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Upgrading Biomass by Hydrothermal and Chemical Conditioning 

 

Abstract 

There are two widely known thermal pretreatment technologies, known as 

hydrothermal carbonization and dry torrefaction. In dry torrefaction, also known as 

torrefaction or mild pyrolysis, dry solid biomass is treated in an inert gas environment in 

a temperature range of 200-300
o
C for more than one hour. In hydrothermal carbonization 

(HTC), also known as wet torrefaction, biomass is treated with hot compressed 

subcritical water (200-260
o
C) for 5 min-8 h.  The solid product, HTC biochar, contains 

about 55-90% of the mass and 80-95% of the fuel value of the original feedstock. The 

HTC process takes any wet waste biomass and converts it to a homogenized, friable, 

hydrophobic, and, mass and energy densified HTC biochar similar to lignite coal. 

 Subcritical water, the temperature between 180-280 °C has ionic strength much 

higher than water under ambient condition. Hemicellulose hydrolysis occurs at 

temperatures as low as 180 °C, while cellulose hydrolysis starts around 220-230 °C. 

Many monomers, aldehydes, and intermediates are produced as a result of hydrolysis of 

biomass. Reactive intermediate species promote chemical reactions such as 

decarboxylation, dehydration, aromatization, and condensation-polymerization in the 

presence of subcritical water. As a result of these reactions, complete degradation of 

hemicellulose and partial degradation of cellulose was observed in the solid phase. Some 

carbon-rich cross-linked hydrophobic polymers are produced from the cellulose 
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hydrolyzed intermediates. Van Soest fiber analysis is incapable of distinguishing those 

new cellulose-derived polymers from naturally present lignin.  

Slagging and fouling are two major problems that result from biomass 

combustion or co-firing with coal, especially for the biomass with high inorganic content. 

HTC provides biochar with the slagging and fouling indices which will predict slagging 

and fouling, regardless of the biomass type, primarily due to reduced chlorine content. 

Hot compressed water leaches both loose soil and a major portion of structural minerals 

in biomass by degrading its constituents during HTC. Up to 90% of calcium, magnesium, 

sulfur, phosphorus, and potassium were removed at low temperature HTC (200 °C). All 

heavy metals were reduced by HTC treatment, which opens the door to use HTC biochar 

as soil amendment. However, HTC still might not be appropriate for some specific 

thermochemical and biochemical conversion processes as the remaining ash can inhibit 

these processes. Many biochemical processes require hemicellulose and cellulose, while 

HTC degrades them, even at its minimum severity. However, an effective chelating agent 

like sodium citrate can preserve the organic carbohydrate fractions, while effectively 

dissolving metals. More than 75% structural and 85% whole ash was reduced by 

treatment with 0.1 of g sodium citrate per gram of raw dry corn stover at mild conditions. 

FTIR analysis demonstrated that the main components like lignin, cellulose and 

hemicellulose were unaffected by sodium citrate chelation.  

HTC biochar exhibits the glass transition at 140 °C and thus can be used as a 

binder to make durable pellets from raw biomass or even from torrefied biochar. 

Although torrefied biochar shows similar energy value and hydrophobicity, it is quite 
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different than HTC biochar. Torrefied biochar pellets have poor durability compared to 

pellets of HTC biochar or even raw biomass pellets. Engineered pellets, the pellets of a 

mixture of torrefied and HTC biochar, are denser, more hydrophobic and durable than 

torrefied biochar pellets. HTC biochar was found very effective in making solid bridges 

among the torrefied biochar. The engineered pellets' durability is increased with 

increasing HTC biochar fraction.  

Water in subcritical condition is also effective in conversion of digested sludge. A 

liquid bio-oil type fuel product was discovered from the hydrothermal treatment of sludge 

(HTS). The HTS biosolid has higher energy value and ash than raw sludge. Moreover, 

the dewaterability can be increased greatly by treating waste water sludge with subcritical 

water. 
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Chapter 1 

Introduction 

 

1.1 Biomass as Energy Source 

The term “Biomass” first appeared in the Oxford English Dictionary in 1934, while 

Russian scientist Bogorov used this nomenclature for the dried marine plankton in his 

journal article published in Journal of Marine Biology Association [1]. He named the 

seasonal dried Calanus finmarchicus as plankton biomass. Generally, biomass refers to 

the matter either directly or indirectly from the plant, which is used as energy, food, or 

other material in a substantial amount. If the biomass source is human or animal residue, 

then it refers to indirect biomass [2]. The popular icon for the everyday biomass has been 

scientifically called “phytomass.” Hundreds of thousands of plant species, either 

terrestrial or aquatic, forestry or industrial residues, sewage or process waste can be 

included into this phytomass.         

Using lignocellulosic biomass for producing energy is not a new concept. Since the 

eighteenth century, humans have adopted various ways of converting biomass into food, 

clothing, and household items [3]. Although it is a common source of energy (especially 

in developing countries), biomass as such is not an ideal fuel due to its fibrous nature, 

low density and low heating value. The transportation and handling of solid biomass is 

expensive considering its low fuel value with respect to fossil fuels. The discovery and 

use of crude oil developed the modern transportation systems. Fossil fuel, which results 

from solar radiation energy captured by plants in past eons, provides about 80% of the 

energy used today [4]. It is not considered renewable or sustainable due to its finite 
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reserves and environmental difficulties from emissions of greenhouse gases, mainly CO2  

[5,6]. Unstable market prices, limited availability, and emissions have caused us to look 

into renewable and alternative energy sources [7].  

Lignocellulosic biomass is an alternative energy resource.  Due to its short carbon 

cycle, it does not necessarily have a net contribution to the accumulation of CO2 in the 

atmosphere. Around the world, about 170 Gt of flow type, and 1800 Gt stock type 

biomass is produced every year [1]. Biomass, which is produced and harvested every 

year, is called flow type, while the other exhaustible resources of biomass are called stock 

type biomass. These forms of biomass are sufficient to satisfy more than 87 times the 

world‟s total energy demand. However, lack of developed conversion technologies and 

high costs limit the scope of biomass to energy. Nonetheless, biomass is an attractive 

feedstock as a renewable energy source and has a relatively short carbon cycle. Its use 

also decreases the amount of greenhouse gases in the environment as biomass takes CO2 

from the atmosphere while growing and also releasing less NOx and SOx in 

thermochemical conversions compared to fossil fuels [6]. The prices of lignocellulosic 

biomass such as rice hulls, switch grass, softwoods, hardwoods etc. are relatively stable 

and less than the fluctuating fossil fuel price. However, lignocellulosic biomass should be 

converted to a more hydrophobic, homogenized, energy dense fuel, with better handling 

characteristics from its raw conditions. Because of the low carbon content and 

hydrophilic behavior, lignocellulosic biomass is not favorable to use for energy or 

transportation fuel directly.  

1.2 Energy Crisis and administrative Strategies of USA 
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The United States is a net importer of petroleum and derives products for energy. For 

instance, in 2006, the US had 2% of the world‟s oil reserves and used 24% of the world‟s oil 

supply [8]. Nearly 50% of the oil used in the US is imported to meet the current energy 

demand. In 2011, U.S. domestic daily oil production was 5.5 million barrels, and it is 

expected to increase to 7.8 million barrels per day in 2035. However, the daily demand is 

expected to increase from 19.2 million barrels to 19.9 million barrels in the same time 

period [8]. To encourage domestic production of renewable fuels, the Energy Independence 

and Security Act (EISA) of 2007 requires that at least 36 billion gallons of renewable fuel 

must be produced and used in the US by 2022 [9-12]. The available feedstocks for first-

generation biofuels (ethanol from starch and biodiesel from oil/fat) are inadequate to 

achieve this goal, and their use for biofuels is in direct competition with human and 

animal foods [11].  

 

 

 

 

 

 

 

 

Figure 1.1 Annual biomass resource potential from forest and agricultural resources [13]. 

