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ABSTRACT 
The energy crisis caused by the depletion of fossil fuels is globally recognized as 

a serious threat to humanity in the near future. Moving away from fossil fuels in favor 

of reliance on renewable sources is an inevitable trend in development. Among 

renewable resources, lignocellulosic biomass is the most abundant renewable organic 

resource on the earth which has been used as an alternative to fossil fuels for the 

extensive production of sustainable fuels, chemicals, materials, and biological 

products. Global researchers have devoted their great efforts to develop effective 

technologies for biomass conversion in the past decades, the economic transformation 

and utilization of biomass is restricted by the efficiency and selectivity due to the 

complexity and resistance structure. High lignin content biomass has stronger 

resistance than low lignin content biomass. A pretreatment process to reduce its 

recalcitrance or to fractionate lignocellulose into its main components that improves 

the conversion efficiency is considered to be the foundation step for the establishment 

of an economical and sustainable lignocellulosic biorefinery. Alkaline wet oxidation, 

which allows milder conditions than thermochemical conversion and higher efficiency 

than bioconversion, is a popular technology to treat biomass for delignification and 

has been widely used in commercial paper and pulp processes. However, there are 

still problems such as severe loss of carbohydrates, unclear mechanism of biomass 

degradation, and the use of expensive or toxic reagents. 

A main focus of the present study is the alkaline wet oxidation of biomass under 

mild conditions using the green oxidant O2 to achieve deep delignification and thus 

recover cellulose residue. We achieved deep delignification (96%) of a kind of high 

lignin content woody biomass, Japanese cedar, using NaOH solution and pressurized 

O2 under mild conditions (90 ℃). Chemical mechanisms were explored via 

investigating the degradation of carbohydrates and establishing the removal 

relationship between lignin and carbohydrates. Polysaccharides (hemicellulose) were 

directly decomposed into small molecules without forming monosaccharides. 
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Delignification consists of three stages (early, mid, and late stages) and the late-stage 

(removal rate >65%) requires cellulose decomposition for making the lignin 

accessible to oxidizing agents. Secondary reactions of products dissolved in liquid 

have a detrimental effect on delignification. Repeated short-time oxidation with 

renewal of alkaline water suppressed the lignin condensation enhancing the 

delignification. It is very difficult, even impossible, to analyze the primary reaction 

using a batch reactor, due to the inevitable secondary reactions of the dissolved 

products in the aqueous phase. A newly developed flow-through fixed-bed reactor 

(percolator) was thus employed for the primary extraction. Quantitative kinetic 

analysis revealed that the cedar consisted of three kinetic components (C1, C2, and C3) 

that underwent extraction in parallel following first-order kinetics with different rate 

constants. C1 was converted most rapidly by non-oxidative reactions such as 

alkali-catalyzed hydrolysis, while C2 by oxidative degradation. C3 was the most 

refractory component, consisting mainly of glucan and very minimally of the lignin 

and hemicellulose. Although the hemicellulose was converted into organic acids, it is 

more valuable if it can be recovered as monosaccharides or oligosaccharides. 

Hydrothermal treatment and alkaline wet oxidation were combined to recover 

hemicellulose as oligosaccharides and then to deeply delignify under mild conditions. 

Most hemicellulose in cedar was recovered as mannose-oligosaccharides with 

molecular weight (200-10000 Da) by hydrothermal extraction using H2O at 180 ℃. 

In the subsequent alkaline wet oxidation, the comparison between NaOH and Na2CO3 

revealed that Na2CO3 was more favorable for the oxidative depolymerization of lignin 

and removed 98.9% lignin at 120 ℃ recovering a high-cellulose residue (98.8%). As 

a typical herbaceous and agricultural waste, rice husk was also treated with 

hydrothermal treatment and alkaline wet oxidation to prepare high-purity pulp. 

High-purity cellulose fibers (98.1%) were obtained in a high yield (>83 wt%) by 

using Na2CO3 solution and O2 at 120 ℃  for 120 min. The Na2CO3 solution 

maintained a good delignification effect (84%) even after being reused four times.
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1.1. World Energy Consumption 

Fossil fuels (coal, oil, natural gas) have always been the predominant energy and 

chemicals sources. Fossil fuels account for more than 80% of the world's total energy 

consumption and this situation will continue for a long time if no breakthrough innovation 

in the utilization of renewables. [1] Their increasing consumption has caused serious 

environmental problems, atmospheric pollution, global warming, etc. The reserves of fossil 

fuels are limited and non-renewable. An optimistic estimate is that crude oil could last until 

2100 based on the current growth in energy consumption and other potential oil resources. 

[2] It is globally recognized that the energy crisis owing to the fossil fuels depletion is a 

serious threat that humanity are facing in the near future. Many researchers are 

continuously working in developing advanced technologies and exploring alternatives to 

fossil fuels. Moving away from fossil fuels in favor of reliance on renewable sources such 

as hydropower, wind, solar, biomass, and nuclear energy is now attracting considerable 

attention. [3] Biomass, nuclear, hydroelectric, and other renewables (geothermal, solar, and 

wind) provides 9.7%, 4.9%, 2.5% and 1.5% of the world's primary energy requirements, 

respectively. Many governments and organizations push their heads toward this goal. The 

EU is eager to provide 20% and 55% of its total energy consumptions from renewable 

sources by 2020 and 2050, respectively. Germany and the United States plan to reach 80% 

renewable electricity by 2050 while Denmark proposes to completely eliminate fossil 

energy by 2050. Aggressive studies reveal that it is possible for China to achieve 26% 

renewable energy by 2030 and 60% renewable energy and 86% renewable electricity by 

2050. [4] Among renewable resources, lignocellulosic biomass is the most abundant 

renewable organic resource on the earth. It has been exploited for the extensive production 

of sustainable fuels, chemicals, materials, and biological products that underpin our 

modern societies owing to its renewability and availability. [5] A remarkable advantage is 

that conversion of biomass can achieve zero emission of CO2 due to the fixation of CO2 

through the photosynthesis during its growth. 
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1.2. Lignocellulosic Biomass 

Biomass includes agricultural/forestry residues, herbaceous crops, aquatic, and marine 

biomass (e.g., algae and seaweed), and organic wastes (e.g., sewage sludge and industrial 

waste). Lignocellulosic biomass is the most commonly employed type of biomass used for 

biofuel production. [2] It is mainly composed of three constituent biopolymers (Figure 

1.1): cellulose (35–55wt%), lignin (15–30wt%), and hemicellulose (10–35wt%). [6] 

 

Figure 1.1. Structures of cellulose, hemicellulose, and lignin. [13] 

Hemicelluloses give a complex network of bonds by linking cellulose fibres into 

microfibrils and cross-linking with lignin. [7] Cellulose is a homogeneous polymer 

composed of glucose long chains that are connected by β-glycosidic linkages with reducing 

and non-reducing ends. Hemicelluloses are heterogeneous polymers consisting of pyranoses 

and furanoses units, including xylose, mannose, arabinose, glucose, and galacturonic acid. 

[8] Hemicellulose varies in different biomass; hardwood hemicellulose contains mainly 

xylan, whereas softwood hemicellulose contains mainly glucomannan. [9] Generally, 

cellulose and hemicellulose have been fed into already-developed biorefinery product 

streams for pulp, monosaccharide products or bioethanol. [5] Lignin is a three-dimensional 
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amorphous polymer comprised of aromatic rings of varying functionalization, primarily 

hydroxyl, methoxy, and propyl groups. The structure of lignin within different biomasses 

varies considerably, especially in the composition of its three monolignols, p-coumaryl (H), 

coniferyl (G), and sinapyl units (S). [10] Lignin is the most abundant aromatic renewable 

resource in the nature. The lignin depolymerization produces phenolic compounds (such as 

coniferyl, sinapyl, p-coumaryl alcohol, and their derivates) which are the potential 

feedstocks for chemical industry. [11] However, it is very hard to depolymerize lignin into 

monomers effectively due to its chemical recalcitrance and structural complexity. [12] 

These biopolymers are organized into complex inhomogeneous three-dimensional 

structures in the cell wall which makes the robustness and recalcitrance of lignocellulose. 

The crystallinity of cellulose, hydrophobicity of lignin, and encapsulation of cellulose by the 

lignin-hemicellulose matrix all contribute to the resistance of biomass to degradation. [13] 

The intricate structure and natural recalcitrance often leads to low productivity and complex 

unstable products, seriously restricting its effective utilization in biochemical and biofuel 

technologies. [7] 

1.3. Biofuel Production Processes 

Biomass can be transformed into the desired forms of energy by different 

technologies. Combustion, pyrolysis, catalytic pyrolysis, gasification, liquefaction, and 

enzymatic digestion are the mature biomass utilization technologies developed in the past 

decades. These technologies allow the direct conversion of biomass into heat, mixture of 

gaseous products (CO2, CO, H2, CH4, etc), char, bio-oils, and chemicals as needed. [5] 

Biomass combustion has received widespread attention to provide electric power due 

to its comparable calorific value to coal (HHV: 10–20 MJ/kg) as well as the trace nitrogen 

and sulphur. Biomass burning mainly releases CO2 and H2O which is friendly to the 

environment. The combustion systems are constantly being improved to increase 

combustion efficiency. [14] Along with an apparent growing trend, the biofuels provided 

421131.0 GWh in 2018. [15] 
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Biomass pyrolysis occurs in an oxygen-free atmosphere at 300–600 °C under 

atmospheric pressure primarily converting feedstock into liquid bio-oils and char with a 

minority of gas. [16] The main decomposition temperature ranges for the three components 

of biomass, cellulose, hemicellulose, and lignin, are 315–400, 220–315, and 200–600 °C, 

respectively. [17] Pyrolysis is categorised to slow and fast pyrolysis (heating rate > 10–

200 °C/s, residence time = 0.5–10 s) according to the heating rate, where mainly produce 

char and bio-oils, respectively. [18] Char is the residual solid product with low volatility 

and high carbon content. The carbonaceous residue can be employed as a catalyst carrier or 

be burned to provide heat. Bio-oils is an organic mixture of alcohols, ketones, aldehydes, 

phenols, ethers, esters, sugars, furans, alkenes, nitrogen and oxygen compounds, which fine 

chemicals can be recovered. [18] Bio-oil has some deleterious properties including high 

oxygen content, thermal instability, high corrosiveness, and correspondingly low heating 

value, which prevents it from being utilized directly as an engine fuel. To overcome such 

issues, bio-oils has to be further upgraded by hydrodeoxygenation which requires the 

involvement of catalysts and high pressure H2. [19] 

Catalytic pyrolysis is a promising technology developed to upgrade the bio-oil in situ 

during the pyrolysis, where the catalyst was added directly in the reactor for removing the 

oxygen of oxygenates and cracking the heavy species. [20] Many kinds of catalysts have 

been developed for catalytic pyrolysis, such as transition metal catalysts (Fe, Ni, Co, Mo, 

Pa), noble metal catalysts (Pt, Au, Ru), and zeolite catalysts (ZSM-5, Y-zeolite, 

Beta-zeolite, MCM-41, CM-22, Mordenite, SAPO-34), etc. [21] 

Gasification converts biomass into syngas at 800-1500 ℃ (CO, H2, CH4, CO2, and 

light hydrocarbons) via multi-stages: drying, pyrolysis, oxidation, reduction, and cracking. 

[22] The conversion is usually performed in the presences of the catalysts and a gasifying 

carrier, such as oxygen, steam, air, or CO2. [23] In the past decades, steam was the most 

popular gasifying agent. Recently, gasification employing CO2 as a gasifying agent has 

attracted a considerable attention in the academic and industrial fields of biomass 

conversion due to its potential advantages in reducing carbon emissions. [24] Syngas is 

primarily used as chemical feedstock, power generation, or biofuel production. 
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Biomass liquefaction is a thermochemical process carried out at low temperature 

(250-400 °C) and high pressure (1-20 MPa) suitable solvents, in which the wet biomass is 

converted into bio-oil fractions (target product), gases, and solid residues. [25] Water, 

organic solvents (methanol, ethanol, acetone, and 2-butanol etc.), and ionic liquids are 

widely used liquefaction solvents. Among them, water is the most favored thanks to its 

advantages of environmental benign, cheap, and safety. But it usually yields a relatively 

low yield of bio-oil (20 wt%). Higher bio-oil yields (30-70 wt%) can be recovered with 

organic solvents than water, but this could also cause a high cost and some environmental 

concerns. [26] Although the ionic liquids give the highest conversion rate (>90 wt%), their 

high cost and non-recyclability prevent them from a large-scale utilization. [27] 

Biochemical conversion is a technology to convert biomass into bioethanol, biogas, 

biological hydrogen, or fermentable sugars etc., using microorganisms or enzymes under 

mild conditions. [28, 29] Unlike the thermochemical conversion method, this technology is 

well adapted to the organic waste with a high moisture (>50%). [30] It often takes several 

days or weeks to degrade the majority of the organic material owing to its low conversion 

efficiency. 

1.4. Biomass Pretreatment Procedures 

Using biomass to provide heat is a relatively low-level utilization mode compared to 

obtaining biomass-based platform chemicals. It is, however, difficult to efficiently and 

selectively convert biomass into targeted chemicals by a single step treatment method, like 

pyrolysis and liquefaction, because of the complex and diverse structures of the 

three-components. [11] Bio-oil is a complex mixture of hundreds of compounds. The three 

components interact with each other in the process of biomass conversion. It is a consensus 

that lignin can seriously restrict the efficiently conversion of carbohydrate (cellulose and 

hemicellulose). [31] The C5 and C6 sugars derived from cellulose and hemicellulose can be 

converted into a variety of platform chemicals, such as 1,4-diacids (succinic acid, fumaric 

acid, malic acid), 2,5-furan dicarboxylic acid, 3-hydroxy propionic acid, aspartic acid, 

glucaric acid, glutamic acid, itaconic acid, levulinic acid, 3-hydroxybutyrolactone, glycerol, 
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sorbitol, and xylitol/arabinitol. [1, 32, 33] Unique structure and chemical properties of lignin 

allow the production of a wide variety of aromatic compounds. [11, 34, 35] Therefore, an 

integrated pretreatment process to reduce its recalcitrance or to fractionate lignocellulose 

into its main components that improves the conversion efficiency is considered to be the 

foundation step for the establishment of an economical and sustainable lignocellulosic 

biorefinery. [36] Although it is difficult to completely separate and collect the three 

components, it is valuable to recover high-quality streams of the major biomass components. 

Pretreatments generally achieve destruction of the crosslinking structure, increasing pore 

volume and accessibility, hemicellulose removal and/or degradation, lignin delignification 

and/or modification, and reducing the crystallinity and polymerization of cellulose etc. [37] 

Various pretreatment technologies have been extensively studied and are still in 

development, which can be classified into three categories, including physical, chemical, 

biological, and combination of these pretreatments. 

Common physical pretreatments include steam explosion, hydrothermal treatment, and 

mechanical comminution. For the steam explosion treatment, biomass particles are rapidly 

heated by a high-pressure saturated steam at 160-270 °C for several seconds or minute, and 

then achieve an explosive decompression state by swift release of pressure. [38] Although 

the steam-explosion can effectively improve the digestibility of the residue, it suffers from 

high voltage equipment and energy consumption. Another desirable alternative is the steam 

pretreatment where the biomass is treated by superheated steam at atmospheric pressure. [39] 

The partial hemicellulose can be decomposed by the superheated steam (190-240 ℃) which 

is crucial for the downstream fractionation. [40, 41] Hydrothermal treatment is a popular 

pretreatment method for recovering hemicellulose by using hot liquid water, with the 

advantage of producing hardly any inhibitors of sugar fermentation. Cleavage of O-acetyl 

and uronic acid substitutions from hemicellulose during the hydrothermal treatment 

produces organic acids (mainly acetic acid) that contribute to the hydrolysis of hemicellulose 

into soluble monomeric and oligomeric sugars. [42] A lot of monosaccharides are produced 

due to the further hydrolysis of dissolved hemicellulose in a batch reactor, while mainly 

hemicellulosic oligomers are recovered in a flow-through reactor. [43] Although the 
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pretreatments using steam or hot water show attractive features, including low capital 

investment, low environmental influence, and low cost of the solvent, it cannot eliminate the 

negative effect of lignin on the subsequent treatment. Biomass materials are crushed by 

various chipping, grinding and milling which is known as mechanical comminution. [44] 

The decreases of cellulose crystallinity and the degree of polymerization, and the increase of 

specific surface area are achieved by breaking down the biomass into smaller particles. 

However, it is seldom used exclusively due to the time-consuming, energy-intensive, and 

expensive. [45] 

In general, chemical pretreatment has higher efficiency in removing hemicellulose 

and lignin compared to the physical treatments. Chemicals were extensively studied, such 

as acids, alkali, organic solvents, and ionic liquids, etc., for the treatment of biomass. [37] 

Dilute acid (H2SO4, HCl, H3PO4, HNO3, or organic acids) has been used to effectively 

hydrolyze most of the hemicellulose at moderate temperatures (140-190 °C). [38] 

Hemicellulose is recovered mainly in the form of monosaccharides after dilute acid 

treatment of biomass and the hydrolysate requires neutralization before further conversion. 

The alkaline pretreatment with NaOH, KOH, Ca(OH)2, or ammonia is basically a 

delignification process, in which a large amount of hemicellulose is dissolved as well. The 

mechanism is believed to be the saponification of intermolecular ester bonds that cross-link 

xylan hemicellulose and lignin, resulting in swelling, increasing internal surface area, and 

separation of structural bonds between lignin and carbohydrates. [46, 47] It has been 

shown that alkaline pretreatment is more effective on the low lignin content biomass 

(hardwood, herbaceous crops, and agricultural residues) than on the biomass with high 

lignin content (softwood). [48] A significant advantage of alkaline pretreatment is that it 

can be performed at low temperatures and pressures, even under ambient conditions. 

Organic solvents (methanol, ethanol, acetone, ethylene glycol, etc.) with and without acid 

or alkali catalysts are also employed to remove lignin and hemicellulose from biomass. [49] 

During the pretreatment process, lignin was degraded due to the breaking of ether bond at 

the side chains carbon position, hemicellulose and minor cellulose were depolymerized to 

oligosaccharides and monosaccharides due to the disrupting of glycosidic bonds. [50, 51] 
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Dehydration of saccharides produced furans and HMF, which were further degraded into 

organic acids. Methanol and ethanol are the most favored organic solvents for biomass 

pretreatment for economic reasons. [31] Nevertheless, organic pretreatment is still too 

complex and expensive to attract industrial interests. Ionic liquids, generally defined as 

salts that melt at or below 100°C, can dissolve large amounts of cellulose under mild 

conditions and have therefore received extensive research attention recently. [52] The 

interaction of ionic liquids with cellulose hydroxyl groups leads to the disruption of 

hydrogen bonds between molecular chains of the cellulose resulting in the dissolution of 

cellulose. [53] Application of ionic liquids has been described as a new potentially 

development in this area, but there are still many challenges, for example, high price of 

ionic liquids, regeneration requirement, and lack of toxicological data. 

The biological treatment using fungi, bacteria or enzymes is a comparatively green 

and low energy consumption technology for degrading the biomass components to enhance 

its degradability or to produce bioethanol and biomethane directly. [54] Biological reagents 

are usually selective for the three components, especially cellulase, hemicellulases, and 

ligninase. [55] White-rot fungi selectively degrade lignin with minimum sugar loss while 

the brown-rot fungi prefer to digest polysaccharides over lignin. [56] Bacteria that work 

under both aerobic and anaerobic conditions have shown an excellent performance in 

degrading lignin. [57] Hydrolytic enzymes are the most commonly used biological agents 

in biological pretreatment to reduce cellulose polymerization, hydrolyze hemicellulose, 

and remove lignin due to their high selectivity. [58] Usually the biological treatment 

technology should be combined with other treatment technologies to obtain more desirable 

results, such as the combination of biological treatment and chemical, physical, or thermal 

approach. 

