. 
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The properties of the lignin structure offer a number of advantages, including 
antioxidant, antifungal and antimicrobial activities, abundant availability as 
industrial waste, biodegradability, and CO2 neutrality. [112, 113] Compared to 
cellulose and hemicelluloses, lignin exhibits more resistance to chemical and 
biological degradation and provides strength to the cell wall. [15, 114] Lignin 
also possesses absorption of UV-radiation and fire-retardant properties. [115] 
Furthermore, as an amorphous polymer, lignin offers various potential 
physicochemical properties, including a hydrophilic or hydrophobic feature 
depending on the lignin source and treatment process, viscoelastic properties, 
rheological characteristics, film-forming capacity, and compatibility, which 
make it a promising feedstock towards functional materials in a sustainable 
world. [98] 

1.4.2 Lignin structural characterization  

Native lignin in its natural states is almost colorless, but after fractionation or 
purification treatment it takes on a brown color due to the structural changes in 
the lignin macromolecular matrix. [116, 117] Moreover, the content of 
functional groups in the lignin structure are affected by the various fractionation 
processes used. [97] The complicated and changeable structure significantly 
hinders the subsequent high-value applications of isolated lignin. One of the 
most challenging issues in lignin valorization pathways is to thoroughly 
understand its chemical structure and physicochemical properties. [118] To 
address this issue, various analytical methods have been used for exploring the 
structures of lignin. 

Three isolation lignin protocols have been widely applied prior to 
characterization: milled wood lignin (MWL), [119] cellulolytic enzyme lignin 
(CEL), [120] and enzymatic mild acidolysis lignin (EMAL), which are regarded 
as the representative of native lignin from the raw materials. [121] The typical 
protocol for the quantitative determination of the lignin content in 
lignocellulosic biomass is the Klason procedure. In this protocol, the acid 
insoluble lignin, termed as Klason lignin, is filtered, dried and weighed after the 
treatment of 72% concentrated sulfuric acid solution followed by dilution of the 
solution to 3% (TAPPI T222 om-02). The amounts of acid-soluble lignin 
obtained from the Klason protocol, as well as other types of lignins in solution, 
can be measured by the UV absorption method. [122] 

One of the important physicochemical properties of lignin, i.e., molar mass, 
including the weight-average molar mass (Mw) and the number-average molar 
mass (Mn), as well as the dispersity index, are important to determine. Different 
instruments are available to characterize the molar mass of lignin, such as gel 
permeation chromatography (GPC), vapor pressure osmometry (VPO), light 
scattering (static and dynamic), and mass spectrometry. Among the methods for 
molar mass determination, gel permeation chromatography (GPC), also known 
as size exclusion chromatography (SEC), is the most used procedure. [123] The 
previous SEC studies are mainly based on standard calibration through common 
polystyrene standards. There is a known source of error originated from the 
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structural differences between linear polymer standards and branched lignin 
macromolecules, which can result in the underestimation of the true molar mass. 
[124, 125] The utilization of molar mass sensitive detectors, such as 
viscosimetric [124], and laser light scattering detectors can provide a much 
more precise picture of the lignin macromolecule.[125, 126] However, 
fluorescence, which is found in many types of macromolecules and 
nanoparticles, including lignin and proteins, could interfere the detectors 
designed to measure scattered light due to the fluorescent emission. The multi 
angle light scattering (MALS) detector with fluorescence-blocking filters 
presents an available technology for most types of lignin (except Kraft lignin) 
to overcome the challenges of fluorescence. In addition, to improve the 
solubility of lignins in SEC eluents, the derivatization of lignin is usually 
required.  

Nuclear magnetic resonance (NMR) spectroscopy has long been regarded as 
one of the key techniques for structural characterization of lignin due to its 
versatility in exploring structural features and structural transformation of lignin. 
[127, 128] Among NMR analytical technologies, 1H NMR can be used for 
conventional examination to provide some key lignin functionalities, such as 
carboxylic acids, -CH3 groups, aliphatic and phenolic hydroxyl, methoxyl group, 
β-O-4 linkages, and type of structure units in lignin. However, 13C NMR has 
been primarily used to investigate lignin chemical structure and its functional 
groups, including methoxyl, aromatic condensed and non-condensed carbons, 
β-O-4 linkages, aldehyde end groups, and ratio of structural units in lignin. [129] 
Both qualitative and quantitative 13C NMR spectra can be performed to 
elucidate the lignin characterization. Compared to 1H NMR and 13C NMR, 31P 
NMR has been extensively utilized to quantitative measurement of various 
hydroxyl and carboxylic groups in the lignin structure, including aliphatic and 
phenolic hydroxyls. These functional groups are critical structural features since 
they have a prominent role in affecting the physical and chemical properties of 
lignin. [130] Importantly, as one of the most promising diagnostic techniques, 
two-dimensional heteronuclear single quantum coherence 1H-13C correlation 
NMR (2D-HSQC) is currently the most commonly applied method for the 
structural characterization of lignin, which may increase the sensitivity of 13C 
nuclei and avoid signal overlaps that occur in one-dimensional spectra. The 
application of 2D-HSQC NMR significantly improves the apparent resolution 
as a very efficient tool due to it can conduct reliable assignments of proton and 
carbon nuclei signals in lignin structures. The 2D-HSQC NMR not only is 
powerful for structural identification but also can offer the estimation of relative 
abundance of various interunit linkages and monolignol ratios in lignin. [131] 
It has been widely employed as a quantitative approach to provide the structural 
features by calculating the relative percentage of each respective interunit 
linkage, such as β-O-4, β-5, β-β, α-O-4, 4-O-5, 5-5 and β-1 linkages, and the 
ratio of various monolignol units in lignin. With the development of modern 
NMR techniques, HSQC has become popular as a powerful tool for the 
structural characterization of lignin. 
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In addition, Fourier-transform infrared spectroscopy (FTIR) is recognized as a 
versatile, rapid technique for lignin characterization and has been extensively 
utilized for identifying the structural unit composition and the characteristic 
absorption bands of the chemical groups in lignin, such as -OH, -CH2-, and -
COOH. [132, 133] Thermal characterization techniques are important 
techniques to reveal the physical properties of lignin. [134] thermal gravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) techniques can be 
used to determine the mass loss of samples due to the temperature treatment, as 
indicative of thermal stability and thermal decomposition of a compound. In 
addition, the pyrolysis behavior of lignin is important to evaluate the possibility 
of their potential use in commercial materials or high-value chemicals. In DSC, 
the differences in heat flow are recorded as a function of temperature and 
depend on the behavior of endothermic or exothermic events of the sample 
during the treatment. Other characterization methods, such as gas 
chromatography-mass spectrometry (GC-MS), electron microscopy, UV-
visible absorption spectroscopy and Raman spectroscopy, are used to access the 
chemical and physical properties of lignin. [135] 

1.4.3 Lignin modification 

Currently, lignin has exhibited huge potential and numerous opportunities for 
multiple applications due to its versatility. Without chemical modification, 
lignin can be directly incorporated into a polymeric matrix as UV-light stabilizer, 
antioxidant, surfactant, flame retardant, filler, and additive to increase plasticity 
and flow properties of the target products. [93, 136-139] Lignin can reduce 
production costs and improve some special properties. However, unmodified 
lignin still limits its large-scale applications due to the poor properties, such as 
the weak mechanical properties and thermal instability. To circumvent this 
limitation and promote the wide applications of lignin, lignin can be chemically 
modified to be used as a starting material for synthesizing polymers or for the 
conversion into chemicals and fuels. [93, 140] Due to the abundant functional 
groups, especially the phenolic and aliphatic hydroxyl groups, lignin structure 
has relatively high reactivity and can be easily modified for exploring novel 
materials. The chemical modification of lignin can be classified into three main 
categories: (1) lignin depolymerization; (2) modification of lignin by 
introducing new chemically active sites; (3) chemical modification of hydroxyl 
groups in the lignin structure. 
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Figure. 1.6. Summary of main processes for lignin depolymerization. 

Lignin has been recognized as an appropriate feedstock for producing low molar 
mass compounds, including vanillin, hydroxylated aromatics, aliphatic acids, 
and many other chemical compounds, which can be further converted into fuels 
and basic chemicals or oligomers. [141, 142] A great number of thermochemical 
methods have been proposed for lignin depolymerization, such as pyrolysis, 
oxidation, hydrogenolysis, hydrolysis, and gasification. [143] Figure 1.6 gives 
a brief overview of the range of reaction temperature, processing catalyst, and 
the main products produced from these depolymerization methods. The main 
aims of these processes can be summarized as two aspects: (i) the elucidation 
of the composition and structure of lignin, and (ii) the production of high-value 
chemicals from lignin. 

Functional groups, such as hydroxyls, methoxyls, carbonyls and carboxyls, 
allow lignin to be modified for different applications. The most studied 
modifications include sulfonation, sulfomethylation, hydroxyalkylation, 
amination, and nitration as shown in Figure 1.7. [93, 144] Sulfonation of lignin 
is a common reaction to introduce sulfonate groups in the lignin structure by 
using sulfuric acid. [145] Sulfomethylation of lignin is performed to introduce 
methylene sulfonate groups into the lignin structure. The increasing of the 
number of sulfonate groups in the obtained lignin product can dramatically 
improve its tanning capacity. This reaction is achieved using equal moles of 
methanol, alkali metal sulfite salt, and reactive phenolic repeating units of lignin 
dissolved in water at 100 °C under neutral conditions. [145, 146] The 
sulfomethyl products of lignin with various degrees of substitution of aromatic 
rings and side-chains can also be achieved by changing the conditions and ratios 
of reagents used in this reaction. [147] These sulfomethylation products are 
usually used as a dye dispersant due to their good dispersibility. [148] 
Sulfonated lignin is also a good dispersant for the cement matrix because the 
high zeta-potential value can contribute to the strong electrostatic repulsion 
forces between cement particles. [145, 149] Currently, the development of 
lignin-based phenolic adhesives has attracted attention due to their properties of 
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being renewable and biodegradable. The synthesis of lignin-phenol-
formaldehyde resins is expected to provide an alternative for the preparation of 
phenol-formaldehyde resins. The chemical reactivity of lignin molecules can 
also be increased through the modifications, such as demethylation, phenolation, 
and methylolation. To introduce methylol groups in the lignin structure, the 
reaction of lignin with formaldehyde is typically a prerequisite, and then the 
lignin methylolation modification process can take place. [93, 150] 
Hydroxyalkylation of lignin can be performed to improve the strength of an 
adhesive with a low free formaldehyde content. [93, 150] The amine functional 
group can be introduced into the lignin structure by using several amination 
methods. Among these methods, the Mannich reaction of lignin can be easily 
conducted under alkaline, neutral, or acidic conditions. A Mannich reaction is 
typically achieved selectively and completely at the C-5 position on the guaiacyl 
aromatic rings of lignin under acidic conditions using secondary amines. [150] 
The nitration of lignin is commonly achieved in non-aqueous medium by using 
nitrating agents, including nitric acid with sulfuric acid, acetic acid, or acetic 
anhydride.  
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Figure. 1.7. Overview of some chemical modifications of lignin for the 

introduction of new chemically active sites. 
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As described above, phenolic hydroxyl groups and aliphatic hydroxyl groups at 
the C-α and C-γ positions on the side chain are present in lignin. As one of the 
most reactive functional groups, the phenolic hydroxyl groups can influence the 
chemical reactivity of the formed products. Modifications on hydroxyl groups 
in lignin structure play an important role on the formation of polyol derivatives 
of lignin. For this purpose, numerous reactions, such as carboxymethylation, 
alkylation, esterification, etherification, phenolation, and carbamination can be 
used, as shown in Figure 1.8. [93] 