Figure 1.1 shows that more than a billion tons of biomass per year from forest and 

agricultural resources will be available in 2030 for sustainable biofuel production. 
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Biomass is potentially capable of mitigating the energy crisis and replacing coal, in a 

renewable and sustainable manner. For instance, assuming biomass has an average 

calorific value of 19.0 MJ/kg [6], 1 billion dry tons of biomass is capable of producing 18 

quads of power per year. With 30% thermal efficiency, 5.4 quads of electricity can be 

produced, while about 5.2 quads of electric power was produced in the US in 2011 from 

coal power plants [11]. So, it is theoretically possible to replace coal without affecting the 

U.S. power production. However, it requires more research and pilot-plant studies before 

successful commercialization. It can be a good replacement of coal or blended with coal 

for co-firing. This is one reason much research and development has been conducted to 

find economical means to utilize biomass for fuels, chemicals, and energy. For several 

years, the U.S. Department of Energy (DOE) and other groups have been interested in 

utilizing lignocellulosic biomass as a feedstock for production of heat, chemicals, fuels, 

and electrical power [14-16]. For example, the integrated biorefinery complex envisioned 

in the DOE Office of Biomass Program Multi-Year Program Plan 2007-2012 (MYPP) 

combines a Sugars Platform biorefinery with liquefaction and gasification technologies 

from the Thermo-chemical Platform to produce a suite of value-added processes, fuels 

and chemicals that significantly enhance the economic appeal of such a facility [14].  

Although lignocellulosic biomass is cheap, challenges, including diverse feedstocks, 

widely dispersed production, low fuel value, and seasonal availability, make biomass‟ 

handling and transportation expensive [17]. Moreover, the chemical properties of 

lignocellulosic biomass make it even more unfavorable in traditional thermochemical 

applications. To overcome these challenges, there is a need for a process to homogenize 

the feedstocks and simultaneously produce a stable, energy-dense, solid fuel. In recent 
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years, numerous research studies and projects have been developed to make the 

abundantly available biomass resources of the country into biofuels applications. The US 

government also encourages these developments. The billion ton vision report concludes 

that land resources in the US are capable of producing a sustainable supply of biomass 

sufficient to displace 30% or more of current petroleum consumption with biofuels by the 

year 2030[13].  

Currently, production of ethanol by fermentation of sugars (from corn grain or 

sugar cane) and the transesterification of fatty acids from soy, canola, and other natural 

oils to biodiesel are the two major chemical pathways to produce biofuels commercially. 

In both cases, human food sources are used to make the biofuel, which is controversial 

because of the increasing demand for food in the world [7]. Ethanol production from 

lignocellulosic biomass by fermenting sugars is in pilot-plant stage [17]. The feasibility 

of higher hydrocarbons (C16-C18) such as diesel production from fatty acids (derived from 

biomass) is being considered too. 

1.3 Biomass versus Fossil Fuel  

Biomass resources can be used substantially over and over again, as only biomass 

can drive the carbon circulation by photosynthesis. On the other hand, fossil fuel is a 

limited reserve and it takes millions of years to make crude oil. Additionally, the break in 

the carbon cycle resulting in CO2 generated by using fossil fuel causes serious 

greenhouse gas effects throughout the world [1]. From Figure 1.2, the predicted 

greenhouse gas emission in this century can be seen. CO2 is predicted to be emitted 

mostly from the energy sector.    
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Figure 1.2 Accumulation of greenhouse gases in the atmosphere, where Tg/a is the 

teragram per year per unit area [18]. 

If biomass is used for energy, it also emits CO2 during combustion. But because 

of the short carbon cycle, biomass has proven better for CO2 fixation than other fuel 
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sources. Coal, another biomass generated fuel, takes millions of years for carbon 

recirculation, which is why it cannot be considered a renewable fuel. Although the two 

words “renewable” and “sustainable” are often used together, they do not mean the same 

thing. For instance, biomass as energy is considered to be renewable because of the short 

carbon cycle, but its sustainability depends on the balance of harvest versus growth rate 

of the biomass. If harvest rate is higher than the growth rate in a certain region, the fuel 

production process from biomass is not sustainable, and the amount of biomass over the 

region will be reduced. Here is an example of biomass renewability compare with coals: 

suppose a forest has the regeneration time of 100 years and if the CO2 immunity rate 

(consume % CO2 from the atmosphere) is 1.0 for 25 years, then the immunity rate for that 

forest will be 0.25 [19]. Now, for the brown coal, which has the origin of 25 million years, 

has the immunity rate of 1 ppm. The fossil fuel, like coal or petroleum, cannot be 

considered as CO2 indulgence [1].        

 The conventional petroleum-based oil reserve of the world is estimated at 2000 

billion barrels. Today, the daily consumption of crude oil is about 80.1 million barrels 

[20]. It is estimated that 1000 billion barrels have already been consumed and the 

remaining 1000 billion barrels will be consumed within another 50-100 years [21]. As the 

reserve gets lower, the market price will noticeably increase. To overcome that severe 

energy crisis, second or third generation biofuels derived from biomass will play a vital 

role. The increased use of biomass for energy will also extend the depletion period of 

fossil fuel.  

 Around 30.4 million metric tons of CO2 per year is released into the atmosphere. 

CO2 is a greenhouse gas and if its current emissions rate stays the same, extreme natural 
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calamities are expected such as excessive rainfall and consequent floods, droughts, and 

local imbalances [18]. Due to the greenhouse gas effect, the world‟s temperature has 

raised about 1 
o
C in the last century [21]. With greenhouse gas emissions continuously to 

increase, the polar ice will start to melt and major parts of various countries are predicted 

to sink. Using fossil fuel for energy worsens the situation by producing greenhouse gases 

like CO2. In contrast, biomass, the fourth largest energy source after petroleum, coal, and 

natural gas, has a very short carbon cycle and does not contribute greenhouse gases to the 

atmosphere. About 14% of the world‟s total energy is now derived from biomass, and the 

number is rising [21]. However, in today‟s practice, most of the conversion of biomass to 

energy requires additional energy, primarily fossil fuel. So, an advanced technology that 

is solely dependent on biomass for energy is needed to secure our future energy demand.   

1.4 Lignocellulosic Biomass  

 

Lignocellulosic biomass originates mainly from plants and debris. Terrestrial 

biomass, like the crops from the farm, woody trees from the forest or secondary 

agricultural residue are considered lignocellulosic biomass. The nomenclature comes 

from the chemical components of the plants. Most plants have four main constituents, 

namely, cellulose, hemicellulose, lignin, and water extractives. The composition varies 

among plant types. Most softwoods contain more cellulose than grassy type biomass [22]. 

Figure 1.3 shows the main constituents and their composition ranges among various 

lignocellulosic biomass.   
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                     Figure 1.3 Typical composition of lignocellulosic biomass [23]. 
 

 

1.4.1 Cell Wall Structure 
 

The basic cell structure is the same for all lignocellulosic biomass, but the thickness 

and composition can be different depending on the type of biomass. The basic model of 

the wood cell wall structure is well understood [24-26].  Figure 1.4(a) shows the basic 

structure of the wood cell wall, while Figure 1.4(b) shows the relative thickness of the 

layers of the cell wall for typical wood. Middle lamella (ML) is a kind of glue component 

which can be found in the cells gap, and serves to bind the cells to each other. Towards 

the inside, the cell wall is called the primary wall (P). The outer and inner surfaces are 

two main constituents of the primary wall. Following the primary wall is the secondary 

wall, which consists of three layers. They are the outer layer (S1), middle layer (S2), and 

inner layer (S3). In the outer layer of the secondary wall (S1), the microfibrils are 

oriented in a cross-helical structure (S helix and Z helix), while the middle layer of the 

secondary wall (S2), which is the thickest layer, has relatively consistent orientation of 

Low molecular weight substances Higher molecular weight substances 

Organic Inorganic Polysaccharides 

Lignin           

(5-30) 

Hemicellulose (10-25%) 

Extractives (10-30 %) 

Ash              
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microfibrils. In contrast, the microfibrils of the inner layer of the secondary wall (S3) 

may arrange in two or more orientations. Lastly, in some cases, there is a warty layer (W) 

on the inner surface of the cell wall. In addition, some authors mention that there is a 

tertiary wall (T) between S3 and W [27]. 