Normally, a single method of pretreatment is difficult to achieve a desired result for 

maximum biomass conversion, which requires a combination of these methods for 

overcoming the limitations of each approach. [37] In terms of chemical and structural 

changes, previous studies have shown that combined pretreatment methods of two or more 

stages are more effective than single-stage pretreatment. [58] However, among the many 
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combined treatment technologies (acid/base-catalyzed organic process, [59] combined 

fungal physicochemical pretreatment, [60] ammonia fibre/freeze explosion, [61] alkaline 

wet oxidation, [37] etc.), only alkaline wet oxidation has achieved commercial application 

in the pulp and paper industry. 

1.5. Alkaline Wet Oxidation 

Wet oxidation was first applied to remove organic compounds in the wastewater by 

oxidizing them completely to CO2 and H2O using an oxidant such as O2 or air. [62] 

Biomass pretreatment using H2O and high-pressure O2 was first proposed in 1983 by 

McGinnis et al. [63] Alkali treatment of biomass is an effective method to delignify with 

little loss of cellulose and hemicellulose. [36, 64] Adding oxidant in the reaction mixture of 

alkaline treatment (alkaline wet oxidation) greatly improves the delignification, especially 

for highly lignified materials. [65] As a typical commercial operation, it is capable of 

removing about 50% of the lignin from kraft pulp [66] and up to 67% from softwoods. [67] 

The combination of base and wet oxidation has been shown to reduce the production of 

inhibitory compounds. [68] It is, therefore, generally considered that the alkaline wet 

oxidation is a potentially effective pretreatment or fractionation technology which can 

provide cellulose rich fraction and a soluble stream of hemicellulose/lignin with minimum 

inhibitor formation. [36, 69-71] The pretreatment technology significantly improves the 

efficiency of subsequent enzymatic digestion or fermentation due to the decrease in 

crystallinity and the increase in accessibility of cellulose. [67, 72, 73] In order to obtain high 

delignification efficiency in a short time, high temperature (>150 
o
C), or strong oxidants are 

generally used. [74] 

1.5.1 Oxidants of alkaline wet oxidation 

Many oxidants have been reported for alkaline wet oxidation to delignify including 

chlorine, chlorine dioxide, hypochlorite, hydrogen peroxide, ozone, oxygen, peroxy acids, 

etc. [75] Chlorine-containing oxidants are efficient in delignification and bleaching pulp but 

they are environmentally hazardous. Ozone and peroxy acids are highly effective oxidants, 

but their high cost limits their large-scale application. [76] Although peroxides are 
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environmentally benign, they have the drawbacks of poor stability, weak oxidative power, 

and high cost. Molecular oxygen is the most attractive oxidant due to its abundance, low cost, 

nontoxicity, and environment-friendly nature compared with other oxidants. [74] In addition 

to delignification and bleaching, oxygen has also been used to oxidatively depolymerize 

lignin to produce aromatic aldehydes or acids, although in relatively low yields. [74, 77, 78] 

Since oxygen is a relatively weak oxidant, strong base (such as NaOH) is usually required. 

Electron transfer between the high electron density centers in substrate and molecular O2 

results in the formation of reactive oxidation species (superoxide anion radical), as shown in 

the Formula 1.1. The O2-derived active species directly contribute to the oxidation reaction. 

[79] 

O2 + e- (from substrate) = O2

-
 + substrate radical    (Formula 1.1) 

1.5.2 Carbohydrates fate during alkaline wet oxidation 

After oxygen delignification most of the cellulose is generally well retained in the solid 

residue for subsequent production of monosaccharides, bioethanol, and other biochemicals. 

The cellulose that undergoes degradation is mainly its non-crystalline fraction. Cellulose is 

first oxidized to carbonyl-containing oxidized cellulose (oxycelluloses) and then 

subsequently degraded by alkali, which is usually accompanied by chain scission. [80] 

Cellulose is also attacked by oxygen based radicals generated by the lignin degradation in 

the late stages of delignification. [81] Curls, kinks, and fiber bonding of the cellulose fibers 

increased slightly after oxygen delignification. [82] Oxygen delignification has also been 

reported to change the content of fiber acid group content. [83] The degradation of cellulose 

is very weak due to its biphasic structure and intracrystalline regions, as well as the 

encapsulation of hemicellulose and lignin. 

In addition, oxygen delignification is always accompanied by the serious loss and 

degradation of hemicellulose. [84-86] Loss of hemicellulose is mainly caused by alkaline 

hydrolysis, peeling of end-groups, and oxidative degradation reactions. [7] Alvarez-Vasco et 

al. [87] investigated softwood hemicelluloses degradation during alkaline wet oxidation and 

elucidated that an endwise depolymerization and termination reactions are the predominant 
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degradation pathway. Shi et al. [85] found that 57.67% hemicelluloses were removed from 

the corn stalk during the heating-up period, while 15% hemicelluloses were removed during 

at temperature holding period. Studies have shown that most of the dissolved hemicellulose 

is degraded to organic acids, but little effort has been made to obtain a detailed 

understanding of the formation pathways of organic acids during hemicellulose degradation. 

[68, 85] 

1.5.3 Lignin fate during alkaline wet oxidation 

Alkaline treatment dissolves lignin by cleaving the α-ether linkages and ester bonds 

between lignin and hemicelluloses. [88] The dissolved lignin could be ionized and then 

oxidized and depolymerized by O2 to soluble fragments, aromatic aldehydes, and small 

molecule organic acids. [71, 74] A portion of the benzene ring structure was severely 

ruptured and formed low molecular organic acids (formic, acetic, oxalic, and glycolic acids) 

due to a deep oxidative degradation. [78, 89] The functionalization of lignin can also occur 

during oxidation by several reactions, such as electrophilic substitution, cleavage of 

Ar-O-alkyl linkages, rearrangement of side chains, and the oxidative cracking of aromatic 

nuclei. [7, 77] Thus, the alkaline wet oxidation effectively extracted and separated the lignin 

from biomass while largely prohibiting the undesired repolymerization and condensation. 

Several investigators have claimed that the oxidation and partial depolymerization of lignin 

are helpful for its further catalytic conversion to produce fine chemicals. [90-92] Liquid 

product containing large amounts of lignin fragments is a good feedstock for further 

depolymerization to recover aromatic aldehydes. The lignin separation methods that provide 

more reactive lignin fragments are expected for efficiency depolymerization with high 

selectivity and yield. [93] Lignin can also be oxidized and degraded directly in the matrix as 

a solid form. Mittal et al. [94] characterized the residue obtained after alkaline oxidation 

treatment of the corn stover and found that most of the side-chain structures and aryl-ether 

bonds in the residual lignin were oxidized and cleaved. 



 

 13 

1.5.4 Delignification process during alkaline wet oxidation 

It is generally accepted that O2 delignification process of biomass can be described 

using as three phases obeying single first-order kinetics: initial, bulk, and residual 

delignification, as shown in Figure 1.2. [95] Different bonds and units (S, G, and H) 

within the lignin macromolecule have different reactivity thus causing heterogeneity in the 

delignification process. The phenolic -O-4-bonds and some phenolic -O-4-bonds in 

lignin are quickly cleaved during the initial delignification stage. In the bulk stage, the 

main reaction is the cleavage of the non-phenolic and phenolic -O-4-linkages. The most 

stable C-C bonds in lignin are slowly broken in the residual stage, which is accompanied 

by the serious carbohydrate degradation. [96] These three stages remove about 15-25%, 

70%, and 10-15% of the lignin, respectively. 

 

Figure 1.2 Delignification of lignocellulosic biomass described in three simultaneous 

stages (initial, bulk, and residual). [95] 

The absence of methoxyl at C5 in the aromatic ring of guaiacyl-lignin makes it more 

resistant to cleavage. For this reason lignin rich in G-units is more difficult to remove, 

while lignin rich in S/H-units is more easily cleaved and solubilized. [97] S-units and 

G-units had similar reactivity during the main delignification stage, while the higher 

reactivity of S-units relative to G-units was observed in the later stage. [98] Lignin mainly 

exists in two types of lignin-carbohydrate complexes as glucomannan-linked and 

xylan-linked lignins, and the former one has a higher resistance than the latter one. [99] 

Although the kinetics of delignification during O2 delignification has been well studied, 
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delignification is accompanied by carbohydrates removal and therefore it does not 

accurately reflect the overall degradation of biomass. To the best of our knowledge, there 

are no reports on the kinetics of the overall degradation of biomass during alkaline wet 

oxidation. 

1.5.5 Reactor of alkaline wet oxidation 

In the past, most of the experiments were performed in the batch reactor, where the 

reaction environment is continuously changing due to the consumption of alkali and the 

accumulation of products, result in the decrease of alkalinity and the deterioration of 

oxygen transfer. [100-102] It is usually necessary to perform many experiments at different 

time intervals for calculating the reaction rate via the chemical composition of residue. 

Another limitation is that the products cannot be collected timely which does not prevent 

the secondary reaction. [71] This causes serious inconvenience to the exploration of the 

primary products and reactions. 

Based on the disadvantages of the batch reactor, a continuous flow-through reactor 

(percolator) was adopted where the feed is loaded into the reactor and a fresh oxygenated 

alkaline solution is passed through the packed bed at a set temperature. [81, 103] This not 

only ensures constant alkalinity and oxygen concentration in the reactor, but also discharges 

and collects the degradation products timely. The employment of the flow-through reactor 

makes it possible to study the primary reactions of oxidative degradation. 

1.6 Objective of This Study 

Lignocellulosic biomass is the most important renewable source of chemicals and 

energy. It is inefficient to convert and utilize it as biofuels and chemicals directly due to its 

complex composition and natural recalcitrance. In particular, biomass with high lignin 

content is more recalcitrant and difficult to be converted than that with low lignin content. 

Biomass pretreatment aimed at destroying its recalcitrant structure or fractionating biomass 

into its components (cellulose, hemicellulose, and lignin) is desirable to improve the 

conversion efficiency. Steam pretreatment destroys the stubborn structure by decomposing 

part of hemicellulose, and hydrothermal treatment recovers most of hemicellulose as 
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oligosaccharides and monosaccharides. Alkaline wet oxidation is a promising method for 

biomass delignification and providing cellulose-rich residue and liquid stream of lignin. 

Japanese cedar is a high-lignin biomass resource and widely distributed in Japan. The 

lignin in cedar is composed of only G units (99.5%) [104] and the hemicellulose is mainly 

composed of mannan (46.4 wt% based on hemicellulose), which makes it considerably 

resistant. It is a challenge to effectively remove the lignin from cedar under mild conditions. 

We achieved a deep delignification of cedar by repeated mild alkaline treatments with 

pressurized O2. The relationship between carbohydrates (cellulose and hemicellulose) 

degradation and delignification rate was established for revealing the delignification process, 

the results are presented in Chapter 2. The dissolved lignin and hemicellulose underwent 

severe degradation during alkaline wet oxidation. Timely collection of the products is not 

possible in a batch reactor which causes secondary reactions limiting the exploration of the 

primary reactions. A newly developed flow-through fixed-bed reactor (percolator) that 

achieves constant reaction conditions and timely products collection was employed in 

Chapter 3 for the analysis of primary reactions. Although the hemicellulose was converted 

into organic acids, it is more valuable if it can be recovered as monosaccharides or 

oligosaccharides. In Chapter 4, the combination of hydrothermal treatment and alkaline wet 

oxidation achieved hemicellulose recovery and deep delignification under mild conditions. 

The effects of strong bases (NaOH) versus milder bases (Na2CO3) were investigated. Rice 

husk contains high levels of lignin and ash (Si). The removal of lignin and ash from rice husk 

along with a high yield of cellulose was investigated in Chapter 5. 

1.7 Outline of This Study 

 Chapter 1 clarified the importance of biomass as an ideal alternative to fossil fuels 

for providing renewable biofuels and chemicals. The common conversion and 

pretreatment technologies of biomass are briefly introduced. Specifically, a promising 

biomass delignification technology i.e. alkaline wet oxidation, as well as the removal 

and degradation of carbohydrates and lignin are interpreted. Finally, the objectives of 

the present work are clarified. 
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 Chapter 2 investigated extensive delignification of cedar at low temperatures and its 

chemical mechanism. Even at 90 °C, O2 greatly promotes the lignin dissolution while 

decomposing carbohydrates. Polysaccharides are decomposed into small molecules 

without forming monosaccharides. The delignification process, in terms of the 

delignification rate against cellulose degradation, is mostly dominated by the chemical 

structure of the cedar. However, the delignification rate is greatly influenced by the 

operating conditions. The chemical condensation of dissolved lignin fragments greatly 

impedes the delignification. Repeated short-time oxidation with renewal of alkaline 

water suppressed the condensation enhancing the delignification. Four times repetition 

of 2-h treatments achieved 96% delignification, which was even 8% higher than a 

single 8-h treatment at 130 °C. 

 Chapter 3 explored oxidation of Japanese cedar with O2 in hot compressed alkaline 

water, employing not a batch reactor but a newly developed flow-through fixed-bed 

reactor (percolator). It enabled to determine the rate of the primary extraction that was 

free from the secondary reactions of extract in the aqueous phase and those over the 

residual solid, solubility of extractable matter, and mass transport processes. 

Quantitative kinetic analysis revealed that the cedar consisted of three kinetic 

components (C1, C2, and C3) that underwent extraction in parallel following first-order 

kinetics with different rate constants. Further analysis revealed the chemical 

compositions of the kinetic components, which were mixtures of carbohydrates and 

lignin. C1 was converted most rapidly by non-oxidative reactions such as 

alkali-catalyzed hydrolysis, while C2 by oxidative degradation. The product 

distributions from C1 and C2 (CO2, lower organic acids, oligosaccharides, acid-soluble 

and acid-insoluble lignins) were steady throughout their conversion. Both C1 and C2 

thus behaved as single reactants, nevertheless those were lignin/carbohydrates mixtures. 

It was also demonstrated that the extraction rate of C2 was proportional to the 

concentration of dissolved O2. C3 was the most refractory component, consisting 

mainly of glucan and very minimally of the lignin, xylan, mannan, galactan, and 

arabinan. 
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 Chapter 4 combined hydrothermal treatment and alkaline wet oxidation to recover 

hemicellulose as oligosaccharides and then to deeply delignify under mild conditions. 

Most hemicellulose was recovered as mannose-oligosaccharides with high molecular 

weight (200-10000 Da) by hydrothermal extraction using H2O at 180 ℃. The results of 

subsequent alkaline wet oxidation showed that 0.8 mol/L NaOH removed 91.3% lignin 

at 90 ℃, while the Na2CO3 can effectively remove lignin (98.9%) only at a higher 

temperature (120 ℃). Moreover, the depolymerization and oxidation are dominant 

reactions during lignin removal resulting 65-95% of the lignin dissolved by Na2CO3 

was degraded into small lignin fragments (<1000 Da) and organic acids. Furthermore, 

the degraded carbohydrates were selectively converted to organic acids with the highest 

yield of 24.7%-C using Na2CO3 at 120 ℃. Finally, the high-cellulose residue 

contenting 98.88% glucose was obtained. 

 Chapter 5 prepared cellulose fibers from rice husk (high lignin and ash content) by 

using Na2CO3 and O2 under mild conditions. The rice husk was hydrothermally 

treated to facilitate the removal of lignin and ash in the subsequent alkaline wet 

oxidation. The use of Na2CO3 rather than NaOH prevented severe cellulose loss. 

High-purity cellulose fiber (98.1%) was obtained in a high yield (>83 wt%) by using 

Na2CO3 solution and O2 at 120 ℃ for 120 min. The Na2CO3 solution maintained a good 

delignification effect (84%) even after being reused four times. 

 Chapter 6 summarizes the general conclusions based on the finding in the preceding 

chapters. 
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CHAPTER 2 

Deep Delignification of Woody Biomass by 

Repeated Mild Alkaline Treatments with 

Pressurized O2
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2.1. Introduction 

Lignocellulosic biomass is a promising carbonaceous resource to produce sustainable 

fuels, chemicals, and biological products owing to its renewability and availability. 

Economically feasible chemical production from lignocellulosic biomass has, however, yet 

to be achieved. Lignin is a critical obstacle to the production of bioethanol- [1] and 

carbohydrate-derived chemicals [2] as well as materials, while it can be converted into 

value-added products. [3]  

Alkaline treatment with O2 has great potential for industrial delignification with 

economic and environmental feasibilities. [4] Dissolving oxidizing agents such as H2O2 

and O2 into alkaline water leads to formation of active species such as OH

 radicals and 

then decomposition of hemicellulose and lignin by reactions such as electrophilic 

substitution, side-chain displacement, and oxidative cleavage of aromatic nuclei. [5–7] 

This combination of an alkaline environment and an oxidizing agent is thus effective for 

the delignification. [8] Due to lower reactivity than H2O2, O2 is normally used with high 

temperatures over 150 °C to promote the delignification. Klinke et al. [9] reported 62% 

delignification from wheat straw at 195 °C with Na2CO3 under 1.2 MPa O2. Another study 

by Chang et al. reported 78% delignification from a poplar wood that was treated at 150 °C 

for 6 h under 1.4 MPa O2 with Ca(OH)2. [10]  

Some reports showed that delignification at lower temperatures was effective for 

reducing the loss of carbohydrates. [11,12] For example, Geng et al. [11] achieved 50% 

delignification at 110 °C with a carbohydrate loss of 4.2% from another wheat straw. In 

those previous studies, the delignification rate was not necessarily maximized because the 

delignification was investigated as a pretreatment for enzymatic saccharification, which 

often required a delignification rate as low as 20–65%. [13,14]
 
However, deeper removal of 

lignin is desirable for more production of sugar per consumption of enzyme because the 

enzyme has a high propensity to be adsorbed to the lignin. [13,15] Minimization of the 

residual lignin is hence effective for reducing the consumption of enzymes. In addition, 

rapidly developing technologies of cellulose nanofibers will demand cellulose with higher 
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purity. [14,16] 

This study aimed to investigate delignification by a low-temperature alkaline 

treatment with O2 and its chemical mechanism. A typical Japanese cedar was chosen as 

feedstock because it had a most refractory type of lignin. [17] The hemicellulose of the 

cedar consists mainly of glucomannan. [18] Removal of glucomannan-linked lignin was 

more difficult than that of xylan-linked lignin. [19] Thus, deep delignification of a Japanese 

cedar with high carbohydrate retention was challenging. For example, Yoshioka et al. had 

treated another type of Japanese cedar with an ionic liquid. [20] It removed 40% of the 

original lignin but allowed the loss of hemicellulose (>90%) and that of cellulose (10%). In 

contrast, Wang et al. removed 98.7% lignin from a red pine with another ionic liquid while 

preserving 95% of cellulose. [21] Such a refractory feature of a Japanese cedar was 

appropriate for investigating the possibility of extensive delignification under mild 

conditions. 

2.2. Experimental Section 

2.2.1. Materials 

Cellulose, monosaccharides (glucose, xylose, arabinose, galactose, mannose), lower 

organic acids, NaOH, and Na2CO3 were purchased from Wako Pure Chemical Industries. A 

type of xylan, derived from beech wood, was purchased from SERVA Electrophoresis. 