As an effective modification approach, carboxymethylation can yield a 
carboxymethylated lignin with controlled charge density as a natural adsorbent 
for heavy metals or dyestuff from aqueous solutions of wastewater and as a 
dispersant in various areas due to its solubility in water and its effects as a 
surfactant, respectively. [151] Esterification, including dehydration 
polymerization with dicarboxylic acids, condensation polymerization with 
carboxylic acid chloride, and ring opening reactions using cyclic esters can be 
used to prepare lignin-based polyesters. Lignin-based polyethers can also be 
produced by one or combined procedures, including polymerization using the 
alkylene such as ethylene oxide and propylene oxide, polymerization with 
cross-linkers such as epichlorohydrin and diglycidyl ethers, and solvolysis with 
ethylene glycol. [152] The oxypropylation of lignin is the most used 
etherification approach to produce lignin-based epoxy resins through 
modification using propylene oxide in alkaline solution. The phenolation of 
lignin is known as phenolysis, by which the lignin modification is conducted by 
the reaction with phenols in organic solvents (e.g., methanol and ethanol) under 
acidic conditions. [93] Thus the increased content of phenol groups may 
improve the chemical reactivity of the lignin structure. [93, 153] The 
phenolation is commonly used for the synthesis of phenol-formaldehyde resins, 
which can be achieved at 70 °C for a few hours after lignin is mixed with the 
phenol-ethanol solution. The natural phenols, such as cardanol, can also be used 
to modify lignin to produce lignin-based polyurethane films with an improved 
flexibility. The carbamination of lignin can be performed by forming a urethane 
link between the lignin hydroxyl groups and isocyanate groups. Polyurethanes 
produced from polyols and diisocyanates provides versatile products, including 
low temperature elastomers and flexible or rigid adhesives with high tensile 
strength. To improve the mechanical properties of lignin-based polyurethanes, 
chemical modifications can be performed by hydroxyalkylation to introduce 
soft segments, or by adding other polyols (e.g., polyethylene glycol and other 
diols). 
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Figure. 1.8. Overview of some chemical modifications of lignin for the 

functionalization of the hydroxyl groups. 
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1.4.4. Lignin nanoparticles (lignin-NPs) and nanocomposites 

Modification and further valorization of low-value but high-volume lignin is 
important for achieving an integrated lignocellulosic biorefinery. The 
application of lignin is limited due to its structural complexity and 
inhomogeneity. To overcome this limitation, nanotechnology offers an 
alternative approach to build a promising versatile lignin-based material 
platform. [154] Recently, manufacturing of nanostructured lignin-based 
materials, such as nanoparticles, nanotubes, and nanocomposites, is the latest 
and emerging trend and opens the possibility to the full exploitation of lignin in 
high-value applications. [94, 114, 155] 

Lignin-NPs have been fabricated by different approaches, such as precipitation 
methods initiated with acids, [156] CO2 saturation, [157] solvent exchange, 
[158] and dialysis, [159] as well as by sonication [160] and a water-in-oil 
microemulsion method. [161] All of these lignin-NPs have characteristically 
different sizes and shapes. More specifically, Frangville et al. reported the 
preparation of lignin-NPs by gradually adding HCl to the lignin solutions. [156] 
The particle size decreased from the micrometer scale down to less than 100 nm 
depending on the adding dosage of HCl. The obtained nanoparticles were found 
to be stable for up to a month under a wide pH range (from 1 to 9) through 
crosslinking using glutaraldehyde. [156] The development of lignin-NPs 
presented several important advantages, such as non-cytotoxicity, 
antioxidativity, biocompatibility, degradability, and biodegradability. [162-164] 
Yearla and Padmasree prepared dioxane lignin-NPs with an average size of 
approximately 104 nm using a solvent exchange method and the resulting 
lignin-NPs presented higher antioxidant and UV-protection properties than the 
bulk lignin. [163]  

Lignin-based nanoparticles have been prepared and applied as vehicles for 
different applications. Due to its low cost and eco-friendly properties, lignin-
based nanoparticles are recognized as one of the potential filler components in 
polymer matrix and composites for the improvement of thermal and mechanical 
properties. [165] Furthermore, lignin-NPs can be chemically modified through 
their various functional groups, which significantly broaden their application 
field. It was reported that lignin-NPs can be incorporated into the traditional 
polymeric (vinyl alcohol) matrix to prepare lignin-NPs/PVA (polyvinyl alcohol) 
composite films. The addition of lignin-NPs presents a great potential to 
produce a transparent nanocomposite film with additional UV-shielding 
efficacy and antioxidant properties. [166] Furthermore, abundant phenolic 
hydroxyl groups on the surface of the lignin-NPs improve the interfacial 
adhesion with the PVA matrix through the formation of a hydrogen bonding 
network, which further results in the improvement of the mechanical and 
thermal performances of the fabricated nanocomposite films. [166] Moreover, 
lignin-NPs have the potential to be used for the encapsulation of various 
compounds for pharmaceutical applications. Lignin-based nanoparticles could 
be infused with silver ions and coated with poly (diallyldimethylammonium 
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chloride), which significantly promote the adhesion of synthesized 
nanocomposites to the bacteria films. [167] The prepared nanocomposite 
exhibits good performance to efficiently kill a wide-range of bacteria. 
Figueirêdo et al. prepared three types of spherical lignin-based nanoparticles: 
pure lignin-NPs, [159] iron(III)-complexed lignin-NPs, [168] and iron oxide 
nanoparticle infused lignin-NPs. The introduced Fe3O4 in nanoparticles present 
super magnetic property, which makes the synthesized nanoparticles a 
promising material for cancer therapy and diagnosis. [169] The obtained pure 
lignin-NPs could be used to encapsulate hydrophobic drugs, which contributed 
to the improvement of their release profiles and anticancer activity. Therefore, 
these synthesized nanoparticles provided important features for drug delivery 
and biomedical applications. [169]  

1.4.5 Lignin-based adsorbents for heavy metal removal 

 
Figure. 1.9. Lignin-based adsorbents for the adsorption of heavy metal ions in 

water. 

Lignin and lignin-derived products present a good performance for the 
adsorption of heavy metal ions and organic dyes as a potential renewable, low 
cost, and sustainable adsorbents for wastewater treatment. The adsorption 
performance strongly depends on the lignin structure, which is mainly 
determined by the feedstock and the extraction conditions. [170] Generally, 
unmodified lignin usually provides poor adsorption capacity for heavy metals 
ions. [170] However, lignin-based composite materials have been demonstrated 
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to have high selectivity and adsorption capacities for a wide range of adsorbents. 
Carbonization, carboxymethylation, activation, and other modifications of 
lignin are essential and contributes to enhance adsorption capacity and 
selectivity. [171] As shown in Figure 1.9, numerous approaches have been 
exploited to manufacture lignin-based composites as novel adsorbents for 
wastewater treatment, such as lignosulfonate-modified graphene hydrogel, [172] 
poly (ethyleneimine)-graft-lignin, [173] lignin-based resin [174] and lignin-
grafted biopolymers. [175, 176] Most importantly, lignin-based adsorbents can 
confer high environmental benefits due to its unique properties. The adsorption 
of lignin-based materials is highly pH-dependent since the deprotonation of 
acidic groups at high pH contributes to the adsorption of metal ions and the 
adsorption capacity achieves a plateau above pH 5-6. [177-179] 
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2. Hypothesis and objectives of the work 

The main hypothesis of this thesis was to fractionate each component of the 
lignocellulose and thereafter to convert them into high-value products based on 
a novel biomass fractionation approach using recyclable formic acid under 
pressure. This could greatly contribute to the development of a green pathway 
to the valorization of formic acid lignin. 

The first objective was to optimize the fractionation process conditions, such as 
reaction temperature and time especially for bamboo. In order to increase the 
recovery yield of the main components of bamboo, especially for 
hemicelluloses, a combined fractionation process of autohydrolysis and formic 
acid induced rapid-delignification was also developed. Different analysis 
techniques, including FTIR, NMR and GPC were applied to thoroughly reveal 
the structural features of the fractionated lignin. 

The second objective was to valorize of the different fractions, especially 
cellulose and lignin. The cellulose fraction was used to prepare nanocellulose 
by TEMPO-mediated oxidation. The sulfur-free lignin fraction was to be used 
to produce lignin-NPs through a pH adjustment method from basic to acidic 
aqueous medium. In an attempt to achieve multifunctional nanomaterials, a 
nanocomposite based on nanocellulose and lignin-NPs, as well as lignin-based 
hybrid magnetic nanoparticles, were to be synthesized to demonstrate the 
feasibility of the combined process to integrate production of nanomaterials. We 
envision this research could open the door for building an integrated 
nanomaterials production platform based on formic acid fractionation of 
lignocellulosic biomass. 
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3. Materials and methods 

3.1 Materials 

Bamboo (Neosinocalamus affinis) chips (20-30 mm long, 10-20 mm wide, and 
3-4 mm thick) were collected from Sichuan Province in China and used as raw 
material. The main chemical composition of the bamboo chips were detailed as 
follow: Klason lignin 25.56%, acid-soluble lignin 1.87%, xylan 21.96%, glucan 
39.63%, ethanol-toluene extractives 2.10%, and ash 2.2%. 

All solvents, chemicals, and reagents were purchased from Sigma-Aldrich, 
MERCK, or VWR and used without further purification. 

3.2 Fractionation and preparation approaches  

3.2.1 Formic acid fractionation (Paper Ⅰ) 

Approximately 100 g of bamboo chips was utilized in a fractionation process 
using 85% (v/v) formic acid at a liquid-to-solid ratio of 7:1. The reaction was 
carried out in a 3 L Hastelloy alloy sealed container, which includes an outer 
jacket containing electrical wires and intelligent temperature control system. 
The mixtures was heated to a pre-determined maximum temperature (Tmax) and 
held for a certain time without stirring. Afterwards, the obtained solid fraction 
(mainly cellulose) was separated from the reacted liquid by filtration and 
squeezed to remove the largest possible amount of liquor. The crude pulp was 
then washed with 85% formic acid and deionized water (85 °C), respectively, 
for three times each. The yield of the obtained pulp was determined 
gravimetrically after the pulp was thoroughly dried to a constant weight in an 
oven at 105 °C. The determination of Kappa number and intrinsic viscosity of 
the pulp were conducted according to Tappi T236 om-99 and T230 om-04, 
respectively. 

The obtained pulp was bleached by a D1EPD2P sequence in sealed polyethylene 
bags immersed in a thermostatic water bath. Handsheets with 60 g/m2 
grammage of the bleached pulp were made in a standard handsheet-making 
apparatus (Blattbildner-Sheet Former, RK-3A, Austria PTI Company). 

The filtrates from the reacted liquid and the above-mentioned formic acid 
washing liquids were combined as spent liquor, and further evaporated to near 
dryness to recover the formic acid with a rotary evaporator. Then, 10 volumes 
of distilled water were poured into the concentrated spent liquor to precipitate 
the dissolved lignin, while the hemicellulose fraction was contained in liquid 
phase. The crude lignin was obtained by centrifugation at a speed of 3000 rpm 
for 10 min and then washed with distilled water twice at room temperature. The 
yield of crude lignin was measured gravimetrically after freeze-drying. The 
supernatant was concentrated using a rotary evaporator to obtain hemicellulose 
fraction, which was heavily degraded. The crude lignin was further purified 
according to the method proposed by Abdelkafi et al. [180]  
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3.2.2 Autohydrolysis (Paper Ⅲ) 

The autohydrolysis process was carried out in a 15-liter electrically heated and 
thermostatically controlled rotary digester (Xianyang Tongda Light Industrial 
Equipment Co. Ltd., China). 200 g of bamboo chips and distilled water were 
mixed with a solid-to-liquid-ratio of 1:6, and then added in the digester. Based 
on the optimal condition, the mixture was heated to 170 ºC in 30 min, and then 
kept at this temperature for 60 min. After autohydrolysis, the mixture of 
autohydrolyzed bamboo chips and the autohydrolysis liquor was rapidly cooled 
down to about 80 ºC. The autohydrolysis residue was separated by filtration 
with a 120-mesh nylon screen and thoroughly washed with distilled water. 

3.2.3 Milled wood lignin (MWL) extraction (Paper Ⅱ) 

It is well recognized that MWL is a typical representative of native lignin in the 
wood cell wall. Although lignin could undergo structural change somehow 
during the milling process, but a relatively complete picture of native lignin 
could still be demonstrated. Thus, MWL as a representative of native lignin was 
isolated for comparison, according to the method of Björkman. [181] Briefly, 
the extractive-free raw material was dried, transferred to a porcelain jar, and 
then ground in a rotary ball mill for 72 h. The ball-milled sample (20 g) was 
extracted twice with dioxane-water (200 mL; 96:4, v/v) for 24 h. The extracted 
mixture was centrifuged, and the collected supernatant was concentrated using 
a rotary evaporator under reduced pressure. The concentrated solution was then 
freeze-dried, and the crude lignin was obtained. The crude lignin was dissolved 
in acetic acid-water (20 mL; 9:1, v/v) and precipitated into deionized water (400 
mL). The precipitated lignin was separated by centrifugation and then freeze-
dried. For further purification, the dried sample was dissolved in 1,2-
dichloroethane-ethnol (10 mL; 2:1, v/v), and precipitated into diethyl ether (200 
mL). Subsequently, the mixture was centrifuged and the obtained solid was 
washed (twice) with diethyl ether and petroleum ether, respectively. After 
further vacuum-drying, the milled wood lignin based on various materials was 
obtained. 