 

 

 

 

 

 

                      ()() 

 

Figure 1.4: Schematic illustration of cell wall (a) and different layers [24] (b) of wood 

fiber [28].  

1.4.2 Chemical Structure  

The chemical components of lignocellulose can be divided into four major 

components. They are cellulose, hemicellulose, lignin, and extractives. Generally, the 

first three components have high molecular weights and contribute much mass, while the 

latter component is of small molecular size, and it is available in small quantities. Based 

 

(a) 
(b) 
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on weight percentage, cellulose and hemicellulose are higher in hardwoods compared to 

softwoods and wheat straw, while softwoods have higher lignin content. In general, 

cellulose can be found as a bundle in the raw lignocellulosic biomass, while 

hemicellulose is the spiral cover of the cellulose and lignin and separates the bundles 

from each other like a stratum (Fig. 1.5). Aqueous solubles can be found as a thin layer over 

the whole configuration [29]. Figure 1.5 shows the typical chemical structure of the 

lignocellulosic biomass

 

   Figure 1.5: Chemical structure of typical lignocellulosic biomass [30]. 

 1.4.2.1 Cellulose 
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The cellulose content of wood varies between species in the range of 38-55 % [23]. 

Cellulose is a linear polymer chain which is formed by joining the anhydroglucose units 

into glucan chains. These anhydroglucose units are bound together by β-(1,4)-glycosidic 

linkages. Due to this linkage, cellobiose is established as the repeat unit for cellulose 

chains (Figure 1.6). The degree of polymerization (DP) of native cellulose is in the range 

of 10,000-15,000 [31]. 

 

                               Figure 1.6: Schematic illustration of a cellulose chain [32]. 

By forming intramolecular and intermolecular hydrogen bonds between OH groups 

within the same cellulose chain and the surrounding cellulose chains, the chains tend to 

arrange in parallel and form a crystalline supermolecular structure. Then, bundles of 
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linear cellulose chains (in the longitudinal direction) form a microfibril which is oriented 

in the cell wall structure [27]. 

1.4.2.2 Hemicelluloses 

Unlike cellulose, hemicelluloses consist of different monosacharide units. In 

addition, the polymer chains of hemicelluloses have short branches and are amorphous. 

Because of the amorphous morphology, hemicelluloses are partially soluble or soluble in 

water. The backbone of the chains of hemicelluloses can be a homopolymer (generally 

consisting of single sugar repeat unit) or a heteropolymer (mixture of different sugars). 

Formulas of the sugar component of hemicelluloses are listed in Figure 1.7.  

 

       Figure 1.7: Schematic illustration of sugar groups of hemicelluloses [33]. 

Among the most important sugars of the hemicelluloses component is xylose. In 

hardwood xylan, the backbone chain consists of xylose units which are linked by β-(1,4)-

glycosidic bonds and branched by α-(1,2)-glycosidic bonds with 4-O-methylglucuronic 
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acid groups. In addition, O-acetyl groups sometime replace the OH groups in position C2 

and C3 (Figure 1.8 A). For softwood xylan, the acetyl groups are fewer in the backbone 

chain. However, softwood xylan has additional branches consisting of arabinofuranose 

units linked by α-(1,3)-glycosidic bonds to the backbone (Figure 1.8 B) [27]. 

 

Figure 1.8: Schematic illustration of partial xylan structure for hardwood (A) and softwood 

(B) [23] 

 

1.4.2.3 Lignin 

 

Lignin is a complex, cross-linked polymer that forms a large molecular structure. 

Lignin gives mechanical strength to wood by gluing the fibers together (reinforcing 
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agent) between the cell walls. It is often associated with the cellulose and hemicellulose 

to make lignocellulosic biomass. Softwood lignins are formed from coniferyl alcohol[24].  

  

                        Figure 1.9: Schematic illustration of lignin [34]. 

Hardwood lignins have both coniferyl and sinapyl alcohol as monomer units. Grass 

lignin contains coniferyl, and sinapyl. Lignin also serves as a disposal mechanism for 
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metabolic waste [27]. The guaiacyl unit is dominant in the softwoods [35].  In contrast, 

syringyl units are dominant in hardwoods [36]. 

 

1.4.2.4 Water Extractives 

 

Extractives are the organic substances which have low molecular weight and are 

soluble in neutral solvents. Resin (combination of the following components: terpenes, 

lignans and other aromatics), fats, waxes, fatty acids and alcohols, terpentines, tannins 

and flavonoids are categorized as extractives. They only represent between 4-10 % of the 

total weight of dry wood, and the contents of extractives vary among wood species, 

geographical site, and season. The extractives can be found mostly in resin canal and ray 

parenchyma cells, with small amounts in middle lamella and cell walls of tracheids. 

Some extractives are toxic and this is an advantage for the wood in resisting attack by 

fungi and termites [27]. 

 

1.5 Conversion Routes for Improved Fuels from Biomass 

A detailed possible conversion process of biomass upgrade is shown in Figure 1.10. 

Conversion processes are available or under development for both wet and dry feedstocks. 

Examples of wet biomass are: sewage sludge, sugar solutions, algae suspensions, and 

waste animal manure from biomass processing or from biorefineries. Biomass with 

moisture less than 30 wt% is classified as dry biomass [37]. Examples of dry biomass are: 

wood, straw, or other sun dried waste. Of course wet biomass can be dried with energy 

from other sources, but this is not always the most efficient or economical way to operate. 
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Figure 1.10: Possible conversion paths for upgrading biomass [20]. 

1.5.1 Conversion of Dry Biomass 

Mechanical treatment and compacting could be used efficiently in close proximity 

to the production sites. For example, pressing the oil from oil rich seeds is typically 

conducted near to the farm of origin. For dry biomass, apart from combustion, fast or 

slow pyrolysis can be applied to produce an oil like substance, char, and gas. Also, 

gasification to fuel gas or to syngas for production of synthetic fuel is a possible route. 

Moreover, solvolysis using organic solvents can be applied [38-39]. Different 
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combinations of pretreatment, intermediate conversion, and final conversion can be used 

depending on local options and/or economics, as indicated in Figure 1.11.  

 

                   Figure 1.11: Possible conversion paths for upgrading dry biomass [37]. 

In a fast pyrolysis process, biomass is very quickly heated to approximately 500
o
C, 

and the vapors are rapidly quenched to produce a liquid (up to 70 wt% of the biomass) 

[40], which, after stabilization, can be stored and transported for further upgrading. The 

liquid product still contains a large amount of oxygen (± 40-50 %) [41]. Fuel gas and 

char are produced as byproducts, part of which can be used to energize the process. 

1.5.2 Conversion of Wet Biomass 

Wet biomass (see Figure 1.12) can be converted into improved fuels via biological routes, 

such as anaerobic digestion to methane rich gas or fermentation to alcohols. 

Conventionally, these routes are limited to certain carbohydrate fractions of biomass. 
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However, for the so-called second generation conversion processes, enzymes and 

pretreatment options are being developed that target the lignocellulosic biomass in a 

broader sense [41]. 

 

 

                  Figure 1.12: Possible conversion paths for upgrading wet biomass [37]. 

For wet biomass conversion, processes which do not require water evaporation are 

desired because the water evaporation requires additional energy. In addition to 

biological conversion, conversion in hot compressed water, both sub- and super-critical, 

is possible to produce hydrophobic liquids, solids, and gasses [42,43]. Apart from hot 

compressed water, other solvents have been used for biomass conversion [44-48]. 

 However, this is not a topic of the present work. By combining dry and wet 

conversion routes, a wide spectrum of interconnected thermochemical biomass 

conversion routes toward final products is possible and may be used in a biorefinery. In 
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such complex concepts, hydrothermal conversion can be applied to produce intermediate 

energy carriers, in primary conversion steps like gasification and deoxygenation, or it can 

be used for working up of side/ waste streams from conversion processes of biomass to 

food, fuel, or chemicals [37]. 

1.6 Benefits of Biomass Pretreatment 

Lignocellulosic biomass is one of the most promising fuel sources in the world [13]. 

It has been used for centuries to heat or make power by direct firing. But with some 

conversions it can produce solid, liquid, or gas fuels. It is relatively cheap compared to 

fossil fuels and the process is renewable, sustainable, and environmentally friendly. 