Ultrapurified water with electrical resistance over 18.2 MΩ was prepared with a Milli-Q 

water purification system (Merck, MPGP02001). Japanese cedar in form of particles sized 

0.852 mm was used as the starting material. It was subjected to a steam pretreatment at 

220 °C under atmospheric pressure. This pretreatment was performed to cause structural 

relaxation of hemicellulose and thereby promote the delignification. [22] 

The setup of the pretreatment is shown in Figure S2.1. Superheated steam pretreatment 

was carried out at 220 ℃ in a SUS reactor with under ordinary pressure. Briefly, about 5 g of 

cedar was placed in the reactor which was placed in an oven. After the temperature in 

incubator reached the desired temperature (220 ℃), keep it for 30 minutes to ensure that the 

target temperature is reached in reaction tube. Then water was injected into another SUS 
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tube with a syringe pump at the flow rate of 0.36 mL/min. Two stainless steel tubes were 

connected in series. Generated steam was introduced to the reactor with carrier gas of N2 

with a flow rate of 10 mL/min. After the completion of 10 mL water injection, temperature 

and N2 flow were maintained for 10 min to ensure that the complete discharge of steam. 

Then, the reactor was rapidly cooled to ambient temperature. The compositions of the 

original and pretreated cedars are listed in Table 2.1. 

Table 2.1. Compositions of cedar before and after pretreatment (unit; wt %, dry). 

Sample 

Mass loss 

from raw 

cedar 

Lignin
 

Cellulose 

Hemicellulose 

Ash 
Xylan Galactan Mannan 

Original cedar - 36.6 43.5 6.11 4.13 7.49 0.38 

Pretreated cedar  3.29 38.6 44.3 6.90 2.97 6.36 0.34 

2.2.2. Alkaline treatment with O2 

The steam-treated cedar was subjected to oxidation in an autoclave (Taiatsu Techno, 

TVS-N2, internal volume; 120 mL). In a typical run, 2 ± 0.1 g the dry steam-treated cedar 

and 20 ± 1 mL of 0.8 mol/L NaOH aqueous solution were charged in the autoclave. The air in 

the autoclave was replaced completely by O2 before its charging at 2 MPa. The autoclave 

was then heated to 90 °C, which was held for a prescribed time with stirring of the slurry at 

100 rpm. At the end of the holding time, the autoclave was quenched in an ice bath. 

Repetitive 2- or 12-h treatments were performed to examine the effect of the alkali 

solution renewal. For example, in the case of 2×2-h treatments, the residual solid after 2-h 

treatments was collected and treated again for 2 h. To collect the residual solid, slurry after a 

2-h treatment was filtered to remove the liquid portion. The filtered solid was washed with 

water at 80 °C to remove the residual water-soluble material completely and dried at 60 °C 

under vacuum. Then, 2 ± 0.1 g of residual solid collected from several 2-h treatments was 

subjected to the next 2-h treatment with 20 ± 1 mL of 0.8 mol/L fresh NaOH aqueous 

solution. 
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2.2.3. Characterization of products 

The workflow of the analyses of gas, liquid, and solid products is shown in Figure 2.1. 

The gaseous product was collected in a gasbag, and analyzed by gas chromatography with an 

Agilent micro GC 490. The solid and liquid of the slurry were separated by vacuum filtration. 

The solid was washed with water at 80 °C to remove the residual water-soluble material 

completely and dried at 60 °C under vacuum, and then subjected to analyses to quantify 

glucan, xylan, arabinan, galactan, mannan, and lignin, according to a report by the National 

Renewable Energy Laboratory (NREL). [23] The content of cellulose was represented by 

the amount of glucan, assuming that most of the glucan units belonged to the cellulose. [24] 

 

Figure 2.1. Workflow of product separation, collection, and analysis. 

The pH of the liquid (filtrate-1) was measured with a pH meter (D-71; Horiba Ltd., 

Japan). Inorganic and organic carbons in filtrate-1 were quantified using a total organic 

carbon (TOC) analyzer (Shimadzu, TOC-5000A). A portion of filtrate-1 was acidified to 
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pH <2 to precipitate light brown-colored lignin (precipitation recovery lignin, PRL). PRL 

was isolated by centrifugation, filtration, washing with water, and vacuum drying at 60 °C. 

Size exclusion chromatography (SEC) was applied for measurement of the apparent 

molecular weight (MW) distribution of PRL. To improve the solubility of the 

acid-insoluble lignin (PRL) in tetrahydrofuran (THF) and minimize molecular association 

issues, PRL was acetylated in pyridine-acetic anhydride mixture (1:1, volume fraction) at 

30 ℃ in the dark for 48 h. The mixture was poured into cold acidic water to get precipitate 

(acetylated lignin). The acetylated lignin was washed and vacuum-dried before re-dissolved 

in THF. A series of TSKgel G2000HXL, G3000HXL, and G4000HXL columns (Tosoh, 

Japan) was used at 30℃. Eluent was THF with a flow rate of 1.0 mL/min. The absorbance at 

280 nm wavelength was recorded with an ultraviolet detector (Shimadzu, SPD-20AD). A set 

of polystyrene (Sigma-Aldrich) was used as the molecular weight standards. Formic, acetic, 

oxalic, glycolic, lactic, malonic, succinic, and 3-hydroxypropionic acids dissolved in 

filtrate-2 were quantified by high-performance liquid chromatography (HPLC) using an 

Aminex HPX-87H column (300 × 7.8 mm
2
, Bio-Rad). A 4 mM H2SO4 aqueous solution 

was used as the mobile phase. Filtrates 1 and 2 were also subjected to another HPLC for 

quantification of monosaccharides, but none of these was detected. The organic 

compounds in filtrate-2 were recovered by liquidliquid extraction with methyl ethyl 

ketone (MEK). The residue after evaporation of MEK was defined as the MEK-soluble 

fraction (MEK-S). Its yield was quantified by TOC analysis. The yields of oxalic acid, 

glycolic acid, malonic acid, succinic, and 3-hydroxypropionic acid, which had already 

been determined by the previous HPLC analysis, were subtracted from the carbon-based 

yield of MEK-S. It was assumed that lactic acid, acetic acid, and formic acid had been 

evaporated together with MEK. No further analysis was performed for the MEK-insoluble 

material (MEK-IS) left in the aqueous phase. It was speculated that the MEK-IS consisted 

mainly of derivatives of hemicellulose and cellulose. [25] 

The lignin after the treatment was classified into unconverted lignin in the residue 

(RL), PRL, and NPL in solution. Their yields, on the basis of the mass of lignin in the 

original cedar, were calculated using the following equations: 
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RL = 
mass of lignin in residue 

mass of lignin in initial feed 
, PRL =

mass of precipitated lignin 

mass of lignin in initial feed 
, NPL = 1– RL – PRL,  

delignification rate = 1 – RL. 

NPL was believed to consist of low-molecular-mass aromatic compounds; however, yields 

of lower organic acids and CO2 originating from lignin were included in that of NPL 

inevitably. 

2.3. Results and Discussion 

2.3.1. Delignification and decomposition of carbohydrates 

Table 2.2 summarizes the results of alkaline water treatments with or without O2. The 

chemical compositions of the resulting solids are listed in Table 2.3. A positive effect of O2 

on the delignification is evident by comparing run 1 (R1) with O2 and run 2 (R2) without O2. 

R1 and R2 gave delignification rates of 0.536 and 0.084, respectively. The O2 oxidation of 

R1 also caused loss of cellulose but leaving 84.2% in the solid. The pH after R1, 9.0, was 

much lower than that after R2, and this was due to the formation of organic acids and CO2. 

Figure 2.2 presents a more detailed comparison of the product distribution between R1 and 

R2. The lignin dissolved into the solution was classified into precipitation recovery lignin 

(PRL) and nonprecipitated lignin (NPL). As shown in Figure 2.2a, the introduction of O2 

increased the overall rate of dissolution from 0.06 to 0.36 on the cedar carbon basis. The 

dissolved matter consisted of PRL, organic acids, CO2, methyl ethyl ketone-soluble fraction 

(MEK-S), and MEK-insoluble material (MEK-IS). The organic acids and CO2 were 

contributed by not only the oxidative degradation of lignin but also that of carbohydrates. 

This will be demonstrated later. Some organic acids were also formed in the absence of O2, 

probably due to reactions preferred in alkaline water such as deacylation and base-catalyzed 

hydrolysis. [25,26] The MEK-S was characterized by gas chromatography/mass 

spectrometry (GC/MS), and the results are shown in Figure S2.2. The GC/MS detected over 

30 types of aliphatic acids, ethers, and esters in MEK-S, but these were not quantified due to 

very low yields, or the commercial unavailability of the pure standard samples.
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Table 2.2. Results of alkaline treatment. 

run 

ID 
conditions 

delignification 

rate 

NPL 

yield 

PRL 

yield 

cellulose 

retention 

hemicellulose retention pH of 

suspension xylan galactan mannan 

R1 standard conditions, O28 h 0.536 0.425 0.111 0.842 0.379 0.264 0.746 9.0 

R2 N2 2 MPa 0.084 0.013 0.071 0.963 0.851 0.978 0.883 14.0 

R3 O2 0.5 MPa 0.476 0.408 0.069 0.847 0.399 0.294 0.789 12.9 

R4 O2 3 MPa 0.559 0.464 0.095 0.846 0.333 0.249 0.722 9.0 

R5 2 h 0.425 0.340 0.085 0.843 0.428 0.313 0.841 13.5 

R6 4 h 0.486 0.387 0.099 0.847 0.402 0.295 0.809 10.1 

R7 12 h 0.591 0.454 0.138 0.831 0.349 0.237 0.702 9.0 

R8 16 h 0.630 0.462 0.168 0.829 0.332 0.219 0.682 8.9 

R9 20 h 0.666 0.481 0.185 0.833 0.317 0.217 0.65 8.7 

R10 0.5 mol/L 0.375 0.312 0.064 0.896 0.438 0.328 0.874 7.9 

R11 1.0 mol/L 0.657 0.499 0.158 0.800 0.316 0.209 0.636 10.6 

R12 L/S = 5 mL/g 0.353 0.320 0.034 0.946 0.463 0.361 0.933 8.2 

R13 L/S = 20 mL/g 0.656 0.476 0.181 0.757 0.323 0.21 0.601 13.8 

R14 70 °C  0.396 0.345 0.051 0.956 0.464 0.311 0.909 13.1 

R15 130 °C 0.879 0.774 0.106 0.659 0.149 0.032 0.312 7.1 

R16 
repetitive treatment with 

solution renewal, 2 × 2-h 
0.701 0.472 0.229 0.736 0.152 0.105 0.364 13.9 

R17 3×2-h 0.906 0.574 0.332 0.71 0.112 0.044 0.19 13.9 

R18 4×2-h 0.959 0.596 0.363 0.665 0.088 0.032 0.11 13.9 

R19 2×12-h 0.941 0.677 0.264 0.677 0.077 0.001 0.171 13.2 

R20 3×12-h 0.978 0.702 0.276 0.504 0.056 0.001 0.128 13.4 
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Table 2.3 Composition of residues after alkaline treatment
a
. 

run 

ID 
conditions 

residue composition 

ash 
lignin cellulose 

hemicellulose 

xylan galactan mannan 

R1 Standard conditions, O28 h 0.264 0.548 0.038 0.012 0.07 0.033 

R2 N2 2 MPa 0.393 0.46 0.063 0.022 0.062 0.016 

R3 O2 0.5 MPa 0.29 0.538 0.039 0.013 0.072 0.033 

R4 O2 3 MPa 0.25 0.557 0.035 0.011 0.068 0.031 

R5 2 h 0.302 0.508 0.04 0.013 0.073 0.032 

R6 4 h 0.279 0.527 0.039 0.012 0.072 0.037 

R7 12 h 0.243 0.566 0.037 0.011 0.069 0.027 

R8 16 h 0.227 0.583 0.036 0.01 0.069 0.031 

R9 20 h 0.21 0.602 0.036 0.011 0.068 0.025 

R10 0.5 mol/L 0.313 0.515 0.039 0.013 0.072 0.023 

R11 1.0 mol/L 0.221 0.59 0.036 0.01 0.068 0.029 

R12 L/S = 5 mL/g 0.307 0.514 0.039 0.013 0.073 0.025 

R13 L/S = 20 mL/g 0.233 0.586 0.039 0.011 0.067 0.032 

R14 70 °C  0.284 0.526 0.039 0.011 0.07 0.033 

R15 130 °C 0.12 0.746 0.026 0.002 0.051 0.006 

R16 Repetitive treatment with 

solution renewal 2 h × 2 
0.211 0.632 0.02 0.006 0.045 0.036 

R17 2 h × 3 0.084 0.727 0.018 0.003 0.028 0.016 

R18 2 h × 4 0.044 0.821 0.017 0.003 0.02 0.014 

R19 12 h × 2 0.064 0.793 0.014 0.002 0.029 0.014 

R20 12 h × 3 0.032 0.818 0.01 0.002 0.022 0.013 
a
Standard conditions in the autoclave were as follows: O2 2 MPa, 8 h, NaOH 0.8 mol/L, 

L/S = 10 mL/g, and 90 °C. 

 

Figure 2.2b shows the lignin conversions. The presence of O2 substantially increased 

the lignin conversion from 0.1 to 0.53. The major part of this increase was explained by the 

formation of NPL. The MW distributions of PRL are compared between R1 and R2 in 

Figure 2.2c. The PRL from R1 had a broad MW distribution up to 30000 Da, unlike that 

from R2. The following two hypotheses were developed from the presence of greater MW 

component in PRL from R1. 

(1) MW of PRL from the oxidative lignin extraction was greater than that from the 

nonoxidative one. 
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(2) The oxidative and nonoxidative extractions yielded PRL with the same or very 

similar MW. However, the PRL from the former underwent particular secondary 

reactions, i.e., chemical condensation (repolymerization) that caused MW increase. 

The above hypotheses will be examined later. Figure 2.2d shows the yields of major 

organic acids ranging from formic acid to succinic acid. It seemed that the oxalic acid was 

formed only by the oxidation. It was difficult to exactly determine the contributions of the 

carbohydrates and lignin to the individual acids. 

 

Figure 2.2. Comparison between R1 and R2 in (a) carbon-based product distribution, (b) 

conversion of lignin, (c) molecular weight (MW) distribution of PRL, and (d) yields of 

organic acids. The vertical axis of (c) is based on the absorbance at 280 nm that has been 

normalized by the concentration of PRL in the mobile phase of tetrahydrofuran (THF) and 

mass of PRL per that of lignin. 

Understanding of carbohydrate degradation is important to achieve high cellulose 

yield along with extensive delignification. The oxidation of reagent cellulose, xylan, and 

five monosaccharides was therefore investigated. The results of 12-h oxidation are 

summarized in Figure 2.3. Both the polysaccharides and monosaccharides were oxidized 
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to organic acids, CO2, MEK-S, and MEK-IS, in apparently similar ways to that of the 

cedar (see Figure 2.2). Xylan and all the monosaccharides were degraded completely into 

alkaline-water-soluble matter, while the conversion of the cellulose was limited to less than 

40%. The major products from the monosaccharides were organic acids. The GC/MS 

detected and identified up to 20 minor compounds in MEK-S, but these were not 

quantified due to very low yields, or the commercial unavailability of the pure standard 

samples. The GC/MS result is shown in Figures S2.4–S2.10. The monosaccharides and 

polysaccharides showed different product distributions, as seen in Figure 2.3b. 

 

Figure 2.3. Product distribution from oxidative degradation of cellulose, xylan, and 

monosaccharides under the same temperature and O2 pressure as in R1: (a) carbon-based 

product distribution and (b) carbon-based yields of organic acids. Approximately 1 g 

carbohydrate was oxidized in 20 mL of 0.8 mol/L NaOH solution for 12 h. 

For every monosaccharide, lactic acid yield accounted for more than half of the total 

yields of the major organic acids. On the other hand, the degradation of cellulose and xylan 

resulted in much lower lactic acid yield and selectivity than those of the monosaccharides. 

This difference strongly suggests that the polysaccharides underwent direct oxidative 

decomposition of sugar units rather than a sequence of formation and decomposition of 

monomers. For the polysaccharides, rupturing of C1C2 (-scission) and C2C3 

(-scission) forming C1 and C2 organic acids (formic, acetic, glycolic, and oxalic acid) was 

likely the main degradation pathway. [27] On the other hand, for monosaccharides, the 

rupture of C3C4 seemed to be important for generating C3 organic acids such as lactic 

acid. [27] The organic acids formed in R1 (see Figure 2.2d) showed a small amount of 

lactic acid. This result was consistent with the above-mentioned direct oxidation of 

polysaccharides. It is also noted that the lignin was the other important source of formic, 
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acetic, oxalic, and glycolic acids.[28] Morone et al. [29] investigated alkaline treatment of 

rice straw at 161–204 °C with pressurized air and found lower organic acids with 

substantial yields. They speculated that the polysaccharides were first hydrolyzed into 

monosaccharides, and then the monosaccharides were further oxidized and degraded into 

organic acids. However, this was not the case the present alkaline treatment with O2. In 

other words, at temperatures as low as 90 °C, the oxidative decomposition of 

cellulose/hemicellulose was initiated by the direct oxidation of sugar units rather than 

hydrolytic monomerization or oligomerization. 

2.3.2 Remarkable effects of solution renewal 

The 54% delignification in R1 suggested that the alkaline treatment with O2 worked 

well even at 90 °C. However, optimization of treatment conditions was required to achieve 

deeper delignification. The delignification was hence investigated under various treatment 

conditions with different combinations of O2 pressure, treatment time, alkali concentration, 

liquid/solid ratio (L/S), and temperature, and operation modes (single-batch treatment and 

repeated one with renewal of alkaline solution). The results are summarized in Tables 2.2 

and 2.3. Figure 2.4 plots the cellulose retention against the delignification rate. Interestingly, 

a general trend was found despite a wide variety of conditions. This trend suggested that the 

process of delignification and cellulose degradation consisted of three stages (i.e., early, mid, 

and late stages). It also suggested that the delignification selectivity was determined mainly 

by the chemical structures of lignin and cellulose and more importantly, their chemical 

interactions, i.e., chemical bonding. The characteristics of each stage are discussed later. 

The results of R2–R13 show combined effects of O2 pressure, treatment time, alkali 

concentration, and L/S on the delignification rate. It was, however, limited to around 0.65 

even by applying 20-h treatment time (R9), and twice amount of L/S (R13). The treatment at 

130 °C (R15) greatly promoted delignification, but its rate was less than 0.9. The cellulose 

retention of R15 was 0.66, which was below the trendline at 90 °C (Figure 2.4). In contrast, 

the repeated treatments with solution renewal (R16–R20) successfully yielded deep 

delignification. The 3×12-h treatments (R20) showed almost complete delignification. The 

4×2-h treatments (R18) gave a delignification rate of 0.96, with cellulose retention of 0.67. 

The solution renewal thus enabled deeper delignification than the single treatment at 130 °C 

with the same treatment time and cellulose retention. In other words, the alkaline treatment 

with O2 at lower temperatures was more favored for near-complete delignification with less 
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cellulose degradation. Lower temperatures are expected to slow down undesirable reactions 

such as degradation of crystalline cellulose that takes place in parallel with the 

delignification but with higher activation energy than the delignification. 

 

Figure 2.4. Cellulose retention against delignification rate for all the runs. The dotted line 

illustrates the general trend. 