3.2.4 Preparation of cellulose nanocrystals (CNCs) (Paper Ⅳ) 

The bleached pulp was used as the starting material to prepare nanocellulose 
using a TEMPO-mediated oxidation process according to the literature. [182] 
Briefly, 2 g of bleached cellulose fibers from bleached bamboo pulp were 
dispersed in 100 mL of distilled water and stirred for 4.0 h at room temperature. 
Subsequently, 32 mg of TEMPO (0.1 mmol/g fiber) and 200 mg of NaBr (1.0 
mmol/g fiber) were dissolved into 100 mL of distilled water, and then the 
solution was mixed with the dispersed fiber suspension and stirred at 300 rpm. 
Next, the pH of the slurry was adjusted to 10.0 by dropwise addition of 0.5 M 
NaOH. The oxidation was started by the addition of the desired amount of the 
10% NaClO dropwise (10 mmol/g fiber). The total volume of the NaClO was 
added within about one-third of the designated reaction time, and the pH was 
maintained at 10.5 by dropwise addition of 0.5 M NaOH. When the desired 
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reaction time (0.5-24 h) was reached, the reaction mixture was poured into 3 
volumes of ethanol to precipitate the TEMPO oxidized cellulose. After the 
centrifugation (3500 rpm, 10 min) the obtained cellulose gel was thoroughly 
washed with deionized water, and the residual ethanol was removed by rotary 
evaporation. The oxidized cellulose was diluted to a consistency of 0.5%, and 
then fibrillated by a domestic blender (OBH Nordica 6658, Denmark) for 2 min 
at an output of 300 W. Finally, the obtained nanocellulose was stored at 4.0 °C 
for further analysis. The carboxylate content of nanocellulose products was 
determined according to the published method. [182] 

3.2.5 Preparation of lignin-NPs (Paper Ⅳ)  

1.0 g of dried lignin was mixed with 150 mL of distilled water, and then the pH 
was increased stepwise to reach the target pH value of 12.00 by adding 0.1 M 
NaOH under constant stirring (500 rpm). The sample was equilibrated for 5 min. 
Finally, lignin-NPs were formed by adding 0.1 M HCl to hit the final pH value 
of 5.00.  

3.2.6 Preparation of nanocomposite films based on nanocellulose and lignin-NPs 

(Paper Ⅳ) 

Nanocomposite films were prepared by mixing the obtained nanocelluloses and 
lignin-NPs suspension above, followed by dilution to 0.1% (w/v) during 
constant stirring (500 rpm) at room temperature for 30 min. The total amount 
of dry substance in each sample was kept constantly at 300 mg with different 
compositional weight ratios of nanocellulose/lignin-NPs. 300 mL of the 
suspension was filtered through a 0.1 μm nylon membrane with 90 mm diameter 
(Sterlitech, USA). A nanocomposite film was obtained after drying in vacuum 
desiccator at 40 °C under a pressure of 88 mbar for 4.0 h.  

3.2.7 Preparation of lignin-based magnetic hybrid nanoparticles (Paper Ⅴ) 

Modified lignin-based magnetic hybrid nanoparticles were synthesized through 
a three-step procedure. Firstly, 100 mg of Fe3O4 particles, which were prepared 
by the combination of an oxidation-coprecipitation method and a chemical 
coprecipitation method, [183] were dispersed in a mixture solution containing 
400 mL ethanol and 100 mL water with 30 min sonication. Subsequently, the 
mixture was stirred for 30 min at room temperature, and then the pH was 
adjusted to 10 by adding NH3·H2O. Tetraethoxysilane (TEOS, 1 mL) was added 
dropwise into the mixture and then stirring for 6 h. The obtained product was 
collected by magnetic separation and washed with ethanol and water several 
times, and then redispersed in dry toluene (300 mL). 3-
(aminopropyl)triethoxysilane (APTES, 2 mL) was added dropwise and stirred 
for 24 h at room temperature. The resulting product, which was denoted as 
Fe3O4@SiO2-NH2, was separated through a magnet, washed three times with 
ethanol and dried using vacuum freeze-drying. 
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Secondly, carboxymethylated lignin was prepared from the obtained formic 
acid lignin according to the literature with a slight modification. [184] Briefly, 
5 g of lignin was added into 135 mL of methanol (72%), and then 13.5 mL of 
NaOH solution (30% w/v) was added dropwise under continuous stirring. After 
stirring for 90 min at room temperature, 6.0 g monochloroacetic acid was 
gradually added, and then the mixture was heated to 55 °C and stirred for 210 
min. The mixture was filtered and placed into dialysis membranes, sealed, and 
then put into deionized water for 2 days while water was replaced twice a day. 
Finally, the modified formic acid lignin (MFL) was obtained after freeze-drying. 

Thirdly, as a typical procedure, 1.2 g carboxymethylated lignin was dissolved 
in 12 mL of NaOH solution (12% w/v) under mechanical stirring to form a clear 
solution. Next, the Fe3O4@SiO2-NH2 nanoparticles (0.4 g) were dispersed into 
200 mL toluene with 30 min sonication, and then the suspension was added in 
the above solution. 8 mL epichlorohydrin (ECH) solution was dropwise added 
into the above dispersion and reacted at 70 °C for 3 h. Finally, the resulting 
modified lignin-based hybrid magnetic nanoparticles (Fe3O4@SiO2-NH-MFL) 
were separated by a magnet, rinsed with ethanol, and dried using vacuum 
freeze-dryer. 

As a control experiment, non-silica coated modified lignin-based hybrid 
magnetic nanoparticles (Fe3O4-NH-MFL) and non-modified lignin-based 
hybrid magnetic nanoparticles (Fe3O4@SiO2-NH-FL) were also prepared 
according to the same procedure. 

3.3 Characterization methods 

3.3.1 Composition analysis (Paper Ⅰ, Ⅱ & Ⅲ) 

Carbohydrate analysis of the pulp, lignin, and hemicellulose-rich fractions was 
conducted by gas chromatography (GC) according to a previous publication. 
[185] Briefly, the dried solid sample was hydrolyzed using acidic methanol at 
100 °C for 5 h. After the acid methanolysis process was finished, 1 mL of 0.1 
mg/mL sorbitol and resorcinol was added as the internal calibration and then 
the sample was evaporated by nitrogen flow in a 50 °C water bath. After drying, 
the sample was silylated and then transferred to GC vials. The silylated sample 
was analyzed by GC-FID. 

The degradation by-products of carbohydrates in the spent liquors, including 
acetic acid, furfural, and hydroxymethyl furfural (HMF), were determined 
according to a previous method as described by Wang et al. [61] A Shimadzu 
LC-20T high-performance liquid chromatography (HPLC) system equipped 
with a Waters C18 symmetry column (4.6 × 150 mm, 5 μm) and a UV detector 
was used. Samples were run at 30 °C and eluted at 1.0 mL/min-1 with the mobile 
phase A and B for elution. Mobile phase A was a mixture of 0.02 mol/L 
NaH2PO4 and acetonitrile with a volume ratio of 95:5 at pH 2.8 adjusted by 
H3PO4. Mobile phase B was a mixture of acetonitrile and methanol with a 
volume ratio of 50:50. 
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3.3.2 Characterization (Paper Ⅱ, Ⅲ, Ⅳ & Ⅴ) 

Molar mass determination (Paper Ⅱ & Ⅲ) 

The molar mass of lignin samples was determined after the acetylation by acetic 
anhydride. [186] The acetylated lignin was dissolved in tetrahydrofuran (THF) 
with a concentration of 1 mg/mL, and then the molar mass and dispersity index 
were determined using a Shimadzu HPLC system, including system controller 
SCL-10AVP on-line degasser DGU-14A, low-pressure gradient valve FCV-
10ALVP, HPLC pump LC-10ATVP, autosampler SIL-20AHT and column 
oven CTO-10ACVP), equipped with a sequentially connected guard column (50 
mm × 7.8 mm) and two Jordi Gel DVB 500A (300 mm × 7.8 mm) columns in 
series. The column was operated at 40 °C and the eluent was THF with 1% 
acetic acid at a flow rate of 0.8 min-1. 50 μL solution was injected by the 
autosampler. A LT-ELSD detector (SEDERE SEDEX 85 LF Low-Temperature 
Evaporative Light Scattering Detector) was performed using the following 
parameters: HPLC nebulizer, 40 °C, air pressure: 3.4 bar, gain 3, no-split mode.  

FTIR spectroscopy (Paper Ⅱ, Ⅲ, Ⅳ & Ⅴ) 

FTIR spectra were recorded on an FTIR spectrophotometer (IRPrestige-21, 
Shimadzu, Japan). 64 scans were taken for each sample recorded from 4000 to 
400 cm-1 with a resolution of 0.5 cm-1. The fingerprint region was baseline 
corrected between 1900 and 750 cm-1. 

X-ray diffraction (XRD) analysis (Paper Ⅴ) 

The XRD patterns were recorded using a Bruker Discover D8 (Bruker-AXS, 
Karlsruhe, Germany) with a Ni-filtered Cu Kα radiation generated with an 
operating voltage of 45 kV and a filament current of 40 mA. The XRD patterns 
were collected with the changing scattering angle (2 θ) from 0 to 80 ° (Scanning 
rate = 2 s/step, step size = 0.002 °).  

X-ray photoelectron spectroscopy (XPS) (Paper Ⅴ) 

XPS of nanomaterials was performed using an ESCA Lab220i-XL electron 
spectrometer with the following parameters: Monochromatized Al Kα-radiation 
with 50 W and 15 kV. The spectrometer pass energy was 117.4 eV and low 
energy Ar-ions and electrons were used for charge compensation. The diameter 
of the analyzed area was 200 µm and the X-ray take off angle was 45 °. 

NMR analysis (Paper Ⅱ & Ⅲ) 

The 1H- and 13C NMR spectra of the lignin samples were recorded with a 500 
MHz Bruker Advance instrument, fitted with a 5-mm broadband probe with a 
gradient field in the Z-direction at room temperature in deuterated dimethyl 
sulfoxide (DMSO-d6) as the solvent. For 2D HSQC spectra, a standard Bruker 
HSQC pulse sequence, “hsqcedegpsisp2.3,” was used. The lignin (80 mg) was 
placed into a 5-mm NMR tube and dissolved in 0.75 mL of DMSO-d6. The 1H 
NMR spectrum was recorded on the spectrometer with a minimum of eight 
scans, a sweep width of 400 MHz, an acquisition time of 2.0 s, and a relaxation 
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delay time of 3 s, while the 13C NMR spectrum was acquired with a minimum 
of 20,000 scans, a sweep width of 400 MHz, an acquisition time of 0.4 s, and a 
relaxation delay of 1.5 s. All experiments were carried out at 25 °C. 

Quantitative 31P NMR spectra of the lignin samples were obtained according to 
a published method. [187] Lignin (40 mg) was accurately weighted and 
dissolved in 650 μL anhydrous pyridine/CDCl3 (1.6:1, v/v). 50 μL internal 
standard solution (N-hydroxynaphthalimide, 80 mg/mL, in anhydrous 
pyridine/CDCl3 (1.6:1, v/v)) and 50 μL relaxation reagent (chromium (III) 
acetylacetonate, 11 mg/mL, in anhydrous pyridine/CDCl3 (1.6:1, v/v)), and 100 
μL 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) were added 
successively into the above solution, and then the mixture was kept for 10 min. 
The final phosphorylated lignin was then subsequently determined. The 
acquisition time and the relaxation delay parameter were 1.5 s and 2.0 s, 
respectively. A high signal/noise ratio of approximately 1000 transients was 
acquired. Chemical shifts were relative to the signal of the phospholane 
hydrolysis product at 152.0 ppm. The integral value of the internal standard was 
used for the calculations of the absolute amount of each functional group. 

3.3.3 Thermal property (Paper Ⅳ) 

Thermogravimetry (TG) and differential thermogravimetry (DTG) analyses 
were conducted through a thermal gravimetric analyzer (TGA Q50, TA 
instruments, USA). The test samples of 4-6 mg, which were vacuum dried at 
40 °C for 48 h before measurement, were heated in an aluminum crucible from 
ambient temperature up to 1000 °C at a heating rate of 10 °C/min, while using 
a constant nitrogen flow as an inert atmosphere during the experiment. 