Unfortunately, diverse biomass feedstocks exhibit diverse handling characteristics, 

complicating their usage.  This challenge is further compounded by the expensive 

logistics of seasonal availability in the case of agricultural wastes or wide distribution in 

the case of forestry. These difficulties lead to the necessity of pretreatment techniques 

[49].  They may be thermal, biological, or hydrothermal in nature [7]. Each of them has 

advantages and disadvantages, but all of them improve the energy utilization of biomass.  

Selecting the proper pretreatment depends on the type of biomass and type of output. The 

following advantages can be found for a given pretreatment [50]:  

(1) Low cost of chemicals for pretreatment, neutralization, and subsequent conditioning. 

(2) Minimal waste production. 

(3) Limited size reduction because biomass milling is energy-intensive and expensive. 

(4) Fast reactions and noncorrosive chemicals to minimize pretreatment reactor cost. 
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 (5) Pretreatment should facilitate recovery of lignin and other constituents for conversion 

to valuable co-products and to simplify downstream processing.   

1.6.1 Torrefaction 

Torrefaction or mild pyrolysis has been recognized as a technically feasible 

method for converting raw biomass into high-energy-density, hydrophobic, compactable, 

grindable, and lower oxygen-to-carbon (O/C) ratio solids that are suitable for commercial 

and residential combustion and gasification applications. Torrefaction is generally a 

thermal pretreatment technology performed at atmospheric pressure in the absence of 

oxygen at temperatures between 200 and 300 °C [49]. The raw biomass contains 

appreciable amounts of oxygen, and nitrogen, which make it thermally unstable and 

produces tars and oils that can be problematic in conventional equipment used for coal 

combustion or gasification. The high oxygen content lowers the fuel value of the biomass 

and makes the biomass hydrophilic. So, it is desirable to reduce the oxygen content and 

make a relatively stable solid fuel with a higher energy value.  

Torrefied biomass, in general, defines a group of products resulting from the 

partially controlled and isothermal pyrolysis of biomass occurring in a temperature range 

of 200–300ºC [51]. During the initial heating, drying takes place, which is followed by 

further heating during which more water is removed due to chemical reactions through a 

thermo-condensation process. This happens at over 160°C and also results in the 

formation of CO2 [52]. Between 180 and 270°C, the reaction is more exothermic, and the 

degradation of hemicellulose continues. At this point, the biomass begins to turn brown 

and gives off moisture, carbon dioxide, and large amounts of acetic acid that have low 

energy values [51]. During the torrefaction of lignocellulosic materials, the major 



22 
 

reactions of decomposition affect the hemicellulose. Lignin and cellulose may also 

decompose in the range of temperatures at which torrefaction is normally carried out, but 

to a lesser degree [53,54]. The biomass retains most of its energy and simultaneously 

loses its hydrophyllic properties. At about 280°C, the reaction is entirely exothermic, and 

gas production increases, resulting in the formation of carbon monoxide, hydrocarbons 

like phenols and cresols, and other, heavier products. For torrefaction, process 

temperatures over 300°C  are not recommended, as these initiate the pyrolysis process 

[55], where it produces more gas than solid biochar.  

There are many advantages in the pretreatment of biomass using torrefaction 

before densification. Torrefaction reduces variability in the feedstock, which is mainly 

due to differences in types of the raw materials, tree species, climatic and seasonal 

variations, storage conditions, and time [56], and helps in developing a uniform feedstock 

to produce high-quality densified biomass. In general, an increase in torrefaction 

temperature results in an increase in carbon content and a decrease in hydrogen and 

oxygen content due to the formation of water, carbon monoxide, and carbon dioxide. This 

process also causes the hydrogen to carbon ratio (H/C) and oxygen to carbon ratio (O/C) 

to decrease with increasing torrefaction temperature and time, which is favorable because 

it results in less smoke and less water-vapor formation and reduced energy loss during 

combustion and gasification processes.  

1.6.2 Hydrothermal Carbonization 

Hydrothermal carbonization (HTC), also known as hydrothermal pretreatment or 

wet torrefaction, is a thermo-chemical conversion technique that uses liquid sub-critical 

water as a reaction medium for conversion of wet biomass and waste streams [49]. It is 
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usually performed at temperatures higher than 180 °C, at pressures high enough to ensure 

liquid water, and under an inert atmosphere.  Reaction time has been reported to be 1 

minute to several hours, although most of the reaction seems to occur within the first 20 

min [57,58].  Additives, such as acids or bases, can affect the products formed.  Wet 

biomass and water may be used in this process. As both reactant and solvent, water 

shows different physical and chemical properties depending on the operating conditions 

[59]. At temperatures between 227 and 327 °C, water may act as both a base and an acid 

because its ionic product is maximized.  In addition, water‟s dielectric constant is 

decreased at these temperatures so that it acts more like a non-polar solvent [6]. During 

hydrothermal pretreatment, hemicelluloses and cellulose are hydrolyzed to oligomers and 

monomers [60,61], while lignin is mostly unaffected.  The solid product, also known as 

biochar or hydrochar, has reduced equilibrium moisture content, so it is less likely to rot 

in storage [62]. The pretreated solid is quite friable and could be made into pellets that 

can be fed to a gasifier or coal power plant. The liquid products can also be further 

fractionated by means of extraction with polar organic solvent(s) [63-67]. The solvent-

soluble fraction is then the desired product, part of which can be upgraded to 

transportation fuel quality by catalytic hydro-deoxygination [68,69]. The production of an 

intermediate suitable for refining and upgrading into transportation fuel is one of the aims 

of HTC. Therefore this option is intensively studied, with the focus on minimizing yields 

of reaction byproducts and on product separation. 

The advantages of HTC process include the following: 

1. CO2-neutral process,  

2. Wet process – Biomass can be used without expensive pre-drying,  
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3. Accepts numerous biomass types,  

4. HTC can process problem wastes that currently require expensive disposal, 

5. Not in competition with foodstuff production, as only biogenic waste is used,  

6. Proven, robust, tried-and-tested technology,  

7. Intensive exothermic process,  

8. Self-contained process without odor or noise emissions,  

9. Low investment costs due to proven, tried-and-tested technology and moderate 

pressure and temperature conditions,  

10. Low maintenance costs due to the proven, robust technical implementation,  

11. Straightforward technical operation of the components. No special knowledge 

required,  

12. 100% environmentally friendly.  

13. Hydrophobic biochar resulting in ease of filtering.  

14. In addition to biocoal for combustion purposes, HTC can also produce biochar 

for soil improvement.  

15. Production of NPK fertilizer.  

Overall, the main advantage of HTC over dry torrefaction is the acceptance of wet 

feed rather than dry feed. Moreover, HTC biochar has better fuel value than the dry 

torrefaction at the same temperature of pretreatment in a very short reaction time [49]. 

Yan et al. reported that the HTC biochar pretreated at 260°C has higher mass and energy 

density than the dry torrefied biochar treated at 300°C [49]. The mass and energy balance 

of the hydrothermal carbonization was calculated and reported [70]. The effects of adding 

different acids and salts were verified [71]. HTC reaction kinetics and particle size effect 
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was analyzed and reported [72]. The fate of inorganics during HTC was discussed [73]. 

The pelletization of HTC biochar was analyzed and reported [74].    
1.7 Properties of subcritical water 

From the phase diagram of water, the critical point is at 374°C and 22.1 MPa. 

Liquid water, below the critical point, is subcritical and above is supercritical. Water 

shows a good solubility with different compounds due to its dielectric point and density 

even at ambient condition (25°C and 0.1 MPa).  

The dielectric constant is the ratio of the permittivity (A measure of the ability of a 

material to resist the formation of an electric field within it) of a substance to the 

permittivity of free space. Water does indeed have a very high dielectric constant of 80.1 

at 20 °C. This is because the water molecule has a dipole moment, and thus water can be 

polarized [77]. Under a given electric field, water tends to polarize strongly, nearly 

cancelling out the effect of the field. However, water also conducts electricity because it 

always contains ions (OH- and H+ are always there, and Cl- and Na+ are usually present) 

which are highly mobile. The large dielectric constant means that substances whose 

molecules contain ionic bonds will tend to dissociate in water yielding solutions 

containing ions. This occurs because water as a solvent opposes the electrostatic 

attraction between positive and negative ions that would prevent ionic substances from 

dissolving and thereby water becomes a very good solvent.  