The pH after the 2×2-h repetitive treatments with L/S of 10 mL/g (R16) gave a higher 

delignification rate than that by the single 8-h treatment with a doubled L/S of 20 mL/g 

(R13). The pH after the treatment was approximately 14 for both R13 and R16. The pH after 

the treatment was approximately 14 for both R13 and R16. Thus, neither alkali amount nor 

pH was a major factor intensified by the solution renewal. It was therefore implied that the 

dissolved lignin-derived matter, in particular, PRL, hampered the primary reactions between 

the solid and active oxidative species in the liquid phase by consuming such species, or 

otherwise, suppressing their formation. Figure 2.5a displays the apparent MW distributions 

of the PRLs from runs with single and repeated 2-h treatments or doubled L/S (R5, R16–R18, 

and R13) on lignin-weight basis. In contrast to the MW distribution for the 8-h treatment (R1) 

and the doubled L/S (R13), those for R5 and R16 had no shoulder peaks at the higher MW 

side. Figure 2.5b shows the height-standardized chromatograms. Two-hour repetitive 

treatments (R5, R16-R18) resulted in almost completely identical MW distributions. It was 

implied that MW distributions of dissolving lignin were constant when undesirable 

secondary reactions were inhibited. On the other hand, runs with longer treatment times 

resulted in a larger shoulder peak. This is explained by the progress of chemical 

condensation of PRL to form that with MW > 2000. Thus, short-time residence of the lignin 

fragments in the liquid phase suppressed their chemical condensation therein. From the 
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comparison of R13 with poorer delignification performance even with doubled L/S of 20 

mL/g, and R16 with better delignification performance with the same liquid input of 10 

mL/g × 2, it is concluded that the undesirable condensation of dissolved lignin fragments 

consumed O2-derived active species, inhibiting the delignification from the solid. 

 

Figure 2.5. Size exclusion chromatography (SEC) chromatograms for selected PRL 

samples: (a) weight-based representation and (b) height-standardized representation.  

2.3.3 Three stages of delignification 

As illustrated in Figure 2.4 the delignification process consists of three stages in 

terms of cellulose retention. In the early stage (delignification rate <0.4), the loss of 

cellulose is 0.1 or even smaller. This small loss is attributed to that of noncrystalline 

cellulose. [30] In the mid stage (delignification rate 0.4–0.65), the delignification is 

associated with little loss of cellulose, for which retention is in a narrow range of 0.80–0.85 

(entries 1, 39). This trend indicates the progress of selective delignification. However, the 

delignification in the late stage (delignification rate >0.65) accompanies significant loss of 

cellulose. The lignin remaining in the late stage is likely to exist in the deeper regions of 

the organic matrix of the cedar. Due to poor accessibility of this lignin to oxidizing species, 

these have to oxidize the cellulose simultaneously with the lignin. 

To investigate the characteristics of the three stages from other viewpoints, the 

relationship between lignin and hemicellulose retentions was analyzed. Figure 2.6a–c 

illustrates the relationships of the delignification rate with xylan, galactan, and mannan 

retentions, respectively. By comparing the xylan retentions in Figure 2.6a and the product 

yields from the treatment of the isolated xylan shown in Figure 2.3 it is clear that xylan 

units in the cedar were much more refractory than the isolated xylan. For example, R7 

(12-h oxidation) gave xylan retention as high as 0.35, while the isolated xylan was 
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completely decomposed. It is also noted that the retentions of xylan as well as the other 

hemicellulose components are linearly related to the lignin retention in the mid and late 

stages. Such refractoriness and the linear relationship are explained reasonably by the 

presence of so-called lignincarbohydrate complexes (LCC). Hemicellulose components 

free from LCC are decomposed rapidly in the early stage of the delignification. On the 

other hand, LCC is gradually decomposed and then its fragments are dissolved into the 

aqueous phase. The higher refractoriness of mannan, which decomposes only about 10% in 

the early stage, is attributed to its bonding to the lignin. [19,31] Glucomannan-linked lignin 

is more difficult to remove than xylan-linked lignin. [19] Thus, less refractory portions of 

carbohydrates and lignin easily decompose and dissolve in the early stage. Then, the 

degradation and dissolution of the refractory LCC occur in the mid and late stages. 

Simultaneous decomposition and dissolution of lignin and hemicellulose were assumed in 

previous studies. [30,32] However, the linear relationships shown in Figure 2.6 are first 

demonstrated in the present study. 

  

 

Figure 2.6. Profiles of degradation of hemicellulose and lignin during the treatment: (ac) 

retentions of chemical units of hemicellulose and (d) NPL yield. Dotted lines were 

obtained by least-squares fitting excluding the datum from R2. Dashed lines in (d) were 

obtained by least-squares fitting to data from R5, R10, R12, and R14. 
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As shown in Figure 2.2, the presence of O2 greatly increases the NPL yield. Figure 

2.6d presents the relationship between the NPL yield and the delignification rate. Two 

master curves fitted for the early stage and the other stages are drawn by a dashed line and 

a dotted line, respectively. The slope for the early stage is clearly larger than that for the 

mid and late stages, indicating that the selectivity to NPL is higher at the early stage. In the 

early-stage delignification, the lignin is likely to be decomposed into small molecules 

(categorized into NPL for convenience) and thereby dissolved into the alkaline solution. 

Such rapid lignin removal in the early stage was reported by Shi et al. [33] However, no 

discussion was found in literature on the clear difference in the product distribution 

between the early stage and mid/late ones. 

Figure 2.7 proposes reaction scheme of the delignification ranging from the early to 

late stages. In the early stage, the main events are degradation and dissolution of lignin and 

carbohydrates that are weakly bonded to each other or free from the others. More than half 

of the xylan, that of galactan, 15% of cellulose, and 40% of lignin are decomposed and 

dissolved in this stage. However, mannan units are hardly decomposed because of its tight 

bonding to the lignin. [19,31] The delignification continues in the mid stage but more 

slowly than in the early stage, while the lignin is still accessible to oxidizing species. The 

dissolution of lignin accompanies the hemicellulose components as they are involved in 

LCC. The LCC fragments undergo secondary reactions in the aqueous phase, forming 

heavy condensed products. The late-stage delignification requires decomposition of at least 

a portion of cellulose, which makes the remaining lignin accessible to oxidizing species. 

Lower operating temperatures can reduce the loss of cellulose, for which decomposition 

has higher activation energy than delignification.  

 

Figure 2.7. Proposed scheme of delignification and decomposition of coexisting 

carbohydrates in alkaline treatment with O2. 
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2.4. Conclusions 

This study investigated extensive delignification at low temperatures and its chemical 

mechanism. Even at 90 °C, O2 greatly promotes the lignin dissolution while decomposing 

carbohydrates. Polysaccharides are decomposed into small molecules without forming 

monosaccharides. The delignification process, in terms of the delignification rate against 

cellulose degradation, is mostly dominated by the chemical structure of the cedar. However, 

the delignification rate is greatly influenced by the operating conditions. The chemical 

condensation of dissolved lignin fragments, PRL, greatly impedes the delignification. With 

the renewal of the aqueous phase every 2 h, the undesirable chemical condensation was 

successfully avoided. The 4×2-h repetitive treatments achieved a delignification rate as high 

as 96%, which was clearly higher than that by a single treatment at 130 °C. Use of a 

percolator, to which a solution is continuously fed, would be a promising approach for 

further research and development of the low-temperature delignification. [34,35] 

Lignification consists of three stages (early, mid, and late stages). The late-stage 

delignification (rate >0.65) requires cellulose decomposition for making the lignin 

accessible to oxidizing agents. The target purity of the product cellulose should be 

determined in consideration of the unavoidable trade-off relationship between lignin and 

cellulose retentions. 
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Figure S2.4. Total ion current chromatogram and detected compounds with GC-MS 

analysis of MEK-S from the oxidation of cellulose. 
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Figure S2.5. Total ion current chromatogram and detected compounds with GC-MS 

analysis of MEK-S from the oxidation of xylan. 

  



 

 53 

25 30 35 40 45 50 55

 I
n

te
n

s
it

y
 (

a
.u

.)

Retention time (min)

35 40 45 50 55

1

2

3
4 5 6

7

8

9

10

11

12 13 14
1516

17

18

19

 

OH

OOH

OH

OOH

OH

OH

O

OH

O

OH

OH

O
O

OH

OH

OH
O

O

OH

OH

OHO

O

OH

OH

OH

OHOH

OH

O

OH

(1)
Lactic acid

OH
OH

O

(2)
Glycolic acid

OOH

OH

(3)
2-Hydroxybutyric acid

OH

O

OH

OH O

OHO

(5)
Oxalic acid

(6) 
Levulinic acid

(7) 2,3-dimethyl-
2-butanol

O

OH

O

OH

(9)
Succinic acid

(8) 2,3-dihydroxy-
propanoic acid

O

OH

O

OH

(10)
2-methyl-succinic acid

(11) 2,4-Dihydroxy-
butyric acid

(12)
2-hydroxy-butyric acid

O

OH

OH

(13) 2-hydroxy-
glutaric acid

O

O

OH

O

OH

OH

O

OH

(14) 
2-methyl-1,3-butanediol

(15) 2-ethyl-3-hydroxy-
butyric acid

(16) 4-hydroxy-5-
(hydroxymethyl)oxolan-2-one

O

O

OH

OH
OH

(17) 3,4-dihydroxy-5-
(hydroxymethyl)oxolan-2-one

(18) D-arabino-hexonic 
acid-3-deoxy-lactone

(19) D-ribo-hexonic 
acid-3-deoxy-lactone

(4)
3-Hydroxypropionic acid

 

Figure S2.6. Total ion current chromatogram and detected compounds with GC-MS 

analysis of MEK-S from the oxidation of glucose. 
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Figure S2.7. Total ion current chromatogram and detected compounds with GC-MS 

analysis of MEK-S from the oxidation of xylose. 
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Figure S2.8. Total ion current chromatogram and detected compounds with GC-MS 

analysis of MEK-S from the oxidation of arabinose. 
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Figure S2.9. Total ion current chromatogram and detected compounds with GC-MS 

analysis of MEK-S from the oxidation of galactose. 
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Figure S2.10. Total ion current chromatogram and detected compounds with GC-MS 

analysis of MEK-S from the oxidation of mannose.
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CHAPTER 3 

Analysis of Primary Reactions in Biomass 

Oxidation with O2 in Hot Compressed 

Alkaline Water 



 

 59 

3.1. Introduction 

Lignocellulosic biomass is the most available and sustainable feedstock, a substantial 

part of that can be saccharified and transformed to biofuels and chemicals, but not readily 

digested because of the presence of lignin. [1-4] As a cost-effective and green oxidant, O2 

has widely been used for delignification. The electron transfer between molecular O2 and 

lignin can derive active species (radicals) that attack lignin molecules, and break 

inter-aromatic-unit linkages and also aromatic rings, thereby increasing the solubility. [5] 

The oxidation of biomass with O2 in alkaline water is promising for the delignification 

before production of monosaccharides or bioethanol, if the delignification is selective. [6, 7] 

The oxidation with O2 removed 30–70% of the lignin and also 10–80% of hemicellulose at 

160–200 °C under 0.6–1.4 MPa O2, improving the accessibility of the solid to enzyme and 

other properties relevant to enzymatic saccharization. [8-10] In those previous studies, 

however, little attention was paid to the kinetics and mechanism of the oxidation and 

delignification. 

It is believed that the oxidation consists of the primary and secondary reactions. The 

primary reaction is represented by intra-solid degradation. Its rate is equivalent to that of 

extraction unless it is limited by the solubility of the extractable matter formed. The 

secondary reactions consist of homogeneous reaction of the extracted matter in the aqueous 

phase and heterogeneous one over the solid being extracted. Understanding of the kinetics 

and mechanism of the oxidation requires distinguishment of those sequential reactions from 

each other, which can hardly be achieved by adopting conventional batch reactors. Another 

issue of batch reactors is accumulation of extract with time, in other words, difficulty in 

defining and maintaining conditions of the aqueous phase. 

Kraft pulping has been investigated in detail. It is generally accepted that the pulping 

process consists of three stages; initial, bulk and residual stages. [11, 12] These are largely 

influenced by chemical nature of feedstock, in particularly, the reactivity of lignin. [13, 14] 

Most of the previous studies were performed by employing batch reactors with main foci on 

the delignification. Very little information was thus available on the primary and secondary 

reactions involved in the delignification. The secondary reaction of the lignin- and 

carbohydrate-derived extracts seemed to occur extensively during delignification. [15-17] 

Shi et al. [18] recovered hemicellulose-derived extract from the yellow liquor from a batch 

Kraft pulping process, and found that the recovery was as small as 1.8% of the hemicellulose 
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of the feedstock. This could be due to the secondary degradation of the primary extract. 

Moreover, the lignin-derived extract could undergo depolymerization or retrogressive 

condensation in the liquid phase. [19] 

Jafari et al. [14, 20] studied the kinetics of the delignification in a Kraft pulping 

applying a continuous flow-through reactor, but they paid no any attention to the 

degradation products, of that information was essential for understanding of the 

mechanism of oxidative degradation and extraction of lignin and carbohydrates. It is 

known that the oxidative degradation of hemicellulose and that of lignin occur 

simultaneously. [21] To our best knowledge, no systematic information has so far been 

shown on the primary reaction and extraction in oxidative degradation of either woody 

biomass or herbaceous and other types of biomass. 

The present study designed and employed a flow-through fixed-bed reactor, i.e., 

percolator, to study the primary degradation and extraction of lignin and carbohydrates from 

a Japanese cedar in its treatment with hot and compressed alkaline water dissolving O2, 

referencing reactor systems adopted to hydrothermal degradation of cellulose and 

hydrothermal degradation of lignite. [22, 23] The percolator allowed to quench the primary 

extract and to analyze its chemical composition. The continuous supply of O2-saturated 

alkaline water to the percolator at a sufficiently high rate successfully made the conditions of 

the alkaline water steady, and eliminated mass transfer effects on the kinetics of extraction. 

[14, 24] 

3.2. Experimental Section  

3.2.1. Materials 

Woodchips of Japanese cedar were pulverized to sizes smaller than 0.85 mm, vacuum 

dried at 60 °C for 12 h, and used as the feedstock. The particle sizes of the feedstock were 

well below a critical size of woodchips (as thickness, ≈ 4 mm) for eliminating the intra-solid 

diffusional effects on the kinetics of extraction. [25] The chemical composition of the cedar 

was as follows: carbohydrates; 50.2 (glucan; 36.5, xylan; 4.9, galactan; 1.6, mannan; 6.3, 

arabinan; 0.9), lignin; 49.8 on the carbon basis of the cedar free from ash, acetyl, extractives 

and ash with contents of 1.4, 0.7 and 0.9 wt% on a dry basis, respectively. The following 

compounds were purchased from FUJIFILM Wako Pure Chemical Co. or Tokyo Chemical 

Industry Co. Ltd.; glucose, xylose, arabinose, galactose, mannose, acetic acid, formic acid, 

oxalic acid, lactic acid, glycolic acid, ethanol, sodium hydroxide (NaOH), hydrochloric acid 
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(HCl), and sulfuric acid (H2SO4). 

3.2.2. Oxidation in percolator 

Figure 3.1 shows the experimental setup for the oxidative extraction. The percolator 

(material; SUS316, volume; 20.5 mL) was charged with prescribed mass (0.1–2.0 g) of the 

cedar, filled with O2-free 0.1 mol/L NaOH aq., and connected to the tank storing 0.1 mol/L 

NaOH aq. (upstream side) and filter (downstream). The tank (volume; 1 L) was heated at 

140 °C and pressurized with 2.0 MPa O2 until saturation. The O2 concentration in the NaOH 

aq. was measured and determined as 19.6 mmol-O2 L
-1

, which was roughly in agreement 

with that calculated according to a previous report, 18.1 mmol-O2 L
-1

. [26] The oxidative 

extraction was preliminarily investigated at different temperatures, and it was found that the 

lignin extraction was very slow at temperatures below 140°C. It was then chosen for 

operating the oxidative extraction, while minimization of the secondary reaction was 

considered. 

Oven

Cooler
Bottle

NaOH 
solution

Purge valve

F
il
te

r

P
e
rc

o
la

to
r

Thermocouple

O2
Pump

Back-pressure
regulator

H
e
a
te

r

Magnetic stirrer

O2

O2

Tank

Stop 
valve

 

Figure 3.1. Setup of experimental system. 

The percolator was heated to 140 °C, and the temperature was held for 20 min in N2 

atmosphere. Then, the O2-saturated NaOH aq. was fed to the percolator at a steady flow rate 

in a range of 1.0–7.0 mL min
-1

. The start time of the oxidative extraction was defined as the 

time at which the liquid flow occurred by the pump. The effluent liquid was collected in 

glass bottles at downstream of the pump with fixed intervals of 10 min. The temperature and 

pressure inside the percolator were maintained precisely at exactly the same as those of the 

tank in order to avoid release of O2 out of the NaOH aq. The liquid residence time within the 

cedar fixed bed (thickness; 2.5 mm in case of the initial mass of 0.10 g) was 2.5 s when a 

flow rate of 5.0 mL min
-1

 was applied. After the run for the prescribed time, the percolator 
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was cooled down to the room temperature. The solid was taken out of the percolator, washed 

exhaustively with pure water (electrical resistance; 18.2 MΩ), and then dried under vacuum 

at 60 °C for 12 h prior to weighing and analyses 

3.2.3. Product separation and analyses 

Figure 3.2 shows the flow chart of product separation and analyses. Immediately after 

the run, the total organic carbon (TOC) and inorganic carbon (IC) dissolved in the recovered 

liquid were quantified with a Shimadzu TOC-5000A analyzer. The product gas that 

consisted solely of CO2 was quantified as IC. A portion of every recovered liquid was 

acidified to pH < 2 by adding HCl aq. for precipitating and recovering the acid-insoluble 

lignin (hereafter referred to as AI-L). The acidified liquid after separated from AI-L was 

subjected to TOC measurement and quantification of lower organic acids (LOA) with a high 

performance liquid chromatography (HPLC) system (Shimadzu, LC-20 Prominence Series) 

and a type of column (Bio-Rad Aminex HPX-87H column 300×7.8 mm). 
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Figure 3.2. Scheme of product separation, collection and analyses. SEC; size-exclusion 

chromatography. 
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The acidified liquid was neutralized by adding an NaOH aq., concentrated by rotary 

evaporation and then adding ethanol. This process caused precipitation of solid consisting 

mainly of oligosaccharides, allowing the organic acid and acid-soluble lignin (AS-L) to 

remain dissolved in the acidic ethanol/water. The chemical composition of the solid residue 

was determined by a standard analytical procedure of NREL via a two-stage hydrolysis. [27] 

The above-mentioned method gave the distribution of carbon over the range from the solid 

residue to CO2 quantitatively. The yields of the solid residue, AI-L, ethanol-insoluble matter 

(EI), AS-L, LOA, and CO2 will be denoted by YAI-L, YAS-L, YEI, YLOA, and YCO2, respectively. 

These yields were defined by 

Yi = mi/mt,0 

mi: carbon-based amount of i, mt,0: total amount of carbon involved in the solid at time (t) = 

0. The overall carbon-based conversion to extract was defined by 

X = 1 – mt/mt,0 = YAI-L + YAS-L + YEI + YLOA + YCO2 

3.3. Results and Discussion 

3.3.1. Kinetic analysis and modeling of oxidative extraction 

3.3.1.1. Rate of the primary reaction 

In every run of the oxidative extraction, O2 was fed into the percolator at a steady rate. 

As expected, the rate of O2 supply was an important factor for the rate of extraction, and this 

will be discussed later in detail. Charging sufficiently small amount of the cedar was 

necessary to avoid limitation of the rate of extraction by the rate of O2 supply. 