3.3.4 Morphological property 

Transmission-electron-microscopy (TEM) (Paper Ⅳ & Ⅴ) 

The TEM images were obtained using a JEM-1400 Plus TEM microscope 
(JEOL Ltd., Japan) with an accelerating voltage of 80 kV. The samples were 
dispersed by placing them in a sonicator for 5 min. 5 μL of dilute sample 
suspension (0.1 mg/mL) was dropped onto a carbon supported copper grid, and 
then the sample was stained with 5 μL uranyl acetate solution (1 wt%) for 40 s. 
Afterwards, the excess liquid was carefully absorbed using filter paper, and the 
remaining solution formed an even layer on grid. The samples were completely 
air dried prior to the measurements. 

Scanning electron microscopy (SEM) (Paper Ⅳ & Ⅴ) 

The SEM images were obtained using a LEO Gemini 1530 instrument with a 
Thermo Scientific UltraDry Silicon Drift Detector (SDD) (LEO, Oberkochen, 
Germany). For the measurement of composite film, the cross-sections were 
prepared by cryo-fracturing of the films after dipping in liquid N2. The 
nonconductive samples were sputter-coated with carbon before imaging.  
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3.3.5 Particle size and zeta-potential (Paper Ⅳ & Ⅴ) 

The particle size distribution and zeta-potential of the obtained nanoparticles 
were analyzed by a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., 
UK). All the samples suspensions with a concentration of 0.1 wt % were 
dispersed by ultrasonic bath (VMR, 80 W) for 30 min prior to the measurements. 
All the measurements were conducted in triplicates and runs of 10 and 13 were 
performed. The average data was reported after the analyses. 

3.3.6 Mechanical property (Paper Ⅳ) 

Mechanical properties of the nanocomposite films were studied determining 
their tensile strength, elongation at break, and Young’s modulus. Each film was 
cut into a rectangular shape measuring 5 × 30 mm. The test were performed 
using an Instron universal testing machine [Instron-33R4465, (Instron Corp., 
High Wycombe, England)] equipped with a static load cell of 100 N and a 20 
mm gauge length at a constant strain rate of 5 mm/min. The mechanical testing 
was conducted at 23 °C and 50% RH in a climate room. The prerun was first 
conducted at a rate of 2 mm/min until 0.1 N load was reached before the main 
run at 5 mm/min, in order to eliminate the error, which is caused by loosely 
attached samples. The thickness and width of the specimen were determined 
through a micrometer (Lorentzen & Wettre, Kista, Sweden, precision 1 μm) and 
a digital caliper (Mahr GmbH 16ER, Germany, precision 10 μm), respectively. 
Each sample was tested in at least ten specimen from three replicate films. 

3.3.7 Antibacterial property (Paper Ⅳ) 

The antibacterial activity of the prepared nanocomposites against Escherichia 
coli (E. coli) ATCC 11229 was studied. The specific procedures are as follows: 
First, 0.2 mL of bacterial culture (106 CFU/mL) of Gram negative bacterium E. 

coli was spread on the LB agar plates, and then round pieces of nanocomposite 
samples were plated on the surface. After 12 h of cultivation in the incubator at 
37 °C, the nonleaching effect was evaluated by examining the inhibition zone 
(ring) around the film sample. 

3.3.8 Adsorption measurements (Paper Ⅴ) 

The adsorption capacities of the synthesized lignin-based nanoparticles were 
evaluated by the adsorption of Pb2+ and Cu2+. The Pb2+ and Cu2+ aqueous 
solutions with a desired concentration (50 mg/L for pH and contact time 
influence, while 10-150 mg/L with an increment of 10 mg/L for isotherms study) 
were prepared by dissolving a certain amount of Pb(NO3)2 and CuSO4·5H2O in 
deionized water, respectively. Generally, the experiments were carried out in a 
batch model described as follows: 20 mg of freeze-dried adsorbent was added 
into 40 mL metal ion solution and continuously stirred at 180 rpm. The initial 
solution pH values ranging from 2.0 to 6.0 were adjusted by adding 2.0 mol/L 
of HNO3 or 1.0 mol/L of NaOH aqueous solution and measured with a pH meter. 
For pH influence and isotherms study, the mixture was stirred for 12 h to reach 
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adsorption equilibrium. After quick filtration through a 0.22 mm membrane, 
metal ion concentrations of the filtrate were quantitatively determined using an 
atomic absorption spectrometer (AAS6300 Shimadzu). The adsorbed amount 
of metal ions was calculated according to the following Eq. (1), 

qt = (C0 − Ct )V/m                                                                                            (1) 

where qt is the adsorbed amount after time t; C0 (mg/L) and Ct (mg/L) are initial 
concentration and concentration of the adsorbate after time t, respectively; V (L) 
is the volume of the solution, and m (g) is the weight of the adsorbent material 
used. 

The adsorption isotherms were further investigated by Langmuir (eqn (2)), 
Freundlich (eqn (3)) and Sips (eqn (4)) adsorption models, which were given by 
the following equations: [188-190] 

qe = qmKLCe/(1+KLCe)                                                                                     (2) 

qe = KFCe
1/n                                                                                                          (3) 

qe = qsKsCe
m/(1+KsCe

m)                                                                                  (4) 

where Ce (mg/L) and qe (mg/g) are metal ion concentration and adsorption 
capacity at equilibrium, respectively. qm represents the maximum adsorption 
capacities of metal ions (mg/g). KL is the Langmuir adsorption constant. KF is 
the Freundlich constant indicating the adsorption capacity, n is the 
heterogeneity factor representing the adsorption intensity. In the Sips model, qs 
is the specific adsorption capacity at saturation, mg/g, KS is Sips isotherm 
constant, mL/mg, and m is the heterogeneity factor. 
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4. Results and discussion 

4.1 Overview of the thesis work 

The thesis work aimed at comprehensively fractionating lignocellulosic 
biomass, especially bamboo, into its main components including cellulose, 
hemicelluloses, and lignin by using a green fractionation procedure, and 
developing subsequent value-added applications for the obtained fractions. As 
shown in Figure 4.1, formic acid fractionation under pressure presented rapid 
and selective separation of bamboo, which can be combined with 
autohydrolysis pretreatment to recover hemicellulosic sugars (Paper Ⅰ, Ⅲ). 
Furthermore, the chemical composition and structural characterization of the 
various fractions were thoroughly investigated, especially for lignin, thus 
promoting the subsequent valorization of the obtained fractions (Paper Ⅱ). 
Multi-functional nanocomposites based on lignin-NPs and CNCs from 
fractionated streams were developed (Paper Ⅳ), and modified lignin-based 
hybrid magnetic nanoparticles presented excellent performance for the 
adsorption of heavy metal ions (Paper Ⅴ). We envision this work could open 
the door for building an integrated biorefinery platform based on formic acid 
fractionation. 

 

Figure 4.1. Overview of the thesis work. 

4.2 Fractionation of bamboo  

To profitably use the three dominant components of biomass, including 
cellulose, hemicelluloses, and lignin, lignocellulosic biomass must be 
fractionated effectively. A fractionation process should result in the selective 
separation of the lignocellulosic biomass and allow an easy and high-yield 
recovery of various fractions. [25] As a promising organosolv fractionation 
process, formic acid fractionation has attracted an increasing interest. [6] 
However, most of the fractionation procedures using formic acid are performed 
at atmospheric pressure, and therefore the relative mild conditions at a low 
temperature could hinder the improvement of delignification efficiency, which 
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significantly limits its industrialization. [33] Currently, formic acid 
fractionation under a higher pressure achieved through a higher temperature has 
presented excellent performance in efficiently separating lignocellulosic 
biomass. In order to promote the development of one-step formic acid 
fractionation under high pressure on an industrial scale, first and foremost, the 
effect of operational variables on the properties of obtained fractions should be 
assessed for the process optimization. 

4.2.1 One-step fractionation of the main components of bamboo using formic 

acid (Paper Ⅰ) 

Table 4.1. Effects of operational variables on the delignification of bamboo and 

the properties of cellulose pulp. (Paper Ⅰ) 

No. 
Tmax/pressure 
(°C/MPa) 

Holding 
time (min) 

Yield 
(%) 

Kappa 
number 

Intrinsic 
viscosity (mL/g) 

1 130/0.10 30 46.7 53.9 1080.2 

2 130/0.10 45 45.5 46.4 1046.0 

3 130/0.10 60 44.4 42.4 985.0 

4 135/0.15 30 45.6 45.6 1078.1 

5 135/0.15 45 44.2 41.1 1010.1 

6 135/0.15 60 43.2 39.1 998.5 

7 140/0.20 30 44.6 39.8 1133.9 

8 140/0.20 45 43.7 36.7 1057.9 

9 140/0.20 60 42.7 33.7 987.7 

10 145/0.30 30 42.6 30.4 1002.1 

11 145/0.30 45 42.2 28.5 979.3 

12 145/0.30 60 40.5 29.4 899.1 

Table 4.1 summarizes the effect of operational variables in formic acid 
fractionation of bamboo, including reaction time and temperature, on the Kappa 
number, yield, and intrinsic viscosity of the cellulose pulp. A higher temperature 
and a longer process time led to a lower Kappa number. The Kappa number 
decreased significantly with an increase of the Tmax from 130 °C to 145 °C, 
indicating that a higher temperature contributes predominantly to accelerating 
the delignification. A longer reaction time was required for sufficient 
delignification in formic acid fractionation at a lower reaction temperature. 
Previous research proved that lignin was degraded by the cleavage of α-ether 
and β-ether bonds during organic acid delignification. [191] Higher 
temperatures and longer holding times could contribute to the cleavage of the 
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aryl ether bonds and facilitate the lignin degradation. [35] However, it was 
found that the organosolv fractionation under harsh conditions for a long 
reaction time may not be beneficial to the lignin depolymerization due to the 
condensation and re-precipitation of the dissolved lignin fragments onto the 
fibers. [192] This hypothesis is verified by the results shown in Table 4.1. The 
Kappa number of the obtained pulp increased slightly with the increasing of the 
holding time at 145 °C, but this accelerated the degradation of carbohydrates 
and resulted in a significant decrease in cellulose yield. This is in consistent 
with the report by Vázquez et al. [191] Dapía et al. also reported that the major 
delignification stage for beech chips occurred in the first 30 min of the formic 
acid treatment. [35] The intrinsic viscosity of the cellulose pulp gradually 
decreased with an increase in the holding time. As expected, formic acid 
fractionation at high Tmax led to satisfactory intrinsic viscosities of 899.1-1133.9 
mL/g. Therefore, it can be concluded that the optimal conditions for formic acid 
delignification of bamboo chips are Tmax of 145 °C and holding time of 45 min, 
as at these conditions a low Kappa number, a satisfactory viscosity and a high 
pulp yield could be achieved. 

Under the optimized conditions, the yield and chemical compositions of the 
fractions were studied. As described in Figure 4.2, 43.3 g of cellulose pulp was 
produced from 100.0 g of bamboo chips and approximately 48% of the mass 
fraction was dissolved into the process liquid. Only approximately 8% of the 
biomass was lost during the process. The yield of the purified pulp decreased 
from 43.3 g to 42.2 g after the cellulose pulp was screened with an 8-cut plate 
screen, and 2.5% of the screening reject, which primarily consisted of coarse 
fiber bundles, was obtained. This result proved that the raw materials could be 
sufficiently disintegrated during formic acid fractionation process under the 
optimized conditions. It was found that only 0.49% HMF (w/w on bamboo), 
0.62% oligo-glucose, and 1.93% glucose were found in the spent liquor, 
demonstrating that the cellulose fraction in the bamboo remains intact to a large 
extent during formic acid fractionation under a high pressure. 