Water molecules can function as both acids and bases. One water molecule (acting 

as a base) can accept a hydrogen ion from a second one (acting as an acid). This happens 

anywhere there is even a trace of water - it doesn't have to be pure. However, the 
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hydroxonium ion is a very strong acid, and the hydroxide ion is a very strong base. As 

fast as they are formed, they react to produce water again. 

The net effect is that an equilibrium is set up. 

 

The ionic product of water, Kw, is the equilibrium constant for the reaction in which 

water undergoes an acid-base reaction with itself. That is, water is behaving 

simultaneously as both an acid and a base.  

 

 

With the introduction of heat, the H-bond of water weakens, allowing the 

dissociation of water into acidic hydronium ions (H3O
+
) and basic hydroxide ions (OH

−
). 

The structure of every substance changes significantly near the critical point. In water, 

the network of hydrogen bonds is broken near the critical point and water then exists as 

separate clusters with a chain structure [77].  

 
 

           Figure 1.13: Physical properties of water with temperature, at 24 MPa [77]. 
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In fact, the dielectric constant of water decreases considerably near the critical point, 

which causes a change in the dynamic viscosity and also increases the self-diffusion 

coefficient of water [76]. Supercritical water has liquid-like density and gas-like transport 

properties, and behaves very differently than it does at room temperature. The ionic 

product of water reaches its maximum value at temperatures between 227 °C and 327 °C 

depending upon the pressure. In this temperature range, the ionic product is greater by 1 

or 2 orders of magnitude than at ambient temperature [77,78].   

The thermophysical properties of water, such as viscosity, ionic product, density, 

and heat capacity also change dramatically in the supercritical region with only a small 

change in the temperature or pressure (Fig. 1.12), resulting in a substantial increase in the 

rates of chemical reactions.  

1.8 Project Objectives 
 

The main objective of this dissertation is to understand and optimize the 

hydrothermal carbonization (HTC) of lignocellulosic biomass. This includes the reaction 

chemistry and inorganic analysis of HTC of lignocellulosic biomass. The reaction 

chemistry of HTC for pure cellulose and hemicellulose model compounds are well 

studied. However, in whole biomass, all the compounds hold together and react 

simultaneously, and one‟s reaction chemistry affects the other‟s reaction chemistry, thus 

making the HTC reaction chemistry for lignocellulosic biomass very complicated. The 

study focuses on the primary reactions of biomass in subcritical water such as hydrolysis, 

dehydration, decarboxylation, aromatization, and condensation-polymerization.  

A main problem of using raw biomass as a fuel is the slagging and fouling of the 

boiler fin and heat transfer surfaces along with the generation of huge amounts of ash. As 
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a result, the overall thermal efficiency of the boiler is reduced dramatically. One of the 

main objectives of this dissertation is to evaluate slagging and fouling behavior of HTC 

biochar. The use of HTC biochar as a solid fuel in context of slagging and fouling is 

evaluated through inorganic analysis. The fate of heavy metals of the biomass under HTC 

is also discussed. The usage of HTC biochar as a binder is also evaluated in this 

dissertation.  

Dry torrefied biochar is an energy dense, hydrophobic fuel but very difficult to 

pelletize without an additional binder. The difference of HTC biochar and dry torrefied 

biochar are examined with the help of DSC, FTIR, and SEM. An external binder can 

reduce the energy content, can be hydrophobic, or simply very costly. HTC biochar is 

also hydrophobic, energy dense and very good solid binder. In this study, the engineered 

pellets are made of HTC biochar and dry torrefied biochar. The mechanical durability and 

fuel characteristics of engineered pellets are evaluated.  

Although biomass has low inorganic content, those trace inorganics can be 

problematic for conversion processes like bioconversion, or fast pyrolysis, or acid 

hydrolysis. Those inorganics often autocatalyze the conversion process and produce 

unwanted compounds from the product, or shift the reaction into a different route and 

make different products. So, a process that reduces the inorganics while unaffecting other 

components of lignocellulosic biomass is necessary to overcome this unwanted process. 

In this study, the chemical demineralization of biomass is examined using various 

organic acids. Organic acids like citric acid, tartaric acid and their conjugate bases are 

very effective in forming ligands with the minerals in the biomass, without affecting 

hemicellulose, cellulose, and lignin.  
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Every day a tremendous amount of sewer sludge is produced from waste-water 

treatment plants. Sewer sludge has about 90% moisture and it is a complete waste 

product. The common practices of handling sludge are landfill and/or incineration. Both 

processes need external energy, and landfilling especially can be very dangerous, as 

elevated heavy metals along with pathogens are deposited in the soil. Hydrothermal 

treatment (HTS) of sewer sludge is examined in this study. The temperature of HTS is 

high enough to sterilize the pathogens. The potential production of bio-diesel and NPK 

fertilizer from liquid product is evaluated. The fuel characteristics of HTS solids were 

also evaluated in this dissertation.              

1.9 Organization of dissertation 

Chapter 2 deals with the literature study and prior work done at UNR. The 

revolutionary history and development of HTC around the world is precisely described in 

this chapter. A short summary of prior studies at UNR is also presented in this chapter. 

Prior study covers the overall concept of HTC for various biomass in short reaction times. 

The main parameters and their behavior under hot, compressed water are described in this 

subsection. Reaction kinetics of HTC for loblolly pine is also summarized here. Finally, 

pelletization capability and pellet characteristics, both physical and chemical, are 

described here.  

HTC reaction chemistry of loblolly pine for a short reaction time in the HTC 

temperature range of 200-260 °C is described in Chapter 3. Infrared spectra, GC-MS, IC 

and ultimate analyses of HTC biochar and corresponding liquors along with the literature 

study for pure substances are the main bases of explaining reaction chemistry. Production 

of various liquid products, along with CHONS content of HTC solid biochar, lead the 
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reaction chemistry into some main reaction schemes such as hydrolysis, dehydration, 

decarboxylation, aromatization, condensation, and polymerization.   

Inorganic analysis of HTC biochar from several biomass feedstocks with higher ash 

is described in Chapter 4. Corn stover, switch grass, miscanthus, and rice hulls are the 

four biomass feedstocks that are considered for inorganic analysis in this chapter. Major 

inorganic elements like earth and rare earth metals along with silica, trace heavy metals 

and chlorine are analyzed by ICP, SEM-EDX. Possible locations of inorganics in biomass 

are speculated in this chapter. The extraction capabilities of various inorganics under 

HTC are also analyzed. Finally, the slagging and fouling indices of various HTC biochar, 

and raw biomass are described. 

In Chapter 5, chemical demineralization of corn stover using organic acid chelation 

is described. The main goal of this demineralization is to extract inorganics without 

affecting hemicellulose, cellulose, and lignin. The effects of pH in demineralization are 

pointed out here. Various chelating agents like, citric acid, tartaric acid, oxalic acid, 

acetic acid are taken into consideration. The effects of sodium citrate in demineralization 

of corn stover are explained in detail. GC-MS, IR, and ICP analyses of sodium citrate -

treated solid corn stover along with their corresponding liquors are presented in this 

chapter.  

The binding ability of HTC biochar is applied in Chapter 6, where dry torrefied 

biochars made at various temperatures are pelletized with various concentrations of HTC 

biochar is explained. The mix pellets described in this chapter are named as engineered 

pellets. Glass transition behavior of HTC biochar, dry torrefied biochars and raw biomass 

are described. IR spectra explain the difference in organic bonds of biochars made from 
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torrefaction and HTC. Mechanical strength along with mass and energy density of 

engineered pellets are discussed.  

Digested sewer sludge is treated with subcritical water and the interesting findings 

are discussed in Chapter 7. The possibility of producing a biodiesel-type liquid fraction is 

introduced. The calorific values of bio-diesel, along with solid products are presented in 

this chapter. Other fuel characteristics such as ultimate analysis and ash analysis of HTS 

biosolids are also discussed. Moreover, the dewatering ability of HTS biosolids is 

compared with raw sludge.      