 

Figure 3.3. Changes in (1–X) with t for conditions with different combinations of the initial 

sample mass (m0 = 0.1, 0.2, 0.5, or 2.0 g-dry) and flow rate of O2-saturated 0.1 N NaOH aq. 
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Figure 3.3 shows changes in 1–X with t for different combinations of the initial mass of 

cedar (m0) and flow rate of NaOH aq. (v). The extraction rate was maximized and 

independent of both m0 and v, when m0 ≤ 0.2 g and v ≥ 5.0 mL min
-1

. It was thus 

demonstrated that the percolator enabled to determine the rate of the primary extraction as a 

function of t. The secondary reaction of the primary extract over the solid was, if any, 

unlikely to influence the ‘net’ rate of extraction at m0 ≤ 0.5 g and v ≥ 5.0 mL min
-1

. The 

secondary reaction of the primary extract in the aqueous phase will be discussed later. 

Figure 3.4 shows the change in 1–X with t for m0 = 0.1 g, v = 5.0 mL min
-1

. 1–X by the 

primary extraction decreases in an exponential manner to ca. 0.25 in 120 min, and further 

decreases afterward but very slowly. This indicates the presence of at least two kinetic 

components in the cedar. The first focus in the kinetic analysis is put on the late stage 

extraction. 1–X at t ≥ 150 min is described well by the following kinetic equation: 

1–X = 0.26 exp (-0.000162 t) Eq.1 

The amount of the solid residue after the 260 min extraction was insufficient for the analysis 

of chemical composition, but from a white color of the solid, it seemed that it consisted 

mainly of cellulose but probably also very smaller fractions of lignin and hemicellulose. 

This was consistent with previous studies that claimed difficulty of complete delignification 

and also slow delignification on the final stage. [12, 28] It is also known that complexes of 

lignin and cellulose are refractory, being inaccessible to oxygen-containing active species. 

[29] The chemical composition of the solid residue is shown and discussed quantitatively 

later. 

 

Figure 3.4. Change in 1–X with t for m0 = 0.1 g, v = 5.0 mL min
-1
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It was assumed that the cellulose of the cedar consisted of two different types, i.e., 

extractable (oxidatively degradable) and refractory parts, and that the later underwent the 

extremely slow degradation as expressed by Eq.1. The refractory cellulose was, for 

convenience, termed Component-3 (C3). It was also assumed that C3 underwent the 

extraction obeying single first-order kinetics over the range of t. 

FC3 = FC3,0 exp (–k3 t) = 0.26 exp (–0.000162 t) Eq.2 

FC3,0 and FC3 are the carbon-based fractions of C3 at t = 0 and t, respectively. k3 is the 

first-order rate constant in a unit of min
-1

. The value of k3 is valid only within the range of 

conditions employed in the present study, i.e., at O2 concentration in the NaOH aq. at 19.6 

mmol-O2/L. 

 

Figure 3.5. Change in the fraction of C12 (FC12) with t for m0 = 0.1 g and v = 5.0 mL min
-1

. 

It was further assumed that the cedar consisted of two kinetic components, C3 and the 
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measured 1–X by applying Eqs. 2–4, and is shown in Figure 3.5. FC12 seems to decrease 

with t roughly following first-order kinetics with F12,0 = 0.74 (= 1–FC3,0) and k12 = 0.034 

min
-1

. The overall rate of the primary extraction is described by 

1–X=FC12,0 exp(–k12 t)+FC3,0 exp(–k3 t)≈0.74 exp(–0.034 t)+0.26 exp(–0.000162 t)   Eq.5 

Kinetic analysis was performed for some other conditions with combinations of m0/v = 

0.5/5.0, 0.2/5.0, and 0.1/8.0 g/mL min
-1

, which gave the rate of the primary extraction. The 

analysis was done with fixed F12,0 and F3,0 at 0.74 and 0.26, respectively. The result is shown 
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in Table 3.1. k12 falls in a narrow range of 0.034–0.035 min
-1

, indicating validity of the 

kinetic analysis. 

Table 3.1. k12 estimated for different conditions. FC12,0, FC3,0 and k3 were fixed at 0.74, 0.26 

and 0.000162 min
-1

, respectively. 

m0/v, g/mL min
-1

 k12, min
-1

 r
2
 for fitting 

0.5/5.0 0.0346 0.995 

0.2/5.0 0.0350 0.998 

0.1/5.0 0.0342 0.996 

0.1/8.0 0.0347 0.985 

 

3.3.1.2. Further consideration of kinetic components 

Extraction was also carried out under conditions with m0 = 2.0 g and v = 1.0–7.0 mL 

min
-1

, where the rate of extraction was limited by that of O2 supply due to increased m0. 

Those conditions were not applicable to determination of the primary reaction rate, but 

found to be useful for deeper understanding of the chemical kinetics and mechanism of the 

conversion of C12. 

 

Figure 3.6. Changes in FC12 with t for (a) m0 = 2.0 g. and v = 1.0 mL min
-1

 and (b) m0 = 2.0 

g and v = 5.0 mL min
-1

. FC3,0 was calculated by Eq.2 with k3 of 0.26 and 0.000162 min
-1

 for 

calculating FC12. 

Figure 3.6 shows the results of kinetic analysis for two conditions as examples. Note 

that the vertical axes indicate FC12 that can be given by 1–FC3. FC12 decreases in linear 

manners with t of 60–160 min or 10–90 min for v = 1.0 mL min
-1

 or 5.0 mL min
-1

, 
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respectively, apparently following zero-th-order kinetics. The pH of the effluent was almost 

steady around 13 in those periods. Such linearity is attributed to that the rate of extraction 

was controlled by the steady rate of O2 supply. In case of v = 5.0 mL min
-1

 and at t > 90 min, 

FC12 decreases exponentially with t. This is reasonable because the residual amount of FC12 

became sufficiently small that the rate of extraction was controlled chemically rather than by 

the rate of O2 supply. In fact, as seen in Figure 3.6, the change in FC12 at t > 90 min was 

described well by first-order kinetics with respect to FC12 with an apparent k2 of 0.037 min
-1

. 

It was very similar to k12 determined for m0 ≤ 0.5 g and v ≥ 5.0 mL min
-1

, i.e., 0.034–0.035 

min
-1

 (see Table 3.1). 

It is also noted in Figure 3.6 that the decreases in FC12 for the initial 60 min (v = 1.0 mL 

min
-1

) or 10 min (v = 5.0 mL min
-1

) are clearly faster than those later. This trend indicates 

that FC12 consisted of at least two kinetic components. Then, by assuming the presence of 

such two components in FC12, the kinetic analysis was done in more detail. The initial 

fractions of the two components was estimated reasonably by extrapolating the linear 

relationship between FC12 and t to t = 0. As shown in Figure 3.7, the Y intercept was almost 

independent of v over the entire range of 1.0 to 7.0 mL min
-1

. The average value of the 

Y-intercepts was 0.635, and then defined as the initial fraction of a sub-component of FC12 

(C2), i.e., FC2,0. The initial fraction of the other sub-component (C1), FC1,0, was 

automatically given as 0.104 according to FC12,0 = FC1,0 + FC2,0. 

 

Figure 3.7. Y-intercepts of the linear relationship between FC12 vs t for different v’s and fixed 

m0 at 2.0 g. 

Figure 3.8 plots the apparent rate of C2 extraction that was determined directly from 

the linear relationship between FC12 and t, against the rate of O2 supply. Note that the 
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extraction rate is indicated in the unit of mmol-C min
-1

. The rate of extraction is correlated 

linearly with each other at that of O2 supply up to 0.1 mmol min
-1

. This means that the O2 

dissolved in the NaOH aq. was consumed completely or near completely while passing 

through the fixed bed, and that the O2 contributed to the degradation and extraction of C2 at 

an efficiency of 4.7 mol-C/mol-O2, unless the liquid-phase secondary reaction occurred to a 

significant degree. 

 

Figure 3.8. Relationship between the rate of extraction of C2 and that of O2 supply for m0 = 

2.0 g and v = 1.0, 3.0, 5.0, or 7.0 mL min
-1

. 

 

Figure 3.9. Changes with t of the fraction of C1 for m0 = 2.0 g. 

Here is considered the behavior of C1 that was extracted most rapidly and completely 

in the early period. It is reasonable to consider that C1 was converted and extracted by 

particular reactions such as ion exchange (e.g., -COOH + NaOH = -COONa + H2O) and 

base-catalyzed hydrolysis of ether/ester bonds, which required no O2 supply. This idea is 

consistent with a previous report by Kim et al. [11] who compared the delignification of corn 
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stover under oxidative and non-oxidative conditions, and found that a portion of lignin was 

removed rapidly without oxidation in the initial stage of delignification. In another report, 

Kataria et al. [30] removed part of lignin and hemicellulose from a grass biomass using 

0.5-2.0% NaOH without oxidation. 

Figure 3.9 shows changes in FC1 with t. For v = 3.0 mL min
-1

, FC1 is described well by 

assuming first-order kinetics with an apparent rate constant (k1) of 0.078 min
-1

. This is 

consistent with that the pH of the effluent was roughly steady (see Figure 3.10). On the other 

hand, for v = 1.0 mL min
-1

, the apparent rate constant (i.e., the slope of the line) increased 

with t. This was explained by significant change in the pH for t = 0–60 min. The chemical 

reactions as suggested above consumed hydroxide ions extensively lowering the pH of the 

aqueous solution particularly in the early period. The kinetic analysis of FC1 was not easy for 

v ≥ 5.0 mL min
-1

 due to so fast reaction that completed the extraction of C1 within 10 min, 

but finally, numerical simulation gave a reasonable value of the rate constant (k1) of 0.36–

0.39 min
-1

. Thus, in order to determine k1, it was necessary to maintain the pH that 

influenced the rate of C1 extraction significantly. 

 

Figure 3.10. Changes in pH of effluent liquid at percolator exit for m0 = 2.0 g. 

Figure 3.10 illustrates time dependent changes in the pH of the effluent liquid for m0 = 

2.0 g. At v ≥ 3 mL min
-1

, the pH was initially 12.2–12.6, and it became steady within 40–60 

min at 12.8–12.9. The pH in these ranges was lower than that at the inlet of the percolator. 

The initial decrease in the pH was, as already mentioned, mainly due to the chemical 

consumption of hydroxide ion. The hydrolysis formed acidic functional groups such as 

-COOH and phenolic or alcoholic -OH that were involved in the ion-exchange consuming 

hydroxide ions. [31, 32] On the other hand, the later decrease was insignificant but cannot be 
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ignored. As mentioned later, the oxidative degradation of C2 formed lower carboxylic acids 

and CO2, which contributed to such slight decrease in the pH. 

3.3.1.3. Summary of kinetic analysis 

The kinetics of the primary extraction is described by the following rate equations 

under the conditions of temperature; 140 °C, O2 concentration; 19.6 mmol-O2/L, and NaOH 

concentration; 0.1 mol/L. 

dX/dt = k1FC1 + k2FC2 + k3FC3 Eq.6 

FC1 = FC1,0 exp (–k1 t) ≈ 0.10 exp (–0.36 t) Eq.7 

FC2 = FC2,0 exp (–k2 t) ≈ 0.64 exp (–0.034 t) Eq.8 

FC3 = FC3,0 exp (–k3 t) ≈ 0.26 exp (–0.000162 t) Eq.2 

k1 of 0.36 was obtained by the kinetic analysis of the data for m0 = 2.0 g and v = 5.0 mL min
-1

. 

k2 is a linear function of O2 concentration. Eq.6 claims that the three components, C1, C2 and 

C3, underwent the extraction obeying the first-order kinetics with respect to their individual 

fractions. Neither C1 nor C2 corresponded simply to a particular chemical component (e.g., 

the amorphous part of cellulose, lignin, or hemicellulose). In other words, those were 

mixtures of two or even more chemical components. Nonetheless, in the kinetic sense, all 

the components behaved as single reactants. The lignin in cedar is composed of only G units 

(99.5%) [33], and such a single type of aromatic unit makes the structure of lignin relatively 

simple. This could be an important reason for the invariance of degradation modes. 

3.3.2 Chemical composition of kinetic component 

3.3.2.1. Chemical composition of C3 

The chemical composition of the sold is one of the most important characteristics of 

the oxidative extraction. Table 3.2 shows the compositions of the solids after the extraction 

with m0 = 2.0 g and v = 3.0, 5.0 or 7.0 mL min
-1

. The data shown in this table enabled to 

estimate the chemical composition of C3 as the most refractory component. 

Figure 3.11 displays the contents of the individual chemical components in the solid 

as a function of 1–X–FC3 (= FC1+FC2). It is noted that every content is a linear function of 

1–X–FC3. This means that extrapolating the straight line to 1–X–FC3 = 0 gives the content 

of the chemical component in C3 as the Y-intercept, assuming that its chemical 

composition was steady over the range of conversion. The contents of glucan, 

xylan+mannan, galactan, arabinan, and lignin were 93.9%, 2.5%, 0.55%, 0.66%, and 

2.41%, respectively. It was thus possible to prepare a pulp with residual lignin content as 
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small as 2.4% on the carbon basis. However, the complete extraction of C1 and C2 resulted 

in the yield of solid (as C3) with a cellulose recovery as low as FC3,0/(glucan content in the 

cedar) ≈ 65%. 
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Figure 3.11. Contents of chemical components in solid as a function of 1–X–FC3 (= 

FC1+FC2). 
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Table 3.2. Chemical composition of solid after oxidative extraction with m0 = 2.0 g. The 

fractions of chemical components were normalized on the carbon-bases of the solid. 

Experiment t, min Lignin 
  Carbohydrates  

 Glucan Xylan Galactan Mannan Arabinan 

Cedar  49.8  36.5 4.9 1.6 6.3 0.9 

3 mL min
-1

 160 26.9  65.5 3.4 0.5 3.3 0.6 

5 mL min
-1

 140 6.6  88.9 2.5 0.5 0.7 0.7 

7 mL min
-1

 90 14.3  80.1 3.4 0.6 1.0 0.6 

 

3.3.2.2. Chemical compositions of C1 and C2 

The quantitative knowledge of the chemical composition of C3 enabled to determine 

that of C2. The solids after the extraction under the conditions of m0 = 2.0 g, v = 1.0–7.0 mL 

min
-1

 and sufficiently long t consisted of C3 and C2 but no C1. 

 

Figure 3. 12. Content of chemical component on the basis of cedar carbon as a function of 

FC2. 

Figure 3.12 shows the contents of the chemical components as functions of FC2. Each 

content was calculated straightforwardly as the difference in that between the solid and C3 

(of the solid). The content of every chemical component of C2 is a linear function of FC2. 

This demonstrates that the chemical composition of FC2 was steady during the oxidative 

extraction, and also agrees with the behavior of C3 as a single reactant. The initial contents 

(at t = 0) determined were as follows: Lignin; 0.36 on the cedar carbon basis (56.7% of C2), 

glucan; 0.16 (24.7%), xylan + mannan; 0.11 (16.7%), galactan; 0.006 (1.0%), and arabinan; 

0.006 (0.9%). The initial chemical composition of C1 was determined from those of the 

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.1

0.2

0.3

0.4

C
o

n
te

n
t,

 -

FC2, -

  Lignin

r2 = 0.999

Xylan + Mannan

      r2 = 0.999

Glucan  r2 = 0.991

0
0

(a)

0.0 0.1 0.2 0.3 0.4 0.5
0.000

0.002

0.004

0.006

0.008

C
o

n
te

n
t,

 -

FC2, -

Galactan

r2 = 0.995
Arabinan

r2 = 0.990

(b)

0
0



 

 73 

cedar, C2 and C3. Table 3.3 shows the compositions of C1 together with those of C2 and 

C3. C1 consisted mainly of lignin, glucan, xylan/mannan, and galactan. More importantly, 

the carbohydrates accounted for 2/3 of C1 on the carbon basis. Thus, hot compressed 

alkaline water extracted more carbohydrates than lignin in the absence of O2. The total 

fraction of the carbohydrates in C2 was lower than that in C1, but still more than 40%. On 

the other hand, the major portion of lignin, 90%, was involved in C2, indicating that the 

oxidation was mandatory for extracting the lignin extensively. 

Table 3.3. Chemical compositions of C1, C2, and C3. The fraction is based on the total 

carbon involved in cedar. The numbers in parentheses (%) are the carbon-based fractions in 

C1, C2, or C3. 

Kinetic 

component 
Lignin Glucan 

Xylan + 

Mannan 
Galactan Arabinan Total 

C1 
0.032 

(30.6) 

0.036 

(34.3) 

0.022 

(20.9) 

0.011 

(10.9) 

0.003 

(3.3) 

0.104 

(100) 

C2 
0.360 

(56.7) 

0.157 

(24.7) 

0.106 

(16.7) 

0.006 

(1.0) 

0.006 

(0.9) 

0.635 

(100) 

C3 
0.006 

(2.4) 

0.245 

(93.9) 

0.006 

(2.5) 

0.001 

(0.6) 

0.002 

(0.7) 

0.261 

(100) 

 

3.3.3. Analysis of composition of extracts 

3.3.3.1 Selectivities to products from C2 

The products from the extraction were lumped into CO2, LOA, AS-L, AI-L, and EI. 

Among these, AI-L and AS-L were characterized by SEC. The molecular mass of AS-L 

ranged 100–2,000 Da (calibrated with polystyrene standards), and clearly differed from that 

of AI-L over a range up to 100,000 (see Figure S3.2). AS-L consisted of monomers, dimers, 

and small amounts of oligomers. [34] LOA was represented by formic, acetic, lactic, 

glycolic, and oxalic acids (Figure S3.1), the major portions of which were derived from the 

carbohydrates and lignin (inter-aromatic linkages and aromatic rings). [35-37] 

The yields of CO2, LOA, AS-L, AI-L and EI, were analyzed within ranges of t after 

complete conversion of C1. Such ranges of t were, ≥60, ≥50, ≥30, and ≥20 min for the 

conditions of v = 1.0, 3.0, 5.0 and 7.0 mL min
-1

, respectively, with the fixed m0 of 2.0 g. In 

other words, (1–X–FC3) = FC1+FC2 ≈ FC2. Figure 3.13 plots the yields of CO2, LOA, AS-L, 
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AI-L, and EI against YC2, which is defined by YC2 = FC2,0–FC2≈0.635–FC2. All the yields 

increase linearly with YC2 but with different slopes, which correspond directly to the 

selectivities to the corresponding products from C2. This trend reveals no or very little 

change in the product selectivity, and agrees well with the steady chemical composition of 

C2, strongly supporting the behavior of C2 as a single reactant. It is known that O2-derived 

active species can directly attack electron-rich aromatic and olefinic moieties, and also 

aliphatic chains connected to aromatic ring systems. [38, 39] It is therefore hypothesized that 

such active species indiscriminately attacked the lignin as well as associated carbohydrates 

(hemicellulose and cellulose), and this resulted in simultaneous and synchronized extraction 

from the different chemical components of C2. This hypothesis is supported by Yokoyama et 

al. [40] who found that the O2 active species generated by a phenolic compound 

(2,4,6-trimethylphenol) attacked a carbohydrate (a model compound; methyl 

p-D-glucopyranoside) in an alkaline environment. 

 

Figure 3.13. The yields of CO2, LOA, AI-L, AS-L, and EI from C2 as functions of FC2,0–

FC2 for m0 = 2.0 g and v = 1.0 mL min
-1

. The numbers indicated in the frame are slopes of 

the corresponding straight lines, i.e., selectivities to the products. 