Moreover, 31.5 g of lignin could be recovered from the spent liquor, while the 
raw material only contains 27.43% of original lignin. The increase of the lignin 
content may be partially attributed to the condensation of lignin with the 
degradation products of carbohydrates (e.g., furfural), proteins, and extractives. 
[19, 193] The decreased amount of the identified hemicellulose derivatives in 
the spent liquor further indicated that the derivatives of hemicelluloses, such as 
furfural, have reacted with lignin at high temperature. A previous study also 
reported similar results. [194] 

As shown in Figure 4.2, about 8.5 g of total sugars (monosaccharides and 
oligosaccharides) could be produced, indicating that approximately 22% of the 
hemicelluloses in the bamboo was dissolved in the form of sugars during the 
fractionation process. Mass fractions of 3.56% furfural and 3.80% acetic acid 
were generated by the degradation of hemicelluloses. These results indicate that 
the formic acid fractionation under the harsh conditions resulted in severe 
degradation reactions of the dissolved hemicellulosic sugars. Most sugars were 
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degraded into other chemical compounds, such as furfural and acetic acid, 
which also could be commercialized as value-added products. Monosaccharides 
predominated in the carbohydrate part, and only approximately 12% of the total 
carbohydrates were present in oligomeric form. The main constituents of the 
monosaccharides were xylose (59.5%) and glucose (25.7%), but other sugars, 
such as arabinose (7.4%), galactose (5.0%), and mannose (2.4%), were also 
present. 

 

Figure 4.2. Simplified flowchart and overall mass balance of the organosolv 

fractionation process based on formic acid. (Paper Ⅰ) 

4.2.2 Integrated fractionation by combining autohydrolysis and formic acid 

hydrolysis (Paper Ⅲ) 

One-step formic acid fractionation was proven to be an efficient and rapid 
process to separate bamboo into its individual major fractions. However, under 
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the harsh conditions, most of the hemicelluloses were severely degraded into 
monosaccharides and other low molar mass compounds, such as acetic acid, 
furfural, and HMF, which are difficult to be effectively separated and recovered.  

In order to promote the high value-added applications of hemicelluloses, the 
combined fractionation approach based on the autohydrolysis and formic acid 
rapid-delignification was developed, and the scheme of the whole process is 
shown in Figure 4.3. As it can be seen, 36.8 g cellulose fibers, 25.9 g lignin, 
and 7.0 g hemicellulosic sugars were produced from 100.0 g dried bamboo chips 
through the combined fractionation process, indicating that the combined 
process exhibited an effective fractionation approach. Importantly, 
approximately 89.6% of the extracted hemicellulosic sugars through the 
autohydrolysis process were present in an oligomeric form, and 85.8% of 
oligosaccharides were oligo-xylose.  

 

Figure 4.3. Scheme of the combined fractionation process based on the 

autohydrolysis and formic acid rapid-delignification (HPFL: high-pressure 

formic acid lignin; AHFL: high-pressure formic acid lignin from 

autohydrolyzed residue). (Paper Ⅲ) 

4.3 Structural characterization of lignins obtained by formic acid fractionation 

(Paper Ⅱ & Ⅲ) 

Formic acid fractionation under pressure, in both the one-step process and the 
integrated procedure combining the autohydrolysis and formic acid rapid-
delignification, has been proven highly efficient and selective in separating 
bamboo into its main components. In order to verify the superiority of this 
procedure as compared to conventional fractionation using formic acid at 
atmosphere pressure, the delignification mechanism at different pressure levels 
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was thoroughly revealed. Therefore, the detailed structural characterization of 
the obtained formic acid lignins at a higher pressure (high-pressure formic acid 
lignin, HPFL) and at atmosphere pressure (atmospheric formic acid lignin, 
AFL), as well as the high-pressure formic acid lignin from autohydrolyzed 
residue after the integrated process (AHFL), were investigated by 
chromatographic and spectroscopic techniques, including FTIR, GPC, and 
NMR (1H-, 13C-, 31P-NMR and 2D-HSQC). As contrast, lignin from bamboo in 
native form (MWL), which can be regarded as the representative of native lignin 
in the raw materials due to the relatively mild process, was prepared and 
subsequently analyzed. Furthermore, following the integral biorefinery concept, 
more in-depth knowledge on the characteristics of the obtained formic acid 
lignin could provide important information for its further application potential.  

4.3.1 FTIR spectra 

 

Figure 4.4. FTIR spectra of bamboo formic acid lignins (AFL, HPFL) 

compared to MWL (MWL: milled wood lignin; AFL: atmospheric formic acid 

lignin; HPFL: high-pressure formic acid lignin). Image was adapted from 

Paper Ⅱ with Copyright (2017) ELSEVIER. 

FTIR spectra of MWL, AFL, and HPFL are presented in Figure 4.4. The 
assignments of the characteristic bands of lignin skeleton and functions were 
identified according to literature. [6, 180] As can be seen, the FTIR spectra 
present different bands of aromatic ring vibrations at 1600, 1510, and 1421 cm-

1, which are typical lignin patterns. The band at 1167 cm-1, which is assigned to 
C=O in conjugated structure, presents a typical signal of lignin. The signal at 
833 cm-1 corresponds C-H out of plane in positions of 2 and 6 of S and in all 
position of p-hydroxyphenyl (H) units. Moreover, the signals at 1035 and 918 
cm−1 are assigned to guaiacyl (G) units, and at 1329 and 1124 cm−1 correspond 
to syringyl (S) units. The bands and their relative intensities of the fingerprint 
region in the three lignin samples were rather similar (Figure 4.4), indicating 



 

43 

 

that the formic acid delignification process did not lead to significantly different 
modification for the chemical structures of lignin. Similar results have been 
reported in a previous study of organosolv lignin extracted using ethanol from 
Miscanthus × gigant. [195] However, formic acid lignin samples (AFL and 
HPFL) presented strong signals at 1700 cm−1 corresponding to the formate ester, 
which is attributed to the esterification of part of the alcohol and phenol 
functional groups of lignin by the formic acid in the delignification process.  

4.3.2 1H NMR spectra 

 

Figure 4.5. 1H NMR spectra of bamboo formic acid lignins (AFL, HPFL) and 

MWL (MWL: milled wood lignin; AFL: atmospheric formic acid lignin; HPFL: 

high-pressure formic acid lignin). Image was adapted from Paper Ⅱ with 
Copyright (2017) ELSEVIER. 

The 1H NMR spectra of lignin samples were used to understand the structural 
characteristics of lignin. 1H NMR spectra of MWL, AFL, and HPFL exhibit the 
classic patterns of lignin (Figure 4.5). The signals between 6.00 and 8.00 ppm 
originated from the aromatic protons in syringyl (S), guaiacyl (G), and p-
hydroxyphenyl (H) units, p-coumarate and ferulate. [196] A comparison of the 
spectra of MWL and formic acid lignin allows the evaluation of the effect of the 
formic acid fractionation on lignin structure. It is noteworthy that a weak peak 
at 5.32 ppm corresponding to phenyl coumaran structures was observed in the 
MWL spectrum, while this peak was no longer detected in the formic acid lignin 
spectra, indicating that this structure might be destroyed during formic acid 
fractionation. Moreover, the signal at 4.85 ppm corresponding to Hβ of the β-O-
4 structure could only be found in the spectra of MWL, suggesting the cleavages 
of beta-aryl ether bonds during formic acid fractionation. All lignin samples 
exhibit a sharp signal at 3.7 ppm corresponding to methoxyl protons (-OCH3). 
This signal in the 1H spectrum of formic acid lignins was significantly lower 
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than that of MWL, and that of HPFL was lower than AFL. This means that more 
severe demethoxylation reactions occurred during formic acid fractionation, 
especially under harsh reaction conditions. In addition, the signals in 1H 
spectrum of AFL and HPFL did not show a distinct difference. 

4.3.3 13C NMR spectra 

 

Figure 4.6. 13C NMR spectra of bamboo formic acid lignins (AFL, HPFL) and 

MWL (MWL: milled wood lignin; AFL: atmospheric formic acid lignin; HPFL: 

high-pressure formic acid lignin). Image was adapted from Paper Ⅱ with 
Copyright (2017) ELSEVIER. 

To further investigate the structural characterization of formic acid lignin, 
formic acid lignins and MWL were analyzed with 13C NMR spectroscopy, as 
presented in Figure 4.6. In the aromatic region, 13C NMR spectra exhibited 

several moderately strong signals originated from syringyl units, guaiacyl units 
and p-hydroxyphenyl units. It can be found that the intensities of signals for 
syringyl units were higher than those of the guaiacyl units, implying that the 
obtained lignin contains a higher proportion of syringyl moieties. In addition, 
the signals originated from p-CE (p-coumarates) were also identified. As 
compared to MWL, the signals in the regions of 173–168 ppm corresponding to 
aliphatic -COOR and 168-166 ppm to conjugated C=O in -COOR from 
coumaric and ferulic acids disappeared in HPFL, indicating that the -COOR 
structures have been hydrolyzed in the formic acid fractionation under the 
severe acidic conditions. In the region of aliphatic carbons, the signals in the 
13C NMR spectra of both AFL and HPFL at 72.7 and 60.3 ppm attributed to side 
chain carbons C-α and C-γ in β-O-4' linkages are rather weak compared to 
MWL, further confirming the cleavage of beta-aryl ether bonds during formic 
acid fractionation. Additionally, the intensity of the signal of HPFL at 56.2 ppm 
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attributed to methoxy carbons showed a significant decrease as compared to 
MWL, further indicating that the formic acid lignins occurred extensive 
demethoxylation under severe acidic conditions. 

4.3.4 2D-HSQC NMR spectra of the lignin samples 

Table 4.2. Quantification of the lignin samples (MWL, AFL, HPFL and AHFL) 
isolated from bamboo by quantitative 2D-HSQC NMR (MWL: milled wood 

lignin; AFL: atmospheric formic acid lignin; HPFL: high-pressure formic acid 

lignin; AHFL: high-pressure formic acid lignin from autohydrolyzed residue). 

(Paper Ⅱ & Ⅲ) 

 MWL AFL HPFL AHFL 

β-Aryl-ether units (β-O-4, A)a 54.0 17.4 NDb NDb 

Resinol substructures (β-β, B)a 6.4 2.4 ND ND 

Phenylcoumaran (β-5, C)a 3.3 0.4 ND ND 

Spirodienone (β-1, D)a 2.0 ND ND ND 
a Results expressed per 100 Ar based on quantitative 2D-HSQC spectra.  
b ND, not detected 

The HSQC spectra of MWL, AFL, HPFL, and AHFL are presented in Figure 

4.7, and the corresponding substructures are depicted in Figure 4.8. [197, 198] 
As shown in the Figure 4.7, the HSQC spectrum of MWL exhibits strong and 
relatively complete signals as compared to AFL, HPFL and AHFL. In the side-
chain region, it can be found that the main substructures in MWL of bamboo 
are the β-O-4 alkyl-aryl ether linkages, including β-O-4 substructures (A), γ-
acylated β-O-4 alkyl-aryl ether linkages (A′) and oxidized (Cα=O) β-O-4 
substructures (A′′). Other signals attributed to resinol (β-β, B) and the phenyl 
coumaran substructures (β-5′, C) were also observed. However, the HSQC 
spectrum of these lignin samples exhibit different signal intensities. As shown 
in Table 4.2, as compared to MWL, a lower signal intensity corresponding to 
β-O-4 linkage was found in the HSQC spectrum of formic acid lignin samples, 
and this signal in the spectra of HPFL and AHFL was not detected. It can be 
concluded that the cleavage of β-O-4 linkages in lignin structure was the major 
mechanism of lignin degradation during formic acid delignification under 
pressure, which is in agreement with the results as reported earlier. [195, 198] 
The reaction scheme of the cleavages of β-O-4 linkages is shown in Figure 4.9, 
the reaction led to the formation of the structures of the Hibbert ketone type 
together with a new phenolic compound. Moreover, as compared to AFL, the 
spectra of HPFL and AHFL was observed that the resinol substructures (β-β, B), 
the phenylcoumaran substructures (β-5′, C) and spirodienone substructures (β-
1, D) in the side chains occurred modification. This result further proved a more 
effective delignification in the formic acid fractionation under high pressure 
level. In addition, as compared to MWL and AFL, the disappearance of signals 
for carbohydrates in HPFL and AHFL indicates a relatively high purity of HPFL. 
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Figure 4.7. Side-chain regions (left column) and aromatic regions (right column) 
in the HSQC spectra of bamboo MWL and AFL and HPFL (MWL: milled wood 

lignin; AFL: atmospheric formic acid lignin; HPFL: high-pressure formic acid 

lignin; AHFL: high-pressure formic acid lignin from autohydrolyzed residue). 
(Paper Ⅱ & Ⅲ) 
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Figure 4.8. Main substructures of bamboo lignin samples involving different 

side-chain linkages and aromatic units identified by HSQC. (A) β-O-4 aryl ether 

linkages with a free -OH at the γ-carbon; (A′) β-O-4 aryl ether linkages with 

acylated γ-OH with p-coumaric acid; (A′′) Cα-oxidized β-O-4 substructures; (B) 

resinol substructures formed by β-β, α-O-γ, and γ-O-α linkages; (C) 

phenylcoumarane substructures formed by β-5 and α-O-4 linkages; (D) 

spirodienone substructures formed by β-1 and α-O-α linkages; (p-CE) p-

coumarates; (I) p-hydroxycinnamyl alcohol end groups; (G) guaiacyl units; (S) 

syringyl units; (S′) oxidized syringyl units with a Cα ketone; (H) p-

hydroxyphenyl units. (Paper Ⅱ & Ⅲ) 
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Figure 4.9. Reaction scheme showing the depolymerization of lignin model 
compounds by the cleavages of β-O-4 linkages in formic acid. 
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Figure 4.10. Reaction scheme showing the condensation of lignin model 
compounds in formic acid. 