Chapter 8 summarizes some conclusions drawn from the previous chapters of this 

thesis and contains recommendations for further research. 
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Chapter 2 

Prior Studies on Hydrothermal Carbonization 

 

Hydrothermal carbonization is a pretreatment process to convert diverse feedstocks 

to homogeneous energy-dense solid fuel. The resulting solid fuel has favorable properties 

for thermochemical conversion, including high carbon content, reduced volatiles content, 

and is relatively friable and hydrophobic. For industrial scale implementation, knowledge 

of reaction kinetics is necessary for process design and reactor optimization. In this study, 

we report the results of experimental measurements of kinetics of hydrothermal 

carbonization of lignocellulosic biomass. A novel two-chamber reactor was utilized to 

perform hydrothermal carbonization isothermally for specified reaction times. The 

hydrothermal carbonization of loblolly pine was performed at various reaction times at 

200, 230, and 260°C. The mass of the solid product decreases rapidly, and the fuel value 

increases rapidly, both during the first 2 minutes of reaction. A simple reaction 

mechanism is proposed and tested against the experimental results. Hemicelluloses and 

cellulose both degrade in parallel first-order reactions, with activation energies of 28.6 

kJ/mol and 77.4 kJ/mol, respectively. In conclusion, hydrothermal carbonization can be 

performed much more quickly than previously thought. 
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2.1 History of HTC Development 

For nearly a century, researchers have mimicked the natural coalification process 

by hydrothermal treatment [1]. Experiments imitating coalification by subjecting a 

material to heating with water under pressure were first reported by Bergius in 1913 [2]. 

The terminology „hydrothermal carbonization‟ was actually introduced by him. During 

the HTC experiments, he obtained a black product and defined the type of reaction to be 

valid only up to a certain degree of coalification [3]. Bergius‟ findings encouraged many 

later researchers, although very few of them published work that can be found today [4]. 

Van Krevelen was one of the successful researchers in the HTC research who proved that 

certain plant species could give specific recognizable lithotypes in coal, and that the 

medium also affects the result [5]. Other researchers in the 1960s also found that complex 

series of chemical reactions are involved, each with their own intermediate products [6,7]. 

Moreover, they were the first to report the decarboxylation reaction during hydrothermal 

carbonization. From their experiments, they found that the carbon dioxide quantity 

evolved greatly exceeded the amount predicted on the basis of the carboxylate content of 

the feed. The idea of the hot compressed water for HTC was first explained by Leibniz in 

1958 [8]. He also showed the importance of H2O (either steam or water) in the 

mechanism of the reaction. Meanwhile, Terres in 1952 discussed the effect of 

temperature and time on solid biocoal product [9]. Gillet in 1957 tried to draw a simple 

kinetic model but was unsuccessful due to the excessive number of variables [10].  

In the 1970‟s and 1980‟s, interest in alternative energy sources, such as biomass, 

was high due to the oil crises. A few researchers attempted to make liquid fuel by 
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hydrothermal carbonization at substantially higher temperatures (300–360
o
C) [11]. The 

liquefaction research started in 1971 by the US Bureau of Mines focused on conversion 

of carbohydrates in hot compressed water in the presence of CO and Na2CO3 [12]. This 

combination of CO and Na2CO3 was considered necessary in the early HTC 

developments for producing hydrogen in situ, until Molton et al. showed that the use of 

CO in combination with alkali leads to a limited increase in the oil yield [13]. The 

Albany pilot plant was developed to make an 18 kg per hour wood process development 

unit [14]. In this installation, liquefaction of Douglas fir was conducted using the oil 

product itself (PERC process) or water (LBL process) as a carrier. For the LBL process, 

slurries formed from acid pre-hydrolyzed wood chips and water were used as feedstocks. 

Operating problems led to several process modifications. However, not all issues were 

completely successfully resolved [15]. This, along with a large number of parameters that 

needed to be studied, caused a shift to research in a much smaller continuous scale [16].  

In the meantime, geochemists started to use the concept of hydrothermal 

carbonization to assess the petroleum potential of oil source rocks. In organic 

geochemistry this is called hydrous pyrolysis and represents one of the valid methods to 

measure source rock potential [17]. Some of the later studies also focused on the 

maturation of the organic residues [18]. Some research on hydrolysis of plant material 

becomes popular in the 1980s. The fundamental findings for reaction mechanisms are 

still significant for modern day hydrothermal carbonization [1]. During hydrolysis, the 

productions of specific chemicals (e.g., organic acids, furfural and furanoid derivatives) 

were the points of interest, while solid biochar was mostly regarded as unwanted 
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byproduct [19]. Such findings are extremely valuable for an evaluation of the feasibility 

of hydrothermal carbonization.  

Technical applications for thermal dewatering of peat and lignite always 

incorporate some carbonization of the feed, which is an intended effect of most 

applications. Thus they can be regarded as hydrothermal carbonization processes, too. 

The earliest patent can be traced back to 1850, which led to the so-called „wet 

carbonization‟ of peat [20]. Although realized in commercial installations, a widespread 

application has not been achieved, mainly because peat does not represent an economic 

energy source in most parts of the world. There has also been a long history of research 

dedicated to hydrothermal dewatering of lignite [21]. It is well known that carbonization 

occurs during such treatment; depending on the process it is either prevented in order to 

minimize pollution of the resulting waste stream or explicitly aimed for [22]. Latest 

research on hydrothermal carbonization focused on the preparation of functional 

carbonaceous materials and achieved interesting results for a future application to 

produce even more value-added materials [23]. Fundamental research, however, is still 

ongoing. 

HTC using biomass/water slurries of high organic/water ratios was studied at the 

University of Arizona and the University of Saskatchewan by using special feeding 

systems [24, 25]. Another important development involved sewage sludge treatment in so 

called Sludge to Oil Reactor System (STORS). This process was developed using 

autoclaves and continuous installation with the capacity of 30 kg of concentrated sewage 

sludge (20 wt% solids) per hour in the Battelle Pacific Northwest laboratories of the US 
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Department of Energy [26]. After a period of reduced attention, the interest in conversion 

of biomass into energy carriers was renewed in the mid 1990‟s driven by political, 

environmental and economic incentives. For example, work on the Hydro-Thermal 

Upgrading (HTU) process, developed during the 1980‟s in the Shell Laboratories in 

Amsterdam, was restarted using a bench scale experimental setup (10 kg water-biomass 

slurry per hour) and a pilot plant (20 kg dry matter per hour) [27]. In addition to the pilot 

plant studies, laboratory scale research on catalytic and non-catalytic HTC has been 

performed all over the world [28, 29]. Also several demonstration and (semi) commercial 

activities can be identified.  

A five tons per day STORS process demonstration plant was built in Japan with 

the aim of converting sewage sludge into a combustible energy carrier [30]. After a 

successful municipal wastewater treatment STORS demo project in Colton, California, 

ThermoEnergy (US) has patented the improved wastewater treatment process marketed 

under the name “Thermofuel process” [31]. EnerTech Environmental Inc. (US) is also 

developing a process for converting sewage sludge into an energy carrier, a so called 

“Slurrycarb process” [32]. The company operates a 1 ton/day process development unit; a 

20 tons/day process demonstration unit in cooperation with Mitsubishi Corporation in 

Ube City (Japan) and is currently constructing a commercial scale facility in Rialto, 

California [32]. Changing World Technologies (US) was developing a so called Thermo-

Depolymerization and Chemical Reformer process for conversion of turkey waste 

(carcasses) to fuel products and fertilizer. The company used a 15 ton/day pilot plant and 
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200 ton/day processing unit (the Renewable Environmental Solution unit in Carthage, 

Missouri) [33].  

Modern hydrothermal carbonization research spread in the early twenty first 

century, when the world‟s concern of greenhouse gas along with fluctuation of world 

fossil fuel availability was questioned [34]. Considerable research is now underway 

around the world on hydrothermal carbonization, varying biomass type, and reaction 

conditions. A couple of commercial plants have been developed in Europe in recent years. 