The product selectivities were also determined for v = 3.0, 5.0 and 7.0 mL min
-1

. The 

result is shown in Figure 3.14. The selectivities are almost steady at v ≥ 3.0 mL min
-1

, while 

those to AS-L and EI decreases and increases at v = 1.0–3.0 mL min
-1

, respectively. In 

addition to this, the selectivity to LOA slightly decreases at v = 1.0–3.0 mL min
-1

. Such 

influences of v on the selectivities to AS-L, EI and LOA can be explained by chemical 

bonding between fragments of lignin and carbohydrates. EI at v ≥ 3.0 mL min
-1

 carried lignin 

fragments (as AS-L precursor), but it was partly decomposed to EI, AS-L and LOA by 
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decreasing v below 3.0 mL min
-1 

(i.e., by extending the residence time of the primary 

product). Such the aqueous-phase secondary reaction decreased the selectivity to EI while 

increasing those AS-L and LOA. In fact, the decrease in the selectivity to EI seems to be 

compensated by the increases in those to AS-L and LOA at v = 3.0 – 1.0 mL min
-1

. The O2 

consumption was complete under the conditions of m0 = 2.0 g, regardless of v. 

Aqueous-phase base-catalyzed hydrolysis of carbohydrates [32, 41], which did not require 

O2, would be an important secondary reaction to change the product distribution. 

 

Figure 3.14. Effects of v on selectivities to AI-L, AS-L, LOA, EI, and CO2 for conversion 

of C2. m0: 2.0 g. 

 

Figure 3.15. Contrast between the chemical composition of C2 and product yields from 

C2. 

Figure 3.15 contrasts the chemical composition of C2 and primary product distribution. 

The sum of the AI-L and AS-L yields, 0.314, is smaller than, but close to the lignin content in 

C2. Considering that EI contains lignin fragments to be released by the secondary reaction, 

the total yields of AI-L and AS-L is even closer to the lignin content. Their yields for m0 = 
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2.0 g and v = 1.0 mL min
-1

 were an example. The relationship between AI-L plus AS-L 

yields and lignin content thus shows that the lignin was converted mainly into AI-L and 

AS-L but minimally into LOA and CO2, even though the degradation of C2 was caused by 

the oxidation. LOA and CO2 were rather formed from the degradation of the carbohydrates. 

It is then hypothesized that the oxidative extraction was caused by the oxidation of the 

lignin-carbohydrate complex (LCC) and resultant release of lignin fragments together with 

LOA and CO2 mainly from the carbohydrate part. [42] It was also estimated that LCC of EI 

was carbohydrate-rich and therefore insoluble in ethanol. 

3.3.3.2 Selectivities to products from C1 

Quantitative knowledge of the product selectivities for the C2 conversion enabled to 

derive those for C1. FC2 is expressed as a function of t. 

FC2 = FC2,0 – k2 t  Eq.9 

As shown in Figure 3.13, the individual products from C2 are expressed as follows. 

 Yi-C2 = (FC2,0 – FC2)Si-C2 = Ft-C2 Si-C2 Eq.10 

Yi-C2, Yt-C2 and Si-C2 are the yield of product i, the total product yield from C2 and 

selectivity to i from C2, respectively. The yield of product i from C1 is then given by 

 Yi-C1 = Yi – Yi-C2 = Yt-C1 Si-C1 Eq.11 

Yi-C1 and Yi are the yield of i from C1 and total yield of i (from C1 and C2), respectively. 

Strictly saying, it is necessary to consider the products from not only from C2 but also 

those from C3. But, the latters can be ignored due to extremely slow degradation of C3. 

 

Figure 3.16. The yields of CO2, LOA, AI-L, AS-L, and EI from C1 as functions of FC1,0–

FC1 for m0 = 2.0 g and v = 1.0 mL min
-1

. The numbers indicated in the graphs are slopes of 

the straight lines, i.e., selectivities to the individual products. 
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Figure 3.16 shows the calculated Yi-C1 as a function of Yt-C1. Every Yi-C1 increases in a 

linear manner with Yt-C1. It is thus reasonable to determine the selectivity, Si-C1. Table 3.4 

lists the selectivities for different v’s, showing no or little influences of v on the 

selectivities, i.e., no or little progress of the aqueous-phase secondary reaction of the 

primary extract from C1. The selectivity to CO2 was below 0.01, and this was consistent 

with that C1 underwent non-oxidative degradation (or just dissolution). 

Table 3.4. Selectivities to products from C1. 

v, mL min
-1

 CO2 LOA AS-L AI-L EI 

1.0 0.0060 0.32 0.33 0.22 0.15 

3.0 0.0077 0.31 0.30 0.25 0.16 

5.0 0.0053 0.33 0.32 0.20 0.18 

Average Si-C1 0.0063 0.32 0.32 0.22 0.16 

 

Figure 3.17. Contrast between the chemical composition of C1 and product yields from 

C1. 

Figure 3.17 compares the product yields from C1 with its chemical composition. It is 

believed that LOA as well as EI was derived from the carbohydrates, according to previous 

studies, which showed hydrolytic degradation of hemicellulose and cellulose produced 

oligosaccharides and LOA. [43, 44] More importantly, the sum of AS-L and AI-L yield is 

clearly greater than the lignin content of C1. This can be explained only by that AS-L 

and/or AI-L chemically incorporated carbohydrates forming LCC. It was also believed that 

the LCC was lignin-rich, and then recovered as a portion of AS-L, or otherwise, AI-L. 

Baptista et al. [17] reported that the pine lignin obtained by the conventional kraft cook 

(NaOH and Na2S) at 170 ℃ contains about 4 wt% carbohydrates, and shortening the 

residence time can increase the carbohydrate content. More detailed chemical analysis of 
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AS-L and AI-L is necessary for clarifying the abundance and chemical structure of LCC 

and deeper understanding of the mechanism of C1 degradation in the future work. On the 

other hand, for the C2 degradation, more analysis of EI is needed for characterization of 

LCC that would be abundant in carbohydrate-rich LCC. 

3.4. Conclusions 

The oxidative extraction of the cedar in the flow-through percolator, and combined 

analysis of the kinetics of extraction and chemical compositions of the products have 

demonstrated the followings within the ranges of experimental conditions. 

(1) Sufficiently small mass of the cedar and large liquid flow rate (i.e., O2 feeding rate) 

enable to determine the rate of the primary extraction, eliminating the rate-limiting 

physical processes. The primary extract can be recovered by eliminating its secondary 

reactions in the aqueous phase and over the surface of solid being extracted. 

(2) Limiting the rate of O2 supply enables to derive three kinetic components, C1, C2 and 

C3, quantitatively. 

(3) All of C1, C2 and C3 undergo degradation following first-order kinetics with respect to 

their carbon-based fractions, FC1, FC2 and FC3, respectively. C1 is converted by 

non-oxidative reaction such as ion-exchange and base-catalyzed hydrolysis, while C2 

and C3 are converted by oxidation. C3 is much more refractory than C2 as well as C1. 

(4) The chemical analysis of solids at different conversions enables to clarify the chemical 

compositions of the individual kinetic components. 

(5) The individual kinetic components are chemical mixtures of lignin and carbohydrates, 

but they behave as single reactants while maintaining their chemical compositions. The 

product selectivities are therefore steady over the ranges of their conversions. LCC is 

abundant in C1 and C2, playing important roles in the product selectivities. 

(6) C3 as the refractory component consists of glucan and other carbohydrates with the 

total content as high as 98% on the carbon basis, but C3 accounts for only 26% of the 

cedar. 
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Supporting information 

 

Figure S3.1. Cedar-Carbon-based product distribution (a) yields of CO2, LOA, EI, AS-L 

and AI-L, and their sum (TC), (b) yields of lower organic acids as representatives of LOA. 

Conditions; m0 = 2.0 g, v = 5.0 mL min
-1

. The yield of each product is defined as its 

carbon-based amount formed in time intervals (0–10 min, 10–20 min, 20–30 min, ······) 

that has been normalized by that of the cedar charged in the percolator. 

 

Figure S3.2. SEC chromatograms for AI-L and AS-L recovered after the oxidation under 

the conditions of m0 = 2.0 g and v = 5.0 mL min
-1

. The AS-L and AI-L are the entire 

portions of the corresponding extracts that are collected for t = 0–140 min. 
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Table S3.1. Selectivity to product from C2 for the four different conditions. 

v, mL min
-1

 CO2 LOA AS-L AI-L EI Total 

1.0 0.052 0.267 0.127 0.399 0.155 1.000 

3.0 0.043 0.257 0.099 0.386 0.205 0.990 

5.0 0.050 0.237 0.089 0.410 0.202 0.988 

7.0 0.052 0.246 0.083 0.406 0.213 1.000 

Average 
a
 0.049 0.247 0.090 0.400 0.207 0.933 

Normalized 
b
 0.050 0.248 0.091 0.403 0.208 1.000 

a
 In averaging the selectivities to LOA, AS-L, and EI, those at v = 1.0 mL min

-1
 was not 

employed. 

b
 The average selectivities were normalized so that their sum agreed with unity.
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CHAPTER 4 

Hydrothermal Extraction and Alkaline Wet 

Oxidation of Cedar for Hemicellulose 

Recovery and Cellulose Purification
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4.1. Introduction 

Lignocellulosic biomass as the only abundant renewable carbon resources on earth that 

can be converted into fuels, platform chemicals, and related materials to replace fossil-based 

resources. However, its intricate structure (cellulose-hemicellulose-lignin matrix) and 

natural recalcitrance lead to low productivity and complex unstable products, seriously 

restricting its effective utilization in biochemical and biofuel technologies. [1] Therefore, an 

integrated pretreatment process to destroy its original structure or fractionate lignocellulose 

into its main components that improve the conversion efficiency is considered to be the 

foundation step for the establishment of an economical and sustainable lignocellulosic 

biorefinery. [2, 3] Cellulose is a homogeneous polymer composed of glucose, and 

hemicelluloses are heterogeneous polymers consisting of pyranoses and furanoses units 

including xylose, mannose, arabinose, glucose, and galacturonic acid. Generally, they can be 

fed into already-developed biorefinery product streams for pulp, monosaccharide products 

or bioethanol. [4, 5] High-purity cellulose also was used to viscose rayon, cellulose nitrate, 

cellulose acetate, and nanocrystalline cellulose for getting higher utilization value. [6] 

Lignin is the most abundant renewable resource containing aromatic rings, which can be 

depolymerized into phenolic compounds as the precursors for chemicals and biofuels. [7, 8] 

The alkaline wet oxidation is a promising method for delignification of lignocellulose 

and providing cellulose-rich residue and a liquid stream of lignin. [9] The functionalization 

and partial depolymerization of lignin occurred during oxidation which is helpful for its 

further catalytic conversion. [7, 10, 11] As the most attractive oxidant (low cost, nontoxicity, 

and environment-friendly), molecular oxygen (O2) has been applied to delignify for 

enhancing the digestibility of biomass and to depolymerize lignin for aromatics. [9, 12, 13] 

Although high temperatures (>150 ℃) are usually used, the removal rate of lignin is less 

than 70% due to the weak oxidability of O2. [3, 14] Effective and near-complete removal of 

lignin using O2 under mild conditions for producing high-purity cellulose is rarely reported. 

Mild conditions are conducive to reducing energy requirements, safety problems, and capital 

costs of equipment. [15] Oxidative delignification is always accompanied by the serious 

degradation of hemicellulose making it difficult to recover hemicellulose and its degradation 

products from black liquor. [3, 16] The loss of hemicellulose is mainly caused by alkaline 

hydrolysis, peeling of end-groups, and oxidative degradation reactions. [17] Although 

hemicelluloses can be converted into organic acids during alkaline wet oxidation, they are 

more valuable if recovered as monosaccharides or oligosaccharides. [18] Therefore, the 
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recovery of hemicellulose before alkaline wet oxidation is beneficial to the economics of the 

entire process. Hemicellulose can be isolated as monomeric or oligomeric sugars using 

appropriate separation techniques. Among various hemicellulose extraction methods, the 

hydrothermal extraction (HE) in a flow-through reactor using hot pressurized water is an 

advantageous method, which mainly produces hemicellulose oligomers. [19, 20] 

Hemicelluloses are closely associated with cellulose and lignin by hydrogen and covalent 

(mainly α-benzyl ether linkages) bonds. [21] The extraction of hemicellulose inevitably 

leads to the collapse of cell wall structure, which is conducive to the further removal of 

lignin. 

In this study, the HE and alkaline wet oxidation were combined as an attractive method 

to recover hemicellulose as oligosaccharides and completely remove lignin for high-purity 

cellulose. The HE of cedar was performed under both non-isothermal and isothermal mode 

using a flow-through percolator for investigating the extraction process of hemicellulose. 

The hemicellulose-depleted cedar was then treated by NaOH or Na2CO3 using green oxidant 

O2 under mild conditions for deep delignification. Furthermore, as the typical strong base 

(NaOH) and milder base (Na2CO3), their effects on the oxidative degradation of biomass 

were compared for the first time by analyzing the degradation products. 

4.2. Experimental Section 

4.2.1. Experimental materials 

The Japanese cedar (850 m-2 mm) was used as raw material. The compositional 

analysis of cedar showed that it is composed of 43.11% glucose, 6.23% xylose, 1.88% 

galactose, 6.35% mannose, 1.86% arabinose, 36.69% lignin, and 0.32% ash (based on the 

dry base). The five monosaccharides (glucose, xylose, arabinose, galactose, mannose), 

organic acids, model compounds, NaOH and Na2CO3 were obtained from Wako Pure 

Chemical Industries, Ltd or Tokyo Chemical Industry. 

4.2.2. Hydrothermal extraction and alkaline wet oxidation 

Cedar was hydrothermally treated in a flow-through percolator (Figure 4.1A) using 

water flow of 5 mL/min under 5 MPa. The temperature was increased stepwise from 80 to 

260 ℃ with a holding time of 30 min at each temperature in non-isothermal operation. The 

outlet samples of each temperature were collected separately. In isothermal operation, the 

reaction temperature was constant throughout the operation at 180 ℃ and the extracted 
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solution was collected every 10 min. 
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Figure 4.1. The devices of hydrothermal extraction (A) and alkaline wet oxidation (B). 

After hydrothermal extraction at 180 ℃ for 60 min, the solid residues (180-cedar) were 

collected and dried as the feed for downstream alkaline wet oxidation. Specifically, 2±0.1 g 

180-cedar was treated in an autoclave (Figure 4.1B) using 0.8 mol/L NaOH or Na2CO3 

solution at 90 or 120 ℃ under 2 MPa O2 for 8 h. The liquid-solid ratio was varied from 

10-20 mL/g. The specific experimental conditions are shown in Table 4.1. 

4.2.3. Characterization of products 

For the hydrothermal extraction, monosaccharides in effluent were quantitatively 

analyzed by high-performance liquid chromatography (HPLC, Shimadzu LC-20 

prominence series, Shodex SUGAR SP0810) after filtration with 0.45 μm PTFE membrane 

filter. The yield of oligosaccharides was calculated by the difference of monosaccharides in 

effluent before and after hydrolysis (4% H2SO4 at 121.0 ℃ for 1 h). The molecular weight 

distribution of oligosaccharides was determined by size exclusion chromatography (SEC) 

equipped with series columns of Shodex KS-801, KS-802, and KS-803. Monosaccharides 

(150180 Da), cellobiosan (342 Da), cellotriosan (504 Da), and a series of pullulan 

(108047100 Da) were used as standards. The effluent pH was recorded by pH meter D-71 

(Horiba Ltd., Japan). The total amount of organic carbon in the effluent was quantified by a 

total organic carbon analyzer (TOC, Shimadzu, TOC-5000A). 

After alkaline wet oxidation, the suspension was filtered to get filtrate which was 

further adjusted to pH < 2 to precipitate acid-insoluble lignin (AI-L). The AI-L was washed 

by HCl solution (pH < 2), dried in vacuum (60 ℃, 24 h), weighed, and finally characterized 

by SEC (TSKgel G3000H + G2000H + G1000H)XL columns). The organic acids in the 

acidic filtrate were quantified by HPLC equipped with Aminex HPX-87H Ion Exchange 

column 300 × 7.8 mm (Bio-Rad, United States). Other small molecule degradation products 
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(such as pentacyclic compounds and aromatic aldehydes) and acid-soluble lignin (AS-L) 

fragments in acidic solution were sufficiently extracted by ethyl acetate. The volatile small 

molecule products were quantified by gas chromatography (GC, Shimadzu, GC-2030) and 

the AS-L fragments were characterized by SEC. The residue was thoroughly washed with 

hot ultrapure water until neutralization for further drying and compositional analysis. The 

morphological feature of residues was characterized by a scanning electron microscope 

(SEM, Keyence model VE-9800). 

Chemical compositions (glucan, xylan, arabinan, galactan, mannan, and lignin) of the 

solid residues were determined by the National Renewable Energy Laboratory (NREL) 

method. The yields of monosaccharides, cellulose, hemicellulose, and lignin in the residue 

were calculated by Eqs. (1)-(4). In particular, all contents are based on a dry ash-free basis. 

Cellulose in residue(wt%)=
mass of glucose × 0.9

mass of the initial feed 
× 100%    (1) 

Lignin in residue(wt%)=
mass of the total lignin

mass  of the initial feed 
× 100%    (2) 

Monosaccharide(wt%)=
mass of monosaccharide (xylose/arabinose × 0.88 or mannose/galactose × 0.9)

mass of the residues 
× 100  (3) 

Hemicellulose in residue(wt%)= xylose + arabinose + mannose + galactose     (4) 

4.3. Results and Discussion 

4.3.1. The hydrothermal extraction 

4.3.1.1 Hemicellulose dissolution process 

The non-isothermal experiment was performed to check the temperature dependency 

and choose an appropriate temperature for the isothermal mode. The extraction of 

hemicellulose can be associated with the yield of its main component of mannan, arabinan, 

and xylan. As shown in Figure 4.2c, these oligosaccharides yields are obviously affected by 

temperature. The hydrothermal extraction of hemicellulose began at 140 ℃ and then peaked 

at 160 ℃, and eventually solubilized completely at 200 ℃. Among the 

hemicellulose-constituting sugars, arabinose and galactose were mainly dissolved as 

monosaccharides. The xylose and mannose were mainly isolated in oligomeric form 

between 150 to 180 ℃ indicating that they were mainly present in the backbone of 

hemicellulose. Cellulose started to be severely hydrolyzed to glucose above 200 ℃. It is, 

therefore, necessary to select an appropriate operating temperature for recovering 

hemicellulose and avoiding loss of cellulose, such as 180 ℃.  
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Figure 4.2. The non-isothermal mode of hydrothermal extraction. (a) Total carbon yield of 

mono- or oligosaccharides; (b) Carbon yields of monosaccharides; (c) Carbon yields of 

oligosaccharides; (d) The pH of effluent and the lignin yield (mg/g raw cedar). 

The pH of effluent decreased rapidly with increasing temperature with a minimum of 

3.6 at 160 ℃ and then increased slowly with temperature, eventually reached a lower value 

at the end of the experiment. The reduction of pH is directly related to the deacylation of 

hemicellulose and the degradation of sugars at elevated temperatures. [19] As shown in 
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Figure 4.2d, the dissolution of lignin is consistent with that of carbohydrates indicating that 

they are in the form of lignin-carbohydrates combinations. 
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Figure 4.3. The isothermal mode of hydrothermal extraction. (a) Total carbon yield of 

mono- or oligosaccharides; (b) Carbon yields of monosaccharides; (c) Carbon yields of 

oligosaccharides; (d) The pH of effluent and the lignin yield (mg/g raw cedar). 