In the aromatic region, H, G, and S units could be easily identified by their 
strong typical signals (Figure 4.7). Several relatively intense signals attributed 
to p-coumarate (p-CE) were found in both MWL, AFL and AHFL, while only 
signals corresponding to the p-CE2,6 could be observed in HPFL. After formic 
acid fractionation, condensed structures were observed in the HSQC spectra of 
AFL, HPFL and AHFL, suggesting that the cleavage of β-O-4 linkages and 
condensation reaction occurred simultaneously in lignin structures during 
formic acid fractionation, which was also reported in recent publications. [17] 
Under acidic conditions, the acid-catalyzed condensation between the aromatic 
C6 or C5 and a carbonium ion could be the predominant reaction pathway during 
formic acid fractionation under high pressure, as shown in Figure 4.10. On the 
other hand, the formed phenolic compounds from the cleavage of β-O-4 
linkages were further reacted with the carbonium ions at Cα of the side chain, 
and formed the new stable carbon-carbon linkage between two lignin units. [199, 
200] Both the depolymerization and condensation have a common intermediate, 
a carbonium ion (Figure 4.9 and Figure 4.10), and therefore they occur more 
or less simultaneously. The condensation of the lignin structure not only leads 
to a negative influence on the delignification of raw materials, but also 
dramatically affects its subsequent upgrading, such as catalytic 
depolymerization. 

According to the quantitative analysis the lignin samples through in HSQC 
spectra, the schematic representations of the bamboo milled wood lignin 
structures, which show the common linkages, are depicted in Figures 4.11. The 
structure is merely pictorial and does not imply a particular sequence. Since 
most of the linkages in side chain of the HPFL were broken during the formic 
acid fractionation under high pressure, the condensed lignin linkages could not 
be fully accessed by current analytical methods. 
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Figure 4.11. Representation of the lignin polymer from bamboo milled wood 
lignin, as predicted from NMR-based lignin analysis. 

4.3.5 31P NMR spectra of the lignin samples 

31P NMR analysis results of lignin samples are summarized in Table 4.3. As it 
can be seen, all the four lignin samples contained S/G/H structures with various 
proportions of S/G/H phenol structures. In general, formic acid fractionation led 
to the decrease of the content of aliphatic hydroxyl groups and the increase of 
the content of phenolic and carboxylic groups. The observed trends are in 
agreement with the B. davidii organosolv lignin reported by Hallac et al. [201] 
The decrease of aliphatic hydroxyl groups suggested that modification occurred 
on the aliphatic -OH groups during formic acid fractionation, such as the in vitro 
acetylation and the acid-catalyzed elimination reactions, while the high content 
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of the phenolic hydroxyl could be explained by the cleavage of β-O-4 linkages. 
[195, 198] As compared to AFL, the content of phenolic hydroxyl groups in 
HPFL (3.51 mmol/g) and AHFL (3.62 mmol/g) was significantly higher than 
that of AFL (2.95 mmol/g), suggesting formic acid fractionation under a high 
pressure exhibited a significant impact of the delignification. Obviously, the 
condensed phenolic hydroxyl groups content in HPFL was 1.02 mmol/g which 
was significantly higher than that of AHFL (0.63 mmol/g), suggesting that the 
autohydrolysis pretreatment was contributed to reduce the condensation of 
lignin structure during the subsequent formic acid hydrolysis. In addition, the 
content of p-hydroxyphenyl -OH in the formic acid lignins increased, 
suggesting that formic acid fractionation also resulted in the demethoxylation 
reactions.  

Table 4.3. Quantification of the lignin samples (MWL, AFL, HPFL and AHFL) 
isolated from bamboo by quantitative 31P NMR method (mmol/g) (MWL: milled 

wood lignin; AFL: atmospheric formic acid lignin; HPFL: high-pressure formic 

acid lignin; AHFL: high-pressure formic acid lignin from autohydrolyzed 

residue). (Paper Ⅱ & Ⅲ) 

Lignin 
samples 

Aliphatic 
OH 

Phenolic OH 

Carboxylic 
acid 

Syringyl Guaiacyl p-Hydroxyl 

Ca NCb C NC  

MWL 4.52 0.05 0.23 0.14 0.48 0.74 0.24 

AFL 1.50 0.30 0.59 0.44 0.59 1.03 0.29 

HPFL 0.77 0.31 0.85 0.71 0.75 0.89 0.42 

AHFL 1.45 0.26 1.15 0.37 0.81 1.03 0.34 
                  a C, condensed. 
                  b NC, non-condensed 

4.3.6 Molar mass 

Table 4.4. Weight-average (Mw) and number-average (Mn) molar masses and 
dispersity (Mw/Mn) of lignin samples (MWL: milled wood lignin; AFL: 

atmospheric formic acid lignin; HPFL: high-pressure formic acid lignin; 

AHFL: high-pressure formic acid lignin from autohydrolyzed residue). (Paper 

Ⅱ & Ⅲ) 

Sample MWL AFL HPFL AHFL 

Mw(g/mol) 9420 8075 10571 9404 

Mn(g/mol) 7458 5026 5958 5137 

Mw/Mn 1.263 1.607 1.774 1.527 



 

51 

 

The molar mass values and the dispersity of the four lignin samples are 
summarized in Table 4.4. As compared to MWL, both the weight-average 
molar mass (Mw) and the number-average molar mass (Mn) of AFL were lower 
due to the depolymerization reaction of lignin. However, for HPFL and AHFL, 
a higher Mw and a lower Mn were obtained in comparison to MWL and AFL. It 
was further confirmed that formic acid fractionation under high pressure caused 
condensation reactions of the lignin, which is in accordance with that of 
discussion in the NMR section. The molar mass of AHFL (9404 g/mol) is 
slightly lower than that of HPFL (10571 g/mol), indicating that the 
autohydrolysis process enhanced the depolymerization of lignin during the 
subsequent formic acid rapid-delignification process under pressure. Besides, 
the formic acid lignin samples had a fairly analogous dispersity, and were 
slightly higher than that of WML. 

Overall, it can be summarized that formic acid fractionation under pressure, in 
both the one-step process and the integrated procedure combining the 
autohydrolysis and formic acid rapid-delignification, presents a quick and 
efficient delignification method by enhancing the cleavage of interunitary bonds 
in lignin, as compared to atmospheric formic acid fractionation. The 
condensation reaction also occurred simultaneously during the delignification 
process. High-pressure formic acid lignins, both HPFL and AHFL, showed 
higher purity, and had relatively higher contents of phenolic and carboxylic 
groups. From the perspective of industrialization, we selected HPFL to use as 
the raw material for the subsequent valorization of formic acid lignin. 

4.4 Multifunctional nanocomposites of nanocellulose and lignin-NPs (Paper Ⅳ) 

 

Figure 4.12. A schematic process flow diagram illustrating the preparation of 

nanocellulose and lignin-NPs based on formic acid rapid-fractionation for 

producing multifunctional nanocomposite films. Image was adapted from Paper 

Ⅳ with Copyright (2019) American Chemical Society. 
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Based on the aforementioned thorough analysis for the chemical compositions 
and structural features, the valorizations of the obtained fractions from formic 
acid fractionation under high pressure were further explored. Therefore, the 
fabrication of novel biodegradable lignin-NPs and nanocellulose, as well as 
nanocomposites from bamboo based on formic acid rapid-fractionation were 
conducted. As shown in Figure 4.12, the obtained lignin was directly applied 
for producing lignin-NPs and the produced cellulose pulp was subjected to a 
TEMPO-mediated oxidation process to prepare nanocellulose. Furthermore, a 
multifunctional nanocomposite was prepared through the dispersions of 
nanocellulose and lignin-NPs followed by filtration. From an industrial 
viewpoint, the direct preparation of all-bamboo-based nanocomposite film 
enables the full utilization of the fractioned streams, and is of great significance 
for the large-scale production of lignocellulosic nanocomposite.  

4.4.1 Preparation and characterization of lignin-NPs 

 
Figure 4.13. Surface charge related properties of lignin-NPs: (a) zeta-

potentials of the lignin-NPs as a function of pH. (b) Effect of pH on average 

hydrodynamic diameter of lignin-NPs. (Paper Ⅳ) 
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As described in Figure 4.13, the lignin fractions were further used for preparing 
lignin-NPs based on a solubility change method by adjusting the pH value from 
basic to weakly acidic. The particle size, zeta-potential, and morphology of the 
obtained lignin-NPs were analyzed. The variation of the zeta-potentials and 
hydrodynamic diameter with an increase in pH is shown in Figure 4.13a and 
Figure 4.13b, respectively. The lignin-NPs dispersions exhibited a stable state 
in the pH range 5.0-8.0, with a diameter of about 100 nm and zeta-potentials of 
around -25 mV. At pH < 5.0, the magnitude of the electrical double layer 
repulsion decreased significantly due to the protonation of charged functional 
groups, resulting in the aggregation of lignin-NPs. When the pH > 9, the particle 
size decreased to about 50 nm, which can be attributed to the onset of the 
disassembly of the particle toward dissolution, and the complete dissolution 
occurred at pH > 12.0.  

 

Figure 4.14. TEM images of lignin-NPs with different magnifications. Image 

was adapted from Paper Ⅳ with Copyright (2019) American Chemical Society. 

Figure 4.14a and b show TEM micrographs of lignin-NPs. It is clear that 
uniform particles in the range of 60-80 nm, which exhibited clear boundaries 
and a spherical morphology, were formed under neutral conditions in water. 
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Meanwhile, the hydrodynamic diameter of the lignin-NPs measured by DLS 
analysis was larger than the particle size indicated in the TEM images, which 
was attributed to a hydration sphere formed around the lignin-NPs in water. 
Thus, the uniform particle size, spherical morphology, and high stability of the 
lignin-NPs indicated a promising candidate for producing lignin-NPs based 
nanomaterials. 

4.4.2 Preparation and characterization of nanocellulose 

Cellulose pulp obtained from formic acid rapid-fractionation of bamboo was 
subjected to a bleaching treatment prior to nanofibrillation. A commercial 
bleached Kraft pulp (KP) was selected as a reference. Both reference KP and 
bleached formic acid pulp (FP) were used to prepare nanocellulose through 
TEMPO-mediated oxidation at different reaction times (5 h or 24 h). The 
obtained products were coded as (KP-CNFs, 24 h), (FP-CNCs, 5 h), and (FP-
CNCs, 24 h), depending on their original material and oxidation time. The 
obtained nanocelluloses were diluted and further characterized by TEM. As 
shown in Figure 4.15a, the sample of (KP-CNFs, 24 h) exhibited a spaghetti-
like nanofibrous structure, consisting of CNFs with lengths below 1 µm and 
widths between 5-9 nm. Meanwhile, the nanocellulose samples of (FP-CNCs, 5 
h) and (FP-CNCs, 24 h) showed a morphology more similar to individual rods 
rather than fibrils, as seen in the Figure 4.15b and Figure 4,15c, respectively. 
Both nanocelluloses of (FP-CNCs, 5 h) and (FP-CNCs, 24 h) presented a length 
range of 80-300 nm and widths of 5-9 nm, which are similar to the dimensions 
of CNCs commonly produced by sulfuric acid hydrolysis, [202] indicating that 
formic acid rapid-fractionation contributed to the subsequently nanofibrillation 
of the obtained cellulose fractions through TEMPO-mediated oxidation. The 
CNCs samples originated from FP were dispersed well in water due to their high 
surface charge density and no fiber bundles were observed. It also suggested 
that almost all individual particles were peeled off from original formic acid 
fiber bundles during a 5 h oxidation time. 
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Figure 4.15. TEM images of nanocellulose prepared from different types of 

fibers though TEMPO-mediated oxidation. (a) (KP-CNFs, 24 h); (b) (FP-CNCs, 

5 h); (c) (FP-CNCs, 24 h). Image was adapted from Paper Ⅳ with Copyright 
(2019) American Chemical Society. 
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Figure 4.16. (a) FTIR and (b) carboxylate contents of nanocelluloses compared 

with that of the original fiber. (Paper Ⅳ) 

Figure 4.16a shows the FTIR spectra of the obtained nanocellulose samples, 
and their original fibers. As it can be seen, a strong band at 1604 cm−1 

corresponding to the antisymmetric stretching of -COO- in carboxylate salts 
appeared in the spectra of all three nanocelluloses, while this band was very 
weak in the spectra of their original fibers. This suggests that the carboxyl 
groups were introduced on the nanocellulose surface after TEMPO-mediated 
oxidation of KP and FP. The carboxylate content in the nanocellulose was 
quantified with respect to the reaction time in TEMPO-mediated oxidation. As 
displayed in Figure 4.16b, FP and KP original fibers contained 0.27 and 0.16 
mmol/g of carboxyl group, respectively. The content of carboxyl groups in both 
KP and FP fibers exhibited a rapid rise within the initial reaction period of 5 h, 
followed by a slight increase up to 24 h and then leveled off. Furthermore, the 
carboxylate content of nanocellulose originated from FP could reach 1.63 
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mmol/g with a 5 h reaction time, while that of the KP-CNF reached to only 1.58 
mmol/g after 24 h reaction time. The lower carboxylate content of KP-CNF is 
probably attributed to a higher hemicellulose content of the original fiber. [182] 
The high carboxylate content of nanocellulose is a crucial factor determining 
the dispersibility of the resultant nanocellulose in the suspension, [203] which 
is in good agreement with the TEM analysis.  