Besides use as a solid biofuel, scientists are also interested in the soil amendment 

characteristics of solid biochar and use of this material for carbon sequestration or carbon 

sinks. The predicted outcomes of the soil amendment are to convert deserts into fertile 

land in a net negative greenhouse effect on the environment. Researchers at UNR have 

studied the HTC process for more than 5 years, mainly for the solid biofuel. The 

following are some significant finding over the years.     

2.2 Hydrothermal Carbonization of Various Feedstocks 

2.2.1 Effects of Process Variables 

A fractional factorial experimental design was used (see Table 2.1) to study the 

effects of four variables at two levels, namely, reaction temperature (T), holding 

(reaction) time (H), water/biomass ratio (R), and biomass particle size (S) [35]. Loblolly 

pine was selected as the lignocellulosic biomass feedstock. Mass yield, energy 

densification ratio, and energy yield are the three important measures in this study.  Mass 

yield is defined as the mass ratio of dried pretreated solid to dried biomass times 100%. 

The energy densification ratio is the ratio of the higher heating value (HHV) of the 
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pretreated dried solid fuel product to that of the original dried biomass. The energy yield 

is defined as the mass yield times the energy densification ratio and shows how the total 

fuel value of the solid product relates to the fuel value of the original biomass. With the 

change of reaction temperature the effect on mass yield, energy densification ratio, and 

energy yield is statistically significant.  

T 

 (°C 

H  

(min) 

R  

(g pine/g 

H2O) 

S 

 (mm) 

Mass 

Yield (%) 

Energy 

Dens. 

Ratio 

Energy 

Yield 

200 5 5 0.16 86.1 1.1 95.5 

200 5 10 0.24 87.2 1.1 93.5 

200 20 5 0.24 85.7 1.1 98.4 

200 20 10 0.16 78.9 1.1 88.1 

260 5 5 0.24 57.0 1.4 81.8 

260 5 10 0.16 53.6 1.2 66.3 

260 20 5 0.16 50.0 1.4 71.0 

260 20 10 0.24 42.0 1.5 61.9 

Table 2.1: Effect of process variables in HTC for loblolly pine. 

For the 5 min reaction time with 0.16 mm sized samples with water biomass ratio 5, 

the mass yield at 200°C is 86.13%. But applying the same conditions in higher 

temperature at 260°C, mass yield decreases to 56.99%. By doubling the water biomass 

ratio, the results do not vary significantly.  
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2.2.1.1 Temperature effects on HTC  

 

 

 

 

 

 

 

Figure 2.1: Effect of temperature on mass yield (a), energy yield (b) for loblolly pine, 

pelletized corn stover, Tahoe mix, switch grass, and rice hulls. 

Results are shown in Table 2.1, reaction temperature is the most significant 

variable that affects the mass yield and energy densification ratio. Other variables 

(holding time, water to biomass ratio and biomass feedstock size), do not appear to have 

a significant effect on the product distribution or quality of the pretreated solid samples. 

Rogalinski and co-workers similarly found particle size and biomass concentration to 

have no effect on mass yield [36]. The statistical analysis also shows that the interactions 

among the four variables are not significant. Therefore, the manipulation of these 

variables can be done independently within the variable range of the experiments. 
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Due to the significant effect of reaction temperature, wet torrefaction of various 

types of biomass was performed at temperatures of 200°C, 230°C, and 260°C, using a 

water to biomass ratio of 5 to 1 and a reaction time of 5 min.  Fig. 2.1 shows the mass 

yield (a), and energy yield (b) results for rice hulls, corn stover, Tahoe pine (a mix of 

Jeffrey pine and white fir), switch grass, and loblolly pine.   

 

 

 

 

 

 

Figure 2.2: Effect of temperature on energy densification ratio for different biomass. 

However, with 260°C pretreatment, biomass materials with higher percentages of 

hemicellulose show lower mass yield.  For example, switch grass and corn stover have 

more hemicellulose compared to the other biomass tested and exhibited a lower mass 

yield. This indicates that hemicellulose is more easily reacted in the wet torrefaction 

process. A lower reaction temperature would be expected to remove more hemicellulose 

compared to cellulose or lignin.  

To confirm the finding that hemicellulose is more easily reacted, fiber analysis was 

completed on dried raw loblolly pine and dried loblolly pine pretreated at 200 and 260°C.   
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Table 2.2 summarizes the distribution of hemicellulose, cellulose, lignin, and aqueous 

solubles plus ash of the loblolly pine feedstock and pretreated solids.  

Biomass Hemicellulose cellulose Lignin 
water 

extractives 
Ash 

Switch grass 31.2 35.5 5.5 21.8 7.4 

Corn stover 26.3 29.7 11.3 26.3 6.5 

Tahoe mix 18.2 50.7 23.8 6.1 1.3 

Rice hulls 14.9 39.8 11.3 12.9 21.1 

Loblolly 11.5 55.4 30.0 2.7 0.4 

Table 2.2. Fiber analysis of various raw biomass 

The experimental conditions of the treatment at 200 °C were a water to biomass 

ratio of 5 to 1, a reaction time of 5 min, and a particle size of 0.16mm; those of the 

260 °C run were the same except that particle size was 0.24 mm. The mass yield at 

200 °C was 86.13% and at 260 °C was 56.99%, indicating that the higher temperature 

removed more of the biomass material. The results in Table 2.3 show that at 200°C and 

260 °C, most of the loblolly pine‟s hemicellulose is extracted, and likely hydrolyzed to 

monosaccharides (xylose, arabinose, galactose and mannose).  In addition, accounting for 

the mass yield of solid product, relative to the component in raw biomass, only 19% of 

cellulose is reacted with the 200 °C reaction temperature, compared to 62% of cellulose 

with 260°C.  The reacted cellulose would be hydrolyzed to glucose or oligomers.  A 

preliminary analysis of the liquid products by HPLC, not shown here, shows the presence 
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of various sugars (xylose, glucose, arabinose, galactose and mannose), consistent with 

other investigations [37,38].  

L. pine 

condition 

Hemicellulose 

(%) 

Cellulose 

(%) 

Lignin 

(%) 

Aqueous 

soluble(%) 
Ash% 

Raw 11.5 55.4 30.0 2.7 0.4 

200°C  

pretreated 
1.1 52.1 31.0 15.3 0.5 

260°C  

pretreated 
0.7 36.9 43.5 18.1 0.8 

Table 2.3. Fiber analysis of loblolly pine pretreated at 200°C and 260°C. 

From Table 2.3, it is shown that only 11% of the lignin was extracted at the 200 °C 

reaction temperature, and only 17% of the lignin at 260 °C, indicating that lignin is 

relatively inert in wet torrefaction. Hemicellulose and cellulose have a lower HHV 

compared to lignin [39].  When they are removed, a higher proportion of lignin must 

remain (Table 2.3), causing a higher HHV.  This fact may explain why loblolly pine, 

which has the highest cellulose content of 55.4%, has an energy densification of 1.43, the 

highest of the biomasses investigated (Fig. 2.2 and Table 2.3). 

After conversion to glucose, glucose can isomerize  in the presence of acid, which 

is produced in the reaction scheme, to fructose,  which dehydrates to 5-hydroxyfurfural 

(5-HMF) [39].   5-HMF may precipitate into the pores of the solid product and then be 

accounted for as aqueous solubles [40]. 5-HMF has a greater HHV than cellulose or 



52 
 

glucose, [41] and so its increased presence may partially account for the greater energy 

densification found in those biomass with a higher aqueous solubles percentage. For 

example, Tahoe mix, a mixture of pine and fir, shows a relatively low energy 

densification of 1.12 at a 260°C pretreatment temperature, despite its relatively high 

lignin content. This could relate to its low aqueous solubles content of 6%.   