The results of isothermal mode (Figure 4.3) show that the hemicellulose can be 

effectively recovered in 60 min at 180 ℃. Hemicellulose was primarily recovered as 
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oligosaccharides, and more than 90% of glucan was preserved in residues. In detail, 86.0% 

of mannose was mainly recovered as oligosaccharides, while all arabinose was recovered as 

monosaccharides. The dissolved glucose is mainly attributed to the hydrolysis of 

hemicellulose and the amorphous regions of cellulose. Generally, the amorphous regions of 

the cellulose are degraded at considerably lower temperatures compared to the polymorphic 

parts. [22] 15.7% lignin was simultaneously dissolved due to the covalent cross-linkages to 

hemicellulose. [22] 

4.3.1.2 Molecular weight of extracted hemicelluloses 

The molecular weight of extracted oligosaccharides is very important because this 

affects its further utilization and also is conducive to reveal its degradation behaviors. 
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Figure 4.4. The molecular weight of extracted hemicelluloses. (a) Hemicellulose was 

extracted by non-isothermal mode; (b) Hemicellulose was extracted by isothermal mode. 

The molecular weight of extracted hemicelluloses gradually decreased with the 

increase of temperature due to the intense rupture of glycosidic ether linkages in 

oligosaccharides. [23] As shown in Figure 4.4, a large part of hemicelluloses has molecular 

weight of more than 10,000 Da at 150 ℃. The proportion of oligosaccharides with 

molecular weight < 1000 Da was significantly increased when temperature increased to 

180 ℃. The monosaccharides with molecular weight <180 Da mainly are xylose and 

arabinose. The discharge of hemicelluloses with relatively high molecular weight can be 

explained by the severe interruption of the holocellulose macrostructure. [24] According to 

the results of Figure 4.2 and Figure 4.4, it is can be concluded that the main product was 

glucose oligomers with a degree of polymerization less than 10 when cellulose was 
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hydrolyzed at 240 ℃. The molecular weight of hemicellulose isothermally extracted at 180 ℃ 

was mostly between 200 to 10000 Da. These hemicellulose polysaccharides were generally 

considered to have high industrial value as manufacturing of food additives, emulsifiers, 

plastic film for foods, or superabsorbent hydrogels. [19] A large amount of relatively small 

oligosaccharides (molecular weight <1080 Da) were extracted at beginning 10 min 

indicating that some hemicellulose fragments having small molecular weight are easily 

extracted. Mannose is the dominant sugar in polysaccharides illustrating that cedar is a good 

source of mannan-oligosaccharides. Studies found that mannan-oligosaccharides have 

excellent performance in the biomedical field, such as, as a dietary supplement of 

glyconutrient for human health, as raw material for the synthesis of drug delivery systems, as 

bioactive material conjugated to the vaccine for cancer immunotherapy, as antiadhesion 

coating against fungal growth, etc. [20, 25] It also has been widely used as a supplement for 

increasing the quality of pets and livestock. [26] 

4.3.2. Alkaline wet oxidation 

4.3.2.1 Residues composition 

The composition of residues and pH of suspension after alkaline wet oxidation are 

illustrated in Table 4.1. Cellulose was well enriched in residues due to the removal of lignin 

and hemicellulose. Increasing the amount of alkaline and treatment time significantly 

increased the lignin removal, but caused more loss of cellulose. For NaOH, the lignin 

removal increased from 72.5 to 86.8%, whereas cellulose retention decreased from 76.2 to 

55.6% after the liquid-solid ratio increased from 10 to 15 mL/g. However, there was no 

significant difference in the pH (8.6−8.9) of suspensions, indicating that NaOH in the 

reaction system was consumed. Using the liquid-solid ratio of 20 mL/g resulted in further 

lignin removal without a further loss of cellulose and the pH of the suspensions rose to 12.9. 

It is indicated that sufficient alkalinity (pH >12) is necessary for efficient removal of lignin 

and the remaining cellulose in the residue is extremely recalcitrant. Finally, 91.3% lignin and 

all hemicellulose were removed, as well as a residue containing 85.5% glucose was obtained 

using 0.8 mol/L of NaOH at 90 ℃ for 8h. 
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Table 4.1. Residues composition (wt.%, daf) and pH of suspension. 

Samples 
Lignin 

a
  Sugar 

b
 

pH 
TL  Glucan Xylan Mannan 

Hydrothermal extraction- 180 ℃, H2O, 5 mL/min, 40 min, 5 Mpa  

180-Cedar 41.27 (15.7)  53.46 (92.9) 2.84 (34.1) 1.18 (14.0) 4.11 

Alkaline wet oxidation - NaOH, 90 ℃, 0.8 mol/L, 20 mL/g, 2 Mpa, 8 h, O2  

10 mL/g 22.47 (72.5)  73.20 (76.2) 1.34 (9.6) 0.49 (3.5) 8.64 

15 mL/g 16.95 (86.8)  83.78 (55.6) - - 8.91 

4 h 23.04 (76.4)  77.09 (67.1) - - 13.05 

8 h 11.50 (91.3)  85.45 (55.2) - - 12.97 

Alkaline wet oxidation - Na2CO3, 90 ℃, 0.8 mol/L, 20 mL/g, 2 Mpa, 8 h, O2  

10 mL/g 33.65 (49.4)  64.53 (82.6) 1.93 (17.1) 0.51 (4.4) 9.85 

20 mL/g 32.42 (52.8)  63.89 (79.1) 1.43 (12.3) 0.39 (3.3) 9.56 

1.5 mol/L 31.04 (57.5)  66.59 (77.6) 1.03 (8.3) 0.27 (2.1) 9.97 

120
o
C-4 h 14.63 (89.5)  69.72 (50.1) - - 8.80 

120
o
C-8 h 1.99 (98.9)  98.88 (49.1) - - 8.71 

a
The data in parentheses show the removal rate of lignin (based on the lignin in cedar); 

b
The 

data in parentheses show the retention rates of carbohydrates (based on the carbohydrates in 

cedar); - Not detected; TL is the total lignin. 

For Na2CO3, the removal efficiency of lignin was not significantly improved either by 

increasing Na2CO3 concentration or liquid-solid ratio at 90 ℃, but it was significantly 

improved by increasing temperature to 120 ℃. Increasing Na2CO3 concentration (0.8 to 1.5 

mol/L) and liquid-solid ratio (10 to 20 mL/g) at 90 ℃ increased the lignin removal by 4.7% 

and 3.4%, respectively. The lignin removal reached 98.9% generating a high-cellulose 

content residue (98.9%) after temperature increased to 120 ℃. The pH of suspensions was 

always below 10 with no significant change probably because a large amount of HCO3
-
 was 

generated in the solution due to the generation of CO2 and organic acids. The carbonates and 

bicarbonates in solution played a buffer role in stabilizing the pH value. The Na2CO3 can be 

recycled as long as the organic substances in solution are utilized by catalytic hydrothermal 

reforming. [27] The carbonates recovery without causticization and calcination is much 

simpler than that of NaOH. [28] Na2CO3 preserved more cellulose than NaOH at 90 ℃. 

Although the use of Na2CO3 greatly reduced the alkalinity of the reaction system, it did not 

prevent a large loss of glucan at 120 ℃. The glucan retention in residue decreased from 79.1% 

at 90 ℃ to 49.1% at 120 ℃. High-purity cellulose contenting 98.9% glucan was obtained 
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using Na2CO3 solution at 120 ℃. Yang et al. [29] treated cornstalk with ionic liquid at 100 ℃ 

and then washed the residue with acetone and water for high-purity cellulose (99.1%). 

Roselli et al. [30] reported that a high purity pulp (98%) was obtained by upgrading the 

eucalyptus kraft pulp using endoxylanase and ionic liquid. In another paper, Liu et al. [31] 

isolated the high-purity cellulose (94.2%) from wheat straw through a multistep treatment 

process including steam explosion, acid prehydrolysis, microwave-assisted hydrolysis, and 

microfluidization. Therefore, this study used water, oxygen, and Na2CO3 under mild 

conditions (120 ℃) to recover high-purity cellulose, which is much more environmental and 

economical than previous reports. 

4.3.2.2 Morphology analysis of representative solids 

The morphological features (Figure 4.5) show that the cedar macrostructure hardly 

changed after hydrothermal treatment, but the color changed to dark brown. After further 

alkaline wet oxidation by NaOH at 90 ℃ for 8 h, a light brown and rigid solid residue was 

obtained after drying. 

 

Figure 4.5. Photographs and SEM images of cedar, 180-cedar and representative residues. 
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The residue obtained by Na2CO3 at 120 ℃ for 8 h is a relatively fluffy and soft 

cellulose cake with a bright white color. SEM images show that the surface structure of raw 

cedar is compact and regular with some flakes of channels wall. Hydrothermal extraction 

hardly caused destruction on its regular mechanical structure and surface. Alkaline wet 

oxidation completely damaged its mechanical structure after substantial removal of lignin, 

resulting in thin flakes of debris. NaOH produced small and flaky debris with an irregular 

fibrous surface, while Na2CO3 obtained relatively large regular fiber ribbons with regular 

fiber bundles surface. NaOH caused severe etching and fiber breakage, while the Na2CO3 

preserved long fibers. These regular fiber ribbons came from the peeling of channels wall 

with a width of about 25 m. These regular fiber ribbons are completely different from the 

fiber bundles obtained from corn stover by Karp [2] and Pang [32]. 

4.3.2.3 The degradation products analysis 

About 65 wt% of 180-cedar were degraded by NaOH at 90 ℃ in 8 h (Figure 4.6). 

Na2CO3 dissolved about 30 wt% of feed at 90 ℃ and it reached more than 70 wt% at 120 ℃. 

It shows that Na2CO3 requires higher temperature to achieve a similar performance as NaOH. 

More AI-L was precipitated from NaOH solution than that of Na2CO3. The water soluble 

substances (as water soluble part in Figure 4.6) after acidification are small molecular 

products produced by oxidative degradation, mainly including organic acids and small 

lignin fragments. [33] 

 

Figure 4.6. The components composition of products. (Reference condition: The 180-cedar 

was oxidative alkaline treated by 0.8 mol/L NaOH or Na2CO3 at 90 ℃ for 8 h with a 

solid-liquid ratio of 20 mL/g; Components composition is based on the dry ash-free feed.) 
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For better understanding, lignin was divided into three parts after dissolution and 

oxidative degradation: the lignin in the residue (R-L), the AI-L, and severely degraded lignin 

(SD-L, products of severe lignin degradation including AS-L fragments and small molecule 

degradation products). The yield of SD-L was obtained by the difference method. According 

to the distribution of lignin (Figure 4.7), most of the lignin dissolved in alkaline solution 

was severely degraded into small molecular fragments, organic acids, and aromatic 

aldehydes which are soluble in an acidic environment, and the other part is AI-L which is 

considered as the large molecular fragments of lignin. The degradation ratio (DR) of 

dissolved lignin was defined as DR(%)=100%-(AI-L)/(the total dissolved lignin)×100%, 

which was used to evaluate the degradation of lignin during alkaline wet oxidation. A high 

DR indicates that more dissolved lignin was oxidatively degraded. 

 

Figure 4.7. The conversion of lignin. (Reference condition: The 180-cedar was oxidative 

alkaline treated by 0.8 mol/L NaOH or Na2CO3 at 90 ℃ for 8 h with a solid-liquid ratio of 20 

mL/g; Lignin distribution is based on the total amount of lignin in the feed.) 

The DR of lignin dissolved in NaOH slightly decreased from 65.0% to 51.3% after the 

liquid-solid ratio increased from 10 to 20 mL/g, indicating that the lignin dissolved first is 

more easily depolymerized and degraded than the dissolved after that. Another possible 

reason is that the depolymerization of lignin is always accompanied by its repolymerization 

and condensation. [34] More than 80% lignin dissolved by Na2CO3 at 90 ℃ was degraded. 

The DR of lignin reached 92.0% when 1.5 mol/L Na2CO3 was used at 90 ℃. Obviously, the 

depolymerization and oxidation of lignin are dominant reactions during the lignin removal, 

although it is still unclear whether the reactions mainly occurred before or after lignin 
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removal from the matrix. It is, anyway, an attractive strategy to directly depolymerize lignin 

in the solid-state from biomass, which can avoid serious condensation and passivation of 

lignin during the separation process. The DR of lignin decreased to about 66% due to the 

dissolution of more refractory lignin at 120 ℃. Although prolonging treatment time resulted 

in more lignin dissolution, the DR of lignin did not significantly reduce due to the further 

degradation of lignin. From these results, it can be concluded that the use of Na2CO3 is more 

conducive to the depolymerization of lignin during the removal process than NaOH. As a 

biodegradable polymer material, small lignin fragments have great potential application in 

the manufacture of various chemicals and functional materials. [35] 

A typical product of alkaline wet oxidation is organic acid, such as formic, acetic, lactic, 

oxalic, glycolic, malonic, and succinic acids, and their yields are shown in Figure 4.8. 

Carbohydrates (monosaccharides and polysaccharides) and their derivatives 

(5-hydroxymethyl-2-furaldehyde and 2-furaldehyde) can be oxidized to produce organic 

acids. [14, 36] The oxidation of lignin also produces a large amount of organic acids. [37] 

Hasegawa et al. [35] proposed that the succinic acid was derived from the rupturing of the 

aromatic ring, whereas formic and acetic acids were formed from the oxidative degradation 

of aliphatic side chains. 

 

Figure 4.8. The organic acids yields. (Reference condition: The 180-cedar was oxidative 

alkaline treated by 0.8 mol/L NaOH or Na2CO3 at 90 ℃ for 8 h with a solid-liquid ratio of 20 

mL/g; Organic acid yield is based on the total carbon in the feed.) 

The similar distribution of organic acids indicates that organic acids are formed in the 
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same way in NaOH and Na2CO3 solutions. The hydroxyl radicals and hydroperoxide anions 

formed by oxygen electron-transfer in alkaline solution are considered as the direct oxidant. 

[38] The yield of organic acids reached 19.0%-C using NaOH which is much higher than 

that (11.2%-C) of using Na2CO3 at 90 ℃ in 8 h. The yield of organic acids increased to 

24.7%-C when the temperature increased to 120 ℃. These organic acids obtained by direct 

oxidation of biomass with molecular O2 are valuable chemicals and they are one of the 

potential target products to achieve high value-added utilization of biomass. 

4.3.2.4 Molecular weight distribution of AI-L and AS-L 

As described above, a part of dissolved lignin was depolymerized into AS-L fragments. 

In order to further understand the depolymerization behaviors of lignin, their molecular 

weight was characterized and the results are shown in Figure 4.9.  

 

Figure 4.9. Molecular weight distribution of AI-L and AS-L obtained under different 

experimental conditions. ( Reference condition: The 180-cedar was oxidative alkaline 

treated by 0.8 mol/L NaOH or Na2CO3 at 90 ℃ for 8 h with a solid-liquid ratio of 20 mL/g.) 

The molecular weight of AI-L is mainly between 1000 to 100000 Da which is much 

larger than that of the AS-L fragments (< 2000 Da). The AI-L and AS-L fragments obtained 

by Na2CO3 solution was significantly larger than that produced by NaOH solution. The 

possible reason is that the alkalinity of NaOH is stronger than that of Na2CO3 causing more 

severe fracture of the linkages between lignin units. AS-L fragments outputted by NaOH 

solution have a distinct peak between 100-200 Da due to the formation of monophenolic 

compounds, such as the aromatic aldehydes mentioned later. However, the AS-L fragments 
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yielded by Na2CO3 have a relatively broad molecular weight distribution. The AS-L 

fragments > 300 Da were significantly reduced due to further depolymerization at a high 

temperature (120 ℃). For NaOH solution, the molecular weight of AI-L increased slightly 

when reaction time extended from 4 h to 8 h, indicating that the re-polymerization between 

lignin fragments was very weak under the milder condition at 90 ℃. For the Na2CO3 

solution, the molecular weight of AI-L increased significantly with increasing temperature 

and prolonging treatment time, indicating that the re-polymerization between lignin 

fragments intensely occurred at 120 ℃. 

4.3.2.5 Pentacyclic compounds and aromatic aldehydes 

Trace amounts of small molecular compounds (Figure 4.10) were produced during 

oxidative degradation, such as pentacyclic compounds from carbohydrates and aromatic 

aldehydes from lignin. [14, 33] Such low yields of these compounds indicate that the 

conversion of biomass to organic acids under such conditions has a high selectivity. 

 

Figure 4.10. The yields of pentacyclic compounds and aromatic aldehydes obtained under 

different experimental conditions. ( Reference condition: The 180-cedar was oxidative 

alkaline treated by 0.8 mol/L NaOH or Na2CO3 at 90 ℃ for 8 h with a solid-liquid ratio of 20 

mL/g.) 

More 3-hydroxy--butyrolactone was produced using Na2CO3, while more aromatic 

aldehydes (especially vanillin) were generated using NaOH. Most compounds decreased 
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reduction trend was clearly observed in the yield of these lignin monomers with time in both 

solutions, indicating that they are easy to be further degraded. Both the formation and 

degradation of lignin monomers simultaneously happened. [33, 37] It is the main reason 

why the lignin monomers yield was very low despite a large amount of lignin was 

depolymerized during alkaline wet oxidation. 

4.4. Conclusions 

The integrated approach combining hydrothermal extraction for recovering 

hemicellulose as oligosaccharides and alkaline wet oxidation for lignin removal and 

depolymerization, is a promising strategy for the high-purity cellulose. Most hemicelluloses 

in cedar were recovered as mannose-oligosaccharides before the subsequent alkaline wet 

oxidation which removed 98.9% lignin using Na2CO3 at 120 ℃. Although NaOH 

effectively removed lignin at lower temperatures (90 ℃), the Na2CO3 was more conducive 

to depolymerize lignin and preserve the longer fibers than NaOH. Large amounts of organic 

acids were generated from lignin and carbohydrates degradation. Ultimately, the high-purity 

cellulose contenting 98.8% glucose was recovered. 
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CHAPTER 5 

Mild Oxygen Oxidation of Rice Husk to 

Remove Lignin and Ash (Si) for Producing 

High-purity Pulp
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5.1. Introduction 

Rice husk (RH) is one of the main agricultural wastes by-produced from the rice 

production, and most of it is either burnt or dumped as waste. The annual production of rice 

husk in the world is about 1.2 billion tons, which is an attractive renewable resource for 

production of biofuels and biochemical as it can be collected easily from the rice production 

plant. [1] RH is mainly composed of ~35% cellulose, ~20% hemicellulose, ~28% lignin, 

~15% ash with other substances. The silica in RH is mainly bonded to the hemicellulose 

molecules forming the silicon oxygen tetrahedral frameworks [∗Si(OSi)4], silanol groups 

([(OH)*Si(OSi)3]), and silanediol groups [(OH)2*Si(OSi)2]. [2] Its disposal is limited in 

many conversion technologies due to its hard shell, low digestibility, abrasiveness, low 

apparent density, and high ash contents. Combustion for energy supply and ash (SiO2) 

collection is the traditional way of utilizing RH, however it generates a large amount of 

harmful gases and carcinogenic dust. [3] 

Direct conversion of RH often leads to low yield of target products. Appropriate 

pretreatment of RH is necessary for delignification or deashing to partially disrupt its 

recalcitrant structure before further transformation. Some pretreatments of rice husk, 

including acid/alkaline, alkaline peroxide, hydrothermal, enzyme, and ionic liquid 

pretreatment, etc., promote its subsequent conversion for saccharification or bioethanol. [4] 

Hydrothermal treatment of biomass is an excellent technology to recover most of the 

hemicellulose using hot water. [5] The alkaline wet oxidation achieves effective removal of 

lignin from biomass. [6] It has been reported that the amorphous silica in rice husk ash has 

good solubility in alkaline solutions with pH > 10, which provide an inspiration for the 

removal of silicon from RH by alkaline solution. [7] 

Cellulose is the most prevalent and abundant natural polymer on earth and is widely 

used in ropes, sails, paper, building materials, and many other applications. [8] It currently 

comes mainly from woody biomass that is not consistently available at reasonable prices in 

the future. Therefore, the preparation of cellulose from agricultural byproducts will become 

increasingly attractive. [9] The isolation of cellulose fibers and even nanocrystals from RH 

is possible with the deep removed of other components (hemicellulose, lignin, and ash). 