4.4.3 Properties of nanocomposite films 

Morphology of the nanocomposite films 

 

Figure 4.17. SEM images of nanocomposite film: surface (top row) and cross 

section (bottom row). Image was adapted from Paper Ⅳ with Copyright (2019) 
American Chemical Society. 

Nanocomposite films were prepared from aqueous dispersions with various 
proportions of cellulose nanocrystals (FP-CNCs, 5 h) and lignin-NPs. The SEM 
images of the selected nanocomposite films are shown in Figure 4.17. The 
cross-sections of selected nanocomposite films exhibited a multilayer network 
surrounded by lignin-NPs, as compared to the pure CNC film. This architecture 
indirectly suggested the lignin-NPs were homogeneously dispersed in the CNCs 
matrix without any visible aggregation. The top-view SEM images of pure CNC 
film showed a rather rough topography, while that of composite film presented 
a very smooth and homogenous surface due to the interspaces in the CNCs 
network were filled by the lignin-NPs. It can be inferred that the homogenous 
dispersity of lignin-NPs in the CNCs network may be attributed to the strong 
interactions between CNCs and lignin-NPs, which mainly arise from the 
hydrogen bonds formed among the abundant hydroxyl groups. [204] 

Mechanical properties 

Mechanical properties are essential for expanding the utilization of the obtained 
nanocomposite films to meet various application requirements. The tensile 
strength, the elongation at break, the Young’s modulus, and thickness for the 
nanocomposite films were determined and are summarized in Table 4.4. The 
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incorporation of lignin-NPs contributed to an increase in the tensile strength and 
Young’s modulus of the nanocomposite films, and the highest value of tensile 
strength was obtained as the CNCs/lignin-NPs film with a compositional ratio 
of 5, which was much higher than those of the pure CNC film. It can be 
concluded that the lignin-NPs reinforced the CNC films by the formed strong 
hydrogen bonds, which allow strong interfacial adhesion between CNCs and 
lignin-NPs. [204] 

Table 4.4. Young’s modulus, tensile strength, elongation at break, and thickness 
of composite films with different ratios of CNCs/lignin-NPs. (Paper Ⅳ) 

CNC/lignin
-NPs 

Tensile 
strenth (MPa) 

Elongation 
at break (%) 

Young’s 
modulus (GPa) 

Thickness 
(µm) 

100:0 63.15±4.2 2.52±0.2 4.94±0.01 95.9±2.1 

10:1 82.70±0.3 2.62±0.2 6.53±0.02 70.6±1.9 

5:1 91.84±0.3 2.86±0.3 7.24±0.01 70.2±1.2 

2:1 69.70±4.3 1.39±0.3 6.23±0.1 69.6±1.1 

1:1 66.03±3.7 1.62±0.1 5.62±0.02 67.1±1.4 

Thermal properties 

As shown in Figure 4.18a, the thermal stability of the nanocomposite films was 
significantly improved, especially with a higher content of the incorporated 
lignin-NPs, as compared to that of the pure CNC film. The enhanced thermal 
stability of these nanocomposites can be attributed to the formed molecular 
interactions between CNCs and lignin-NPs, such as hydrogen bonds. [205] The 
derivative TG curves showed that the degradation of all the samples occurred 
in two stages and presented similar decomposition profiles, as indicated in 
Figure 4.18b. The first (T1) and second (T2) decomposition temperature are 
around 260 °C and 315 °C, respectively, both of which correspond to the 
degradation of the polymer backbone.  
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Figure 4.18. Thermal stability of different nanocomposites produced under the 

various CNCs/lignin-NPs ratio: (a) TGA weight loss; (b) TGA temperature 

derivative weight loss. Image was adapted from Paper Ⅳ with Copyright (2019) 
American Chemical Society. 

Antibacterial activity 

The inhibition of the nanocomposites against E. coli is visually displayed in 
Figure 4.19. It is clear that all the nanocomposite film formed inhibitive holes 
with the diameters ranged in 9-16 mm, while the pure CNC film showed no 
clear inhibition zones. The incorporation of lignin-NPs significantly imposed 
the nanocomposites with antibacterial activity against E. coli. A previous study 
reported that lignin exhibited excellent antibacterial performance and could be 
used as an innovative antimicrobial natural material due to its original structure, 
including phenolic compounds and the presence of certain functional groups 
with oxygen. [206] Therefore, the nanocomposite films produced from a direct 
and low-cost processing procedure have exhibited functionality, and have the 
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potential to substitute for petrochemical-based polymers in such cases as 
packaging applications. 

 

Figure 4.19. Inhibition halos measured and spot diffusion assay of 

nanocomposites tested toward E. coli. Image was adapted from Paper Ⅳ with 
Copyright (2019) American Chemical Society. 

4.5 Lignin-based hybrid magnetic nanoparticles for ultrafast removal 

of heavy metal ions (Paper Ⅴ) 

Various materials have been explored for the adsorption of heavy metal ions 
from aqueous solutions. [207, 208] In an up-to-date research context, 
nanomaterials, especially nanoparticles, exhibit unprecedented opportunities 
for the adsorption of heavy metals ions in high efficiency due to their unique 
physical and chemical properties. [209-211] Among various types of 
nanoparticles, magnetic hybrid nanoparticles have drawn considerable interest 
for the adsorption of heavy metal ions due to their intriguing features, such as 
being easy to separate, large surface area, and diversity in surface 
functionalization. [212, 213] The magnetic nanoparticles can be used as 
magnetic cores, which can be modified or cross-linked with other functional 
polymers to enhance their chemical stability and their performance in the 
adsorption of heavy metal ions. [214, 215] As one of the main fraction obtained 
from formic acid fractionation, the valorization of formic acid lignin is 
considered as an important part of the integrated biorefinery platform. The 
unique structural features of formic acid lignin, which contains numerous 
functional groups including -OH and -COO- groups, can be regarded as a 
promising raw material for preparing lignin-based magnetic hybrid 
nanoparticles for the adsorption of heavy metal ions. It may open windows of 
opportunity for the valorization of the obtained lignin.  



 

61 

 

4.5.1 Synthesis of lignin-based hybrid nanoparticles 

 

Figure 4.20. A schematic process flow diagram illustrating the synthesis of the 

lignin-based hybrid magnetic nanoparticles (HPFL: high-pressure formic acid 

lignin; MFL: modified high-pressure formic acid lignin). (Paper Ⅴ) 

As shown in Figure 4.20, formic acid lignin-based hybrid magnetic 
nanoparticles were synthesized through a chemical cross-linking reaction 
between the amine-functionalized Fe3O4@SiO2 and modified lignin. To 
improve the active sites of the synthesized materials, the lignin structure was 
modified via carboxymethylation to introduce carboxylate group.  

 

Figure 4.21. XRD patterns of synthesized nanoparticles (Fe3O4: magnetic 

nanoparticles; Fe3O4@SiO2: silica coated magnetic nanoparticles; 

Fe3O4@SiO2-NH2: silica coated magnetic nanoparticles with amine groups; 

Fe3O4@SiO2-NH-MFL: modified lignin-based hybrid magnetic nanoparticles). 

(Paper Ⅴ) 

The XRD pattern was recorded by from 5° to 80° 2θ (Figure 4.21). The 
presence of magnetic nanoparticles as a core was identified by the characteristic 
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diffraction peaks at 30.3°, 35.7°, 43.3°, 53.5°, 57.4° and 62.9° 2θ (JCPDS card 
No. 19-0629), respectively, which also revealed the hexagonal phase structure 
of the Fe3O4 nanoparticles. [216] These above-mentioned peaks were all 
observed in the amine-functionalized Fe3O4@SiO2 and as-synthesized 
Fe3O4@SiO2-NH-MFL, indicating that the silica coating, further modification 
and cross-linking reaction did not lead to any significant change in terms of the 
size and crystal structure of the Fe3O4 nanoparticles. 

 

Figure 4.22. FTIR spectra of synthesized nanoparticles (MFL: modified formic 

acid lignin; Fe3O4@SiO2-NH2: silica coated magnetic nanoparticles with 

amine groups; Fe3O4@SiO2-NH-MFL: modified lignin-based hybrid magnetic 

nanoparticles). (Paper Ⅴ) 

FTIR spectra are illustrated in Figure 4.22. The typical characteristic peaks of 
the carboxymethylated lignin at 3430 and 1600 cm-1 are ascribed to hydroxyl 
groups and carboxylate groups (asymmetric stretching), respectively. [80] The 
spectra also showed characteristic “lignin bands” at 1513 and 1452 cm-1, which 
are due to aromatic rings, and the peaks at 1220 cm-1 ascribed to phenolic C-O 
groups. [173] Furthermore, the typical absorption peak at 540 cm-1 is attributed 
to the stretching vibration of Fe-O bond, and the strong absorption peaks at 1064 
cm-1 resulted from Si-O vibrations, which highlighted the formation silica 
network surrounded the Fe3O4 nanoparticle core. [217] Two weak peaks at 1640 
and 1566 cm-1 are attributed to the deformation vibration of amide I and amide 
II, respectively, indicating the successful amine modification of Fe3O4@SiO2 
nanoparticles. [173] After chemical cross-linking, these above-mentioned peaks 
are clearly found in the end target product (Fe3O4@SiO2-NH-MFL), indicating 
the successfully synthesis of the magnetic hybrid nanoparticles.  
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4.5.2 Surface properties of the synthesized nanoparticles  

It is important to reveal the surface properties of synthesized nanoparticles in 
order to understand their suitability for adsorption of heavy metal ions. As 
shown in Figure 4.23a-d, the morphology of the synthesized nanoparticles was 
investigated by TEM and SEM equipped with an EDX system. All the obtained 
nanoparticles present an approximate diameter of 10-20 nm and a nearly 
spherical shape. As the final synthesized products, the Fe3O4@SiO2-NH-MFL 
nanoparticles display a relatively similar spherical morphology and size as its 
precursor nanoparticles. The morphology of these nanoparticles was also 
examined by SEM, as displayed in Figure 4.23a1-d1, which is in agreement 
with the result found by TEM. Representative morphology of the as-synthesized 
Fe3O4@SiO2-NH-MFL nanoparticles structures, as revealed by SEM (Figure. 