Jeetah et al. [10] produced pulp for cardboard by treating RH using hydrogen peroxide and 

glacial acetic acid at 29 °C for 6-10 days. Johar et al. [11] prepared high-purity cellulose 

fibers (96%) from RH by alkaline (NaOH) and bleaching (acetic acid and aqueous chlorite) 
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treatments. Cellulose fibers are precursors to cellulose whiskers and nanofibers which have 

received a remarkable interest from many researchers. [9] The preparation of high-purity 

cellulose from RH is promising. 

Kraft and Sulfite pulping are the dominant technologies for delignification in pulp and 

paper processing. In the conventional kraft pulp process, biomass is cooked at about 170 °C 

for few hours in an aqueous solution of NaOH and Na2S. In the Sulfite process, the biomass 

is typically cooked with an aqueous magnesium bisulfite solution at a pH of either 1.5 or 4.0. 

[12] Sodium sulfide has a serious negative impact on the environment and the utilization of 

black liquor. [13, 14] Another popular technology is the soda pulping process which usually 

requires the addition of redox catalysts (anthraquinone) in the NaOH solution to accelerate 

delignification. [15] The resulting pulp needs to be bleached with chloride for further 

delignification. 

The present study proposed a method to prepare high-purity cellulose from 

hydrothermally pretreated RH using Na2CO3 and O2 under mild conditions. The effect of 

hydrothermal pretreatment on lignin and ash removal in the subsequent alkaline wet 

oxidation was investigated. Two types of reactors, the batch reactor and the percolator, were 

employed. The repeated use of Na2CO3 solution for lignin and ash removal was evaluated. 

5.2. Experimental Section 

5.2.1. Experimental materials 

The RH used as raw material was obtained from Fukuka, Japan. The RH was washed 

with 80 ℃ H2O to remove impurities and then crushed to 0.85−2 mm. The detailed chemical 

composition was given in Table 5.1. All chemicals including Na2CO3, NaOH, hydrochloric 

acid (HCl), and model compounds were purchased from Wako Pure Chemical Industries, 

Ltd or Tokyo Chemical Industry. 

5.2.2. Hydrothermal pretreatment and alkaline wet oxidation 

Hydrothermal pretreatment of RH was performed in a flow-through percolator which 

was described in Chapter 4. RH was treated by hot H2O at 180 ℃ for 150 min under 5 MPa. 

The hydrothermally pretreated RH (HTRH) was dried at 60 °C under vacuum for 24 h and 

used as the feed for the subsequent alkaline wet oxidation. 

Alkaline wet oxidation in batch reactor: Specifically, 2±0.1 g HTRH was treated in an 

autoclave using 1.0 mol/L Na2CO3 solution at 120 ℃ under 2 MPa O2 for 120 min. Different 

times (120 vs. 180 min), temperatures (100, 120, and 140 ℃), O2 pressures (2 vs. 3 MPa), 
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atmospheres (N2 vs. O2), and liquid-solid ratio (20 vs. 40 mL/g) were examined. For the 

reuse of the alkaline solution, 1 g HTRH and 40 mL filtrate from the previous operation were 

used in the autoclave at 120 ℃ under 2 MPa O2 for 120 min. The experimental setup and 

detailed operations were described in Chapter 4. The detailed experimental conditions were 

summarized in Table 5.1. 

Alkaline wet oxidation in percolator: 2±0.1 g feed was loaded into percolator and then 

continuously feed an oxygen-saturated Na2CO3 solution at 120 ℃ for 120 min. The Na2CO3 

solution saturated with 2.0 MPa O2 in a tank (volume; 1 L) at 120 ℃ before starting the 

experiment. The experimental setup and detailed operations were described in Chapter 3. 

Table 5.1. Detailed experiment conditions of alkaline wet oxidation. 

Experiment Feed Reactor Atmosphere Alkaline 
Liquid/solid 

(mL/g) 

Temperature 

(℃) 

Time 

(min) 

RH-OT RH Autoclave O
2
 Na

2
CO

3
 20 120 120 

RH-OT-P RH Percolator O
2
 Na

2
CO

3
 5 mL/min 120 120 

HTRH-OT HTRH Batch O
2
 Na

2
CO

3
 20 120 120 

HTRH-OT-P HTRH Percolator O
2
 Na

2
CO

3
 5 mL/min 120 120 

100 ℃+3 

MPa+180 min 
HTRH Batch O

2
 Na

2
CO

3
 20 100 180 

180 min HTRH Batch O
2
 Na

2
CO

3
 20 120 180 

140 ℃ HTRH Batch O
2
 Na

2
CO

3
 20 140 120 

40 mL/g HTRH Batch O
2
 Na

2
CO

3
 40 120 120 

HTRH-NaOH HTRH Batch O
2
 NaOH 20 120 120 

HTRH-H2O HTRH Batch O
2
 H2O 20 120 120 

HTRH-N2 HTRH Batch N
2
 Na

2
CO

3
 20 120 120 

5.2.3. Characterization of products 

After the experiment, the filtrate and the solid product (residue) were separated by 

filtration. The effluent pH was recorded by pH meter D-71 (Horiba Ltd., Japan). The filtrate 

was acidified and then the organic acids were quantified by high performance liquid 

chromatography (HPLC, Shimadzu LC-20 prominence series, Aminex HPX-87H Ion 

Exchange column). The residue was thoroughly washed with 80 ℃ H2O until neutral. The 

solid residue was then characterized by scanning electron microscopy (SEM, Keyence 

model VE-9800), Fourier transform infrared (FTIR) spectroscopy, and X-ray diffraction 

(XRD, Rigaku, TTR-III). Chemical compositions (glucan, xylan, arabinan, galactan, 
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mannan, lignin, and ash) of the solid residues were determined by a standard analytical 

procedure of NREL. The yields of monosaccharides, cellulose, hemicellulose, and lignin in 

the residue were calculated according to the method described in Chapter 4. 

5.3. Results and Discussion 

5.3.1. Chemical composition of residue 

The chemical composition of residue was analyzed and the results are presented in 

Table 5.2. The components yield of the residue based on raw RH are shown in the Figure 

5.1. The original RH contained 31.4 wt% cellulose, 21.4 wt% hemicelluloses, 28.0 wt% 

lignin, and 15.5 wt% ash. The hydrothermal treatment removed 83.3% hemicellulose, 43.4% 

lignin, and 66.9% ash. The alkaline wet oxidation enriched cellulose in the solid residue as 

expected. After alkaline wet oxidation of RH (RH-OT), xylan, lignin, and ash in the residue 

were as high as 19.1, 14.3 and 5.9%, respectively, indicating that it is difficult to receive 

high-purity cellulose from raw RH. Using HTRH (HTRH-OT) reduced the xylan, lignin, 

and ash to 2.4, 4.2, and 3.2%, respectively. The hemicellulose, lignin, and ash in the HTRH 

are more easily removed after hydrothermal pretreatment than in the original RH. The main 

reason is the destruction of original stubborn structure of the RH. HTRH yielded the highest 

purity cellulose is 98.1% using an appropriate condition which is much higher than that 

obtained from the original RH (73.3%). 

The components yield of the residue based on raw RH are shown in the Figure 5.1. 

Almost all of the ash in HTRH was removed, while a small amount of lignin was removed 

under N2 atmosphere. The lignin was effectively removed under O2 atmosphere. The 

removal behaviors of lignin and ash are obviously different. Ash removal requires alkaline 

rather than oxidation and the lignin removal requires both alkaline and oxidation. 

Comparing Na2CO3 with NaOH, NaOH produced almost pure cellulose but caused severe 

cellulose loss, leaving less than 40% of the cellulose. More than 87% of the cellulose was 

well preserved using Na2CO3. Na2CO3 offered an enormous advantage in avoiding cellulose 

degradation. Na2CO3 offered an enormous advantage in avoiding cellulose degradation. A 

large amount of lignin and ash was not removed at 100 °C even with higher O2 pressure (3 

MPa) and longer treatment time (180 min) than at 120 °C (2 MPa and 120 min). Cellulose 

with a purity of 93% was obtained by treating HTRH at 120°C using 20 mL/g for 120 min. 

Extending the time and increasing the temperature had limited effect on the purification of 

cellulose. The yield of cellulose was reduced from 87% to 72% after the temperature was 
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increased from 120 to 140 ℃. Increasing the amount of alkali solution from 20 to 40 mL/g 

significantly increased the purity of cellulose from 93.1 to 98.1 with no serious cellulose 

loss. 

Table 5.2. Residues composition (wt%, d) and pH of suspension. 

Samples 
Lignin  Sugar   

TL  Glucan Xylan Galactan arabinan Ash pH 

RH 28.00  31.37 15.76 2.26 3.35 15.45  

Hydrothermal extraction - 180 ℃, H2O, 5 mL/min, 150 min, 5 Mpa  

HTRH 29.12  55.34 4.43 2.14 - 9.38  

Alkaline wet oxidation - Na2CO3, 120 ℃, 1.0 mol/L, 20 mL/g, O2 2 Mpa, 120 min  

RH-OT  14.27   52.33 19.05  1.70 2.43 5.87 9.67 

RH-OT-P  9.46   73.35 16.50 0.79 1.33 1.01 11.05 

HTRH-OT  4.23   93.12  2.38  0.61 - 3.26 9.66 

HTRH-OT-P 2.19  97.5 1.54 0.77 - 0.55 11.05 

100 ℃ 6.31  85.15 2.32 0.44 - 6.31 9.98 

180 min 3.24  92.33 2.13 0.37 - 5.65 9.65 

140 ℃ 2.92  89.84 1.86 0.51 - 5.20 9.19 

40 mL/g 2.07  98.11 1.05 0.32 - 0.32 10.26 

HTRH-OT-NaOH 0.46  101.39 - - - - 12.12 

HTRH-H2O 28.43  55.74 4.50 2.34 - 9.25 2.75 

HTRH-N2 24.49  67.47 2.57 1.20 - 0.88 10.42 

Reuse of filtrate - Na2CO3, 120 ℃, filtrate, 40 mL/g, O2 2 Mpa, 120 min,  

Run1 2.07  98.11 1.05 0.32 - 0.32 10.26 

Run2 3.06  92.76 1.41 0.48 - 2.61 9.51 

Run3 4.00  88.74 2.48 0.56 - 6.94 9.05 

Run4 6.09  80.89 2.71 0.58 - 13.43 8.63 

 - Not detected; TL is the total lignin. 
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Figure 5.1. Components yield of the residue. (HTRH-OT: O
2
 2 MPa, 120 min, Na2CO3 1 

mol/L, L/S = 20 mL/g, and 120 ℃; Percolator: O
2
 2 MPa, 120 min, Na2CO3 1 mol/L, 5 

mL/min, and 120 ℃.) 

To investigate the effect of the products in solution on the purification of cellulose the 

percolator were employed. Comparing the two reactors, the percolator promoted the 

removal of lignin and ash, especially the ash was almost completely removed. Although the 

percolator operation consumed a large amount of alkaline solution (300 mL/g), the 

improvement in cellulose purification was very limited (93.1 vs. 97.5%). The complete ash 

removal results from the fact that the final suspension pH is greater than 10. It is reasonable 

to think that the deep deashing can be achieved by keeping a sufficient alkalinity pH > 10 

even in a batch reactor. 

5.3.2. Reuse of liquid products 

The recyclability of the Na2CO3 solution was examined by multiple reuses in batch 

reactor (Figure 5.2). The reuse of Na2CO3 solution (filtrate) allowed cellulose to be enriched 

in the solid residue, but the purity of cellulose was gradually reduced from 98.1% to 80.9%. 

Repeated use of the filtrate yielded a cellulose recovery of over 90%. The reuse of alkaline 

liquor maintained high lignin removal efficiency, but the ash removal efficiency decreased 

sharply. 84% lignin was removed while only 31% ash was removed after four repetitions. 
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Figure 5.2. Components yield of the residue. (Condition: O2 2 MPa, 120 min, filtrate, L/S 

= 40 mL/g, and 120 ℃) 

  

Figure 5.3. Removal rate of lignin and ash. 

The dramatic deterioration in ash removal efficiency can be attributed to the pH 

decrease (10.3 to 8.6) and the accumulation of ash in the liquid product. The silicon in RH 

has good solubility in alkaline solution with pH > 10. [7] The pH decrease of the liquid 

product is mainly due to the formation of large amounts of organic acids (Figure 5.4). The 

decrease of pH has a great negative impact on the ash removal but a limited impact on lignin 

removal. The effective removal of lignin indicates that the effective oxidation reactions 

occurred even in the low pH liquid product. The alkaline dosage could be significantly 

reduced by reusing the filtrate. 
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Figure 5.4. Carbon-based yields of organic acids. 

5.3.3. Characterization of solid products 

The macroscopic (photographs) and microscopic (SEM) visualizations of the RH 

evolution are shown in Figure 1. The original RH was light brown, and it changed to dark 

brown after hydrothermal treatment and white after alkaline wet oxidation. The inside 

surface became rougher after hydrothermal treatment, while no change was observed on the 

outside surface. It was found that the silicon in the RH is mainly concentrated around the 

dome-shaped protrusions on the outer surface, which makes it very stubborn. [16] The RH 

structure was completely destroyed after alkaline wet oxidation and the fiber bundles were 

separated into individual fibers with a diameter of about 5 m. Cellulose fibers are not only 

used directly for material applications, but also as raw feedstock for the preparation of 

cellulose nanocrystals and nanofibers. [17] 

The functional groups related to lignin or hemicellulose, such as the acetyl and ester 

groups C=O at 1730 cm
−1

 and the C=C stretching of aromatic ring at 1510 cm
−1

, nearly 

disappeared in the cellulose fiber. [8] No significant differences were observed between 

HTRH and cellulose fiber in the 900–1500 cm
−1

spectra range corresponding to cellulose. 

[18] The results showed that the cellulose molecular structure remained invariant after 

treatments. 
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Figure 5.5. Photographs and SEM micrographs of RH, HTRH, and cellulose fibers. 

 

Figure 5.6. FTIR spectra recorded of RH, HTRH, and cellulose fibers. 

 

Figure 5.7. X-ray diffraction patterns of RH, HTRH, and cellulose fibers. (The crystallinity 

index was calculated by the Segal formula: CI = (I22°I18°)/ I22° × 100%) 
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Figure 5.7 shows the diffraction patterns of RH, HTRH, and cellulose fibers. They are 

typical of cellulose I with three well-defined crystalline peaks around 2θ = 16
o
, 22

o
, and 35

o
. 

The peak at 22° represents both crystalline and amorphous region and the peak at 18° 

corresponds to the amorphous region in cellulosic materials. [19] The 2θ = 22
o
 peak became 

more defined in cellulose fiber than in RH and HTRH. The crystallization index of RH was 

45.9%, while the CI of cellulose fiber increased to 67.3%. The increased crystallinity was 

ascribed to the removal of amorphous non-cellulosic materials and cellulosic domains. The 

amorphous region of cellulose is more accessible resulting in hydrolytic cleavage of the 

glycosidic bond. [20] The crystallinity of cellulose obtained from other materials was about 

66% for potato tuber, 68% for rice straw, and 71% for wood cellulose. [21] The RH cellulose 

obtained in this study has great potential to achieve high reinforcement of composites. [22] 

5.4. Conclusion 

Hydrothermal pretreatment significantly promoted the removal of hemicellulose, lignin, 

and ash in the subsequent alkaline wet oxidation process. Ash removal requires alkaline 

rather than oxidation while the lignin removal requires both alkaline and oxidation. 

Compared to NaOH, Na2CO3 surprisingly avoided the substantial loss of RH cellulose. 

High-purity cellulose fiber (98.1%) was obtained in a high yield (>83 wt%) by using 

Na2CO3 solution and O2 at 120 ℃ for 120 min. The liquid product (filtrate obtained after 

reaction) maintained a good delignification effect (84%) even after being reused four times. 

The ash in the RH can only be effectively removed when the pH > 10 of the reaction solution. 

The cellulose fiber obtained in this study has a diameter of approximately 5 μm and a 

crystallinity of 67%. 
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CHAPTER 6 

General Conclusions
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Biomass structure is complex and resistant, especially high lignin content biomass. 

Lignin is the main obstacle to the efficient conversion of carbohydrates. The alkaline 

wet oxidation is a potentially effective pretreatment and fractionation technology 

which can provide cellulose rich fraction and a soluble stream of hemicellulose/lignin. 

However, there are still problems such as severe loss of carbohydrates, unclear 

mechanism of biomass degradation, and the use of expensive or toxic reagents. 

Characteristics of the delignification are important for yield and property of resulting 

carbohydrates. With this perspective, this thesis carried out the alkaline wet oxidation 

of the high lignin content biomass using the green oxidant O2 under mild conditions 

for delignification. The chemical mechanism was explored through the repetitive 

operation of a batch reactor and the continuous operation of a flow-through reactor. 

Even at 90 °C, O2 greatly promotes the lignin dissolution while decomposing 

carbohydrates. Polysaccharides are decomposed into small molecules without forming 

monosaccharides. The chemical condensation of dissolved lignin fragments greatly 

impedes the delignification. Repeated short-time oxidation with renewal of alkaline 

water suppressed the condensation enhancing the delignification. Lignification 

consists of three stages (early, mid, and late stages). The late-stage delignification 

(rate >0.65) requires cellulose decomposition for making the lignin accessible to 

oxidizing agents. The target purity of the product cellulose should be determined in 

consideration of the unavoidable trade-off relationship between lignin and cellulose 

retentions. 

The alkaline wet oxidation performed in a flow-through percolator rather than in 

a batch reactor, allows for analysis of the primary reaction by eliminating the 

secondary reactions of the extracts. The cedar consisted of three kinetic components 

(C1, C2, and C3) that underwent extraction in parallel following first-order kinetics 

with different rate constants. The chemical compositions of the kinetic components 

were mixtures of carbohydrates and lignin. C1 was converted most rapidly by 

non-oxidative reactions such as alkali-catalyzed hydrolysis, while C2 by oxidative 

degradation. The product distributions from C1 and C2 (CO2, lower organic acids, 

oligosaccharides, acid-soluble and acid-insoluble lignins) were steady throughout 
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their conversion. C3 was the most refractory component, consisting mainly of glucan 

and very minimally of the lignin and hemicellulose. 

Most hemicellulose in cedar was recovered as mannose-oligosaccharides by 

hydrothermal extraction using H2O at 180 ℃. Compared to NaOH, Na2CO3 was more 

favorable for the oxidative depolymerization of lignin recovering a high-cellulose 

residue (98.8%) from cedar. Oxidative depolymerization and degradation are dominant 

reactions during lignin removal resulting 65-95% of the dissolved lignin was degraded 

into small lignin fragments and organic acids by Na2CO3. 

Hydrothermal pretreatment significantly promoted the removal of hemicellulose, 

lignin, and ash from rice husk in the subsequent alkaline wet oxidation process. 

Na2CO3 effectively prevented the loss of cellulose and separated cellulose fiber from 

rice husk in high yield. The liquid product (filtrate obtained after reaction) maintained 

a good delignification effect even after being reused four times.
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