4.23d1), exhibits a coarse and polydisperse mesoporous structure, which enables 
the synthesized hybrid nanoparticles to achieve a high adsorption capability for 
heavy metal ions owing to a larger exposed specific surface area.  
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Figure 4.23. Representative TEM images (left column) and SEM images (right 

column) of Fe3O4 (a and a1), Fe3O4@SiO2 (b and b1), Fe3O4@SiO2-NH2 (c and 

c1) and Fe3O4@SiO2-NH-MFL (d and d1) (Fe3O4: magnetic nanoparticles; 

Fe3O4@SiO2: silica coated magnetic nanoparticles; Fe3O4@SiO2-NH2: silica 

coated magnetic nanoparticles with amine groups; Fe3O4@SiO2-NH-MFL: 

modified lignin-based hybrid magnetic nanoparticles). Image was adapted from 

Paper Ⅴ with Copyright (2019) ELSEVIER. 
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In order to reveal the stability of liquid dispersions of the synthesized 
nanoparticles, zeta-potential was measured at different pH values. As shown in 
Figure 4.24, the zeta-potential of synthesized Fe3O4@SiO2-NH-MFL 
decreased with an increase in pH, and the isoelectric point was reached at pH 
2.4. At pH > 3, the hybrid nanoparticles possess a negative surface charge of 
below -30 mV. In comparison, the isoelectric point of Fe3O4@SiO2-NH-FL and 
Fe3O4@SiO2-MFL shifted to 3.5 and 3.1, respectively, and then the surface 
charge was transformed to a negative charge with large fluctuations. These 
results indicate that the synthesized Fe3O4@SiO2-NH-MFL dispersion 
exhibited excellent stability over a wide pH range. The presence of coated silica 
and linked carboxymethylated lignin exhibited a clear effect on the zeta-
potential of Fe3O4@SiO2-NH-MFL nanoparticles. [218]  

 

Figure 4.24. Zeta-potential of the synthesized nanoparticles as a function of pH 

(Fe3O4-NH-MFL: non-silica coated modified lignin-based hybrid magnetic 

nanoparticles; Fe3O4@SiO2-NH-FL: non-modified lignin-based hybrid 

magnetic nanoparticles; Fe3O4@SiO2-NH-MFL: modified lignin-based hybrid 

magnetic nanoparticles). (Paper Ⅴ) 
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4.5.3 Adsorption of heavy metal ions using synthesized lignin-based hybrid 

nanoparticles 

Adsorption performance 

We selected an initial pH of 5.0 to further investigate the adsorption efficiency 
and isotherm of hybrid nanoparticles (Fe3O4@SiO2-NH-MFL). Figure 4.25a 

and b show the removal of Pb2+ and Cu2+ ions by the synthesized Fe3O4@SiO2-
NH-MFL as a function of contact time. Impressively, the adsorption of Pb2+ and 
Cu2+ ions showed an ultra-fast process and the equilibrium was reached within 
30 s under an initial metal ions concentration of 50 mg/L. Such an ultrafast 
adsorption of heavy metal ions by the synthesized Fe3O4@SiO2-NH-MFL 
presents a great potential for the large-scale applications. This superior 
performance of the adsorbent can be attributed to the following synergistic 
effects: (1) the cross-linked carboxymethylated lignin provides numerous active 
sites; (2) the porous structure of the synthesized Fe3O4@SiO2-NH-MFL offers 
a large surface area; (3) the highly negative charge on the nanoparticle surface 
(zeta-potential < -30 mV in the pH range of 3-11) accelerates the diffusion and 
enrichment of metal ions towards the adsorbent surface.  

 

Figure 4.25. (a) Effect of contact time on the adsorption capacity of Pb2+ and 

(b) Cu2+ by Fe3O4@SiO2-NH-MFL (Fe3O4@SiO2-NH-MFL: modified lignin-

based hybrid magnetic nanoparticles). (Paper Ⅴ) 

The Pb2+ and Cu2+ adsorption isotherms were investigated as described in 
Figure 4.26a and b. The adsorption capacities of the as-synthesized 
Fe3O4@SiO2-NH-MFL at first increased rapidly at low metal ion concentration, 
and then reached a plateau with the maximum adsorption capacity of 152.4 and 
71.4 mg/L for Pb2+ and Cu2+, respectively. As shown in Figure 4.26a and b, it 
can be concluded that the Sips model fits the experimental data well with a 
higher correlation coefficient as compared to Langmuir and Freundlich 
isotherm model. This offers the best description for the adsorption of both Pb2+ 
and Cu2+ onto the synthesized Fe3O4@SiO2-NH-MFL nanoparticles. Under the 
utilization of Sips model, the maximum adsorption capacity was predicted to be 
150.33 and 70.69 mg/g for Pb2+ and Cu2+ ions, respectively. 
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Figure 4.26. (a) Adsorption isotherms for Pb2+ and (b) Cu2+ adsorption on 

Fe3O4@SiO2-NH-MFL and the corresponding Langmuir, Freundlich and Sips 

models (Fe3O4@SiO2-NH-MFL: modified lignin-based hybrid magnetic 

nanoparticles). (Paper Ⅴ) 

Adsorption mechanism  

It is essential to understand the adsorption mechanism of the heavy metal ions 
onto the Fe3O4@SiO2-NH-MFL nanoparticles. As shown in Figure 4.27a, the 
FTIR spectra was recorded before and after adsorption by Fe3O4@SiO2-NH-
MFL. It is observed that the stretching vibration of the -OH group shifted from 
3369 to 3302 cm-1 after adsorption of Pb2+, indicating that strong -OH 
interactions are developed due to the formation of hydrogen bonding between -
OH groups. Furthermore, the C=O stretching vibration in the -COO- groups 
occurred a slight shift from 1712 to 1706 cm-1 and the relative intensity of the 
C=O absorption band decreased after Pb2+ adsorption.  

XPS was also applied to reveal the adsorption mechanism of heavy metal ions. 
After adsorption of Pb2+, the relative area ratio of the peak attributed to Na 1s 
decreased, instead some characteristic peaks for Pb were observed in the XPS 
spectra (Figure 4.27), indicating the ion exchange between -COONa and Pb2+. 
According to the high-resolution XPS scan (Figure 4.27c and d), the C-O 
signal occurred a shift from 286.06 eV to a lower binding energy at 285.89 eV 
after metal ions adsorption, which was probably caused by the interaction of 
Pb2+ ions with C-OH. While the peak for the -COO- signal shifted to higher 
binding energy from 287.33 eV to 287.72 eV due to the binding of Pb ions to -
COO-. [219] After the metal ions adsorption, the peak attributed to -OH shifted 
to lower binding energy from 532.77 eV to 532.27 eV and the peak of the -
COO- signal shifted to higher binding energy due to the decreased electron 
density, which was feasibly caused by the interaction of Pb2+ ions with oxygen 
atoms. These results further confirmed that the -OH and -COO- groups on the 
surface of Fe3O4@SiO2-NH-MFL nanoparticles play a significant role in the 
ultrafast adsorption process. Therefore, based on the above discussions, the 
adsorption mechanism of heavy metal ions by the synthesized Fe3O4@SiO2-
NH-MFL is mainly attributed to ion exchange and hydrogen bonding. 
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Figure 4.27. FTIR analysis (a), XPS survey spectra (b), O 1s spectra (c and d) 

and C 1s spectra (e and f) of Fe3O4@SiO2-NH-MFL before and after the 

adsorption of Pb2+ ions (Fe3O4@SiO2-NH-MFL: modified lignin-based hybrid 

magnetic nanoparticles). Image was adapted from Paper Ⅴ with Copyright 
(2019) ELSEVIER. 
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5. Concluding and future remarks 

5.1 Summary of the thesis 

With the aim of building an integrated biorefinery platform, based on formic 
acid fractionation of bamboo, a full value chain of the fractions with integration 
of nanomaterials production was explored. Based on the thorough 
understanding of the chemical compositions and structural features of various 
streams, especially for lignin, valorization processes for the production of 
lignin-NPs, a lignin-based composite, and hybrid nanoparticles were exploited. 

As the basis of this thesis work, formic acid fractionation of bamboo under 
pressure was firstly investigated for converting the lignocellulose into its main 
components. Lignin and hemicelluloses were selectively dissolved, while 
cellulose remained without being obviously degraded. Under the optimized 
conditions, this process provided a high efficient way to fractionate bamboo into 
42.2% cellulose pulp, 31.5% lignin, and 8.5% hemicellulose fractions. In order 
to promote the recovery and high-value applications of hemicelluloses, a 
combined fractionation process based on autohydrolysis and subsequent formic 
acid rapid-delignification was also successfully explored. The autohydrolysis 
facilitated oligosaccharide production, and the subsequent formic acid rapid-
delignification further fractionated autohydrolyzed bamboo into lignin and 
cellulose.  

Furthermore, the obtained formic acid lignin was subjected to comprehensive 
structural characterization. The results confirmed that formic acid fractionation 
under high pressure presents a quick and efficient delignification method by 
enhancing the cleavage of interunitary bonds in lignin. The condensation 
reaction also occurred simultaneously during the delignification process. As 
compared to atmospheric formic acid lignin, high-pressure formic acid lignin 
showed higher purity and yield, and had relatively higher contents of phenolic 
and carboxylic groups.  

Moreover, the dissolved lignin in spent liquor was processed into nanoparticles 
(lignin-NPs), which exhibited spherical morphology and a uniform particle size 
distribution. The bamboo-originated cellulose can be easily converted into 
cellulose nanocrystals (CNCs) using TEMPO oxidation in a relatively short 
time. Importantly, nanocomposite films were prepared based on the dispersions 
of CNCs and lignin-NPs. The nanocomposite films exhibited a very smooth 
surface and homogeneous structure. Most impressively, at the CNCs/lignin-NPs 
ratio of 5, the tensile strength and Young’s modulus were improved by 44% and 
47%, respectively, compared to the pure CNC film. Owning to the presence of 
lignin-NPs, and the nanocomposites exhibited an effective antibacterial activity 
against E. coli. 

Additionally, as a highly efficient and effective bio-degradable adsorbent for 
heavy metal ion removal, novel lignin-based hybrid nanoparticles 
(Fe3O4@SiO2-NH-MFL) were prepared through a facile method using 
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epichlorohydrin as a cross-linker between amino-functionalized magnetic 
nanoparticles and carboxymethylated lignin. Taking the advantages of their 
special mesoporous structure and numerous active sites, the as-synthesized 
lignin-based hybrid nanoparticles were found to be exceptionally effective and 
efficient in the removal of heavy metal ions from aqueous solutions, with 
ultrafast adsorption equilibrium (within 30 s) and a relatively high adsorption 
capacity, respectively. The ion exchange and hydrogen bonding mainly 
contribute to the ultrafast and high capacity removal of heavy metal ions by 
Fe3O4@SiO2-NH-MFL nanoparticles. All of these superior properties suggest 
that the Fe3O4@SiO2-NH-MFL nanoparticles could become eco-friendly hybrid 
materials for the ultrafast removal of heavy metal ions from wastewater on a 
large scale. 

Overall, this thesis work explored an efficient fractionation approach to 
overcome the highly recalcitrant nature of lignocellulose and to facilitate the 
subsequent valuable conversion based on the integrated biorefinery. Formic 
acid fractionation provides a green pathway to separate lignocellulosic biomass, 
as in this thesis exemplified for bamboo, and the obtained fractions, especially 
for lignin, offer various possibilities for their valorization. It is believed that the 
full transformation of lignocellulosic components from materials based on 
formic acid fractionation opens a window for the building of a promising 
versatile material platform to meet the green chemistry principles and the 
commercial cost target. 

5.2 Future remarks 

Formic acid fractionation is a promising protocol to overcome the recalcitrance 
of lignocellulosic biomass, achieving a full separation in an environmentally-
friendly way. The fractionated streams allow a holistic valorization based on the 
integrated biorefinery system, whereas some challenges still exist in the current 
fractionation process: 

(a) A certain amount of condensation structure exists in the structure of formic 
acid lignin. The condensation of lignin structure not only leads to a negative 
influence on the delignification of raw materials, but also dramatically affects 
its subsequently upgrading. How to effectively prevent the formation of 
condensation structure during formic acid fractionation is worth to consider. 

(b) The complex structure of lignin, including various types of bonds, functional 
groups, and molar mass, limits its high-value applications. There is still a 
knowledge gap in the structural analysis of the lignin molecular structure. 
Therefore, in order to overcome the current technological challenges, the 
development of innovative analytical techniques and combined analysis 
methods should gain more attention. 

(c) The valorization of lignin is still in the developing stage, and challenges are 
yet to be overcome to realize large-scale operation. The high-value products 
based on lignin, such as new materials and chemicals, are in urgent need for the 
integrated utilization of lignocellulosic materials. Research efforts could be 
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intensified on the further functionalization of lignin nanomaterials for their 
high-value use as solid catalysts, biomedical materials and adsorbents. 
Furthermore, the accurate gradation of lignin according to its special features 
may bring us a better choice to improve the performance of the end products. 
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