Switch grass and corn stover have more hemicellulose compared to the other 

biomass tested.   Hemicellulose hydrogen bonds to cellulose, reinforcing it to prevent it 

from decomposing [42]. When the hemicellulose is a larger amount of the biomass 

structure, and is removed, pretreatment conditions likely are capable of removing the now 

unprotected cellulose [36]. Again, a higher proportion of lignin must remain.  This may 

account for the increased HHV and thus the increased energy densification that switch 

grass and corn stover display, as shown in Fig. 2.1. and Fig.2.2  In summary, 

pretreatment appears to increase energy densification more in  biomass with  a higher 

proportion  of lignin and possibly aqueous solubles, while it decreases mass yield more in 

biomass with a greater proportion of hemicellulose.     

2.2.1.2 Scanning electron microscope images 

Fig. 2.3 shows SEM images of raw loblolly pine and loblolly pine pretreated at 

200°C, 230°C, and 260°C using a water to biomass ratio of 5 to 1 and a reaction time of 5 

min, and a typical construction for a plant cell wall.  In general, cellulose can be found as 

a bundle in the raw lignocellulosic biomass, while hemicellulose is the spiral cover of the 

cellulose and lignin separates the bundles from each other like a stratum (Fig. 2.3(e)). 
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Fig. 2.3 SEM images of (a) raw loblolly pine and (b) HTC 200, (c) HTC 230, (d) HTC 

260, and (e) Possible arrangement of chemical components in biomass 

Aqueous solubles can be found as a thin layer over the whole configuration. In Fig. 

2.3(a), which is the SEM image at 250 times magnification of the raw loblolly pine, the 

lignocellulosic structure is not clear, but may show evidence of the presence of aqueous 
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solubles. In the image of biochar pretreated at 200
°C 

 in Fig. 2.3(b), the hemicellulose 

wrapping of the cellulose bundle is observed. 

 

 

 

 

 

 

 

 

 

Figure 2.4 SEM images of (a) raw loblolly pine, (b) HTC 200, (c) HTC 230, and (d) HTC 

260 with 500x magnification 

This suggests that at 200°C all the aqueous solubles are completely decomposed 

and the hemicellulose begins decomposing.  With a higher magnification of 500 times in 

Fig. 2.3(b), it appears that the hemicellulose is hydrolyzed and cellulose is beginning to 

decompose as well. In Fig. 2.3(c), where biochar pretreated at 230°C is displayed, no 

spiral objects observed, possibly indicates that hemicellulose is completely decomposed 

and cellulose is partly decomposed. However, the hollow boundary in the 500x 

  

(d) (c) 

 

(a) (b) 
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magnification of the image at the same conditions, (Fig. 2.4(c)), may indicate that the 

cellulose is not completely decomposed.  

Cellulose appears to be breaking off the biochar pretreated at 260°C in Fig. 2(d). 

With the temperature increase, the plane that separated the cellulose bundles from each 

other show no change. That may be because the lignin behaves as an inert. In the 500x 

magnification of the same condition in Fig. 2.4(d), there are some cracks on the walls. 

Lignin starts decomposing at about 260°C. Kobayashi et al. (2009) reported that below 

200°C, fibrous materials are observed, which suggests that the decomposition of woody 

biomasses begins above 200°C [43].  With an increase of temperature from 200-300°C, 

the amount of fibrous materials decreases and the fibrous materials are converted to 

round shaped particles, which implies that cellulose content decreases as temperature 

increases.   

2.2.1.3 Ultimate analysis 

As summarized in Table 2.4, the ultimate analysis of loblolly pine, rice hull, and 

corn stover shows the increase of carbon content and decrease of oxygen content with 

pretreatment. All the pretreatment was done in 260°C. The decrease of oxygen content is 

greater in loblolly pine than rice hull and corn stover. Similarly, carbon content increases 

more with loblolly pine than the other two. Ayhan (2003) also confirmed that heating 

value increases with increasing lignin content and fixed carbon content in a specific range 

[44]. The van Krevelen diagram shown in Fig. 2.5 shows the H/C and O/C atomic ratios 

from ultimate analysis of raw biomass and biomass pretreated at 260 °C. 
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Biomass  C (%) H (%) N (%) S (%) O (%) 

Loblolly 

pine 

Raw 51.6 5.7 0.07 0.05 42.3 

Pretreated 68.9 5.2 0.12 0.03 25.5 

Rice hull 
Raw 38.9 4.6 0.26 0.08 35.6 

Pretreated 43.6 4 0.36 0.05 24.2 

Corn 

stover 

Raw 43.3 5.3 0.72 0.04 40.3 

Pretreated 49.8 4.6 0.83 0.13 29.3 

Table 2.4: Ultimate analysis of raw and HTC 260 biochar. 

 

 

 

 

 

 

 

 

Figure 2.5: Van Krevelen diagram of various HTC biochar. 

Wet torrefaction at 275°C  moves the fuel value of the raw biomass from the top 

right of the diagram to a fuel value similar to peat for rice hulls or corn stover, or to 
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lignite, a low rank coal, for loblolly pine. This coalification is due to the biomass‟s 

increased carbon content and decreased oxygen content. This is consistent with the 

increase in fixed carbon found in the proximate analysis and with the enhanced HHV of 

the solid product. 

2.3 Reaction Kinetics of HTC for Short Reaction Time  

The kinetics of hydrothermal carbonization provides an important basis for 

designing a continuous hydrothermal carbonization process as well as performing the 

economic evaluation. Reaction kinetics of decomposition of cellulose and biomass had 

been investigated using small scale batch reactor or liquid-phase thermogravimetry 

[45,46]. However, no method has been published to ameliorate mass loss during the 

heating-up procedure. Hence, from the point view of isothermal reaction, there is no 

literature addressing the kinetic analysis of hydrothermal carbonization. Therefore, more 

research is required to obtain an understanding of the chemical and physical processes 

occurring in hydrothermal carbonization, especially reaction mechanism and reaction 

kinetics. This study focuses on the determination of the mass loss kinetics of 

hydrothermal carbonization of wood by experiments in a specially-designed two-chamber 

reactor. The hydrothermal carbonization of loblolly pine (typical softwood lignocellulosic 

biomass) was performed at various reaction times for temperatures ranging from 200 to 

260
o
C. The changes of mass yield and fuel density were obtained with increasing reaction 

times. Finally, a simple reaction mechanism, including two parallel first-order reactions, 

was proposed and validated, and kinetic parameters were also obtained, which is very 
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useful in making recommendations for industrial hydrothermal carbonization process 

conditions, such as temperature and residence time. 

2.3.1 Novel Two-Chamber Kinetic Reactor 

Figure 2.6 shows a schematic of the reaction system, including a two-chamber 

reactor, a radiant heater, a temperature indicator, and a Proportional-Integral-Derivative 

(PID) temperature controller. A two-chamber reactor is designed and built particularly for 

this kinetic measurement. 316 SS stainless steel was the construction material for the 

reactor. Both the chambers were selected 0.5 inch nominal diameter of 316 SS. 

 

 

 

 

 

 

Figure 2.6: Two chamber reactor (a), photograph of the two-chamber reactor system (b), 

the components: 1. Bottom chamber; 2. Top chamber; 3. Ball valve; 4. Pressure relief 

valve; 5. Water-cooling coil; 6. Radiant heater; 7. Temperature indicator; 8. PID 

temperature controller.  

 

 

(a) 
(b) 
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The bottom chamber (volume: 20 mL) and the top chamber (volume: 10 mL) are 

connected with a Swagelok ball valve (Sunnyvale, CA), which can handle high 

temperature (up to 454
o
C) and high pressure (up to 1000 psi). A ceramic radiant heater 

from Omega (Stamford, CT) is applied to heat the bottom chamber of the reactor, where 

hydrothermal carbonization reaction actually occurs. Since there is a constant 

temperature gradient (90
o
C) between the chamber-wall temperature and the chamber-

center temperature, a PID temperature controller from Omega (Stamford, CT) is utilized 

to achieve an accurate control of chamber-wall temperature. 

 

 

 

 

 

 

 

           

Figure 2.7: Making of cylindrical-shape capsule sample holder. 

Biomass sample is stored in the top chamber while the bottom chamber heats to 

the desired temperature. Both the water-cooling coil placed on the top chamber and the 
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ball valve serves to maintain the biomass sample at room temperature during the heating-

up period. From the point view of instrumental safety, a pressure relieve valve is also 

installed in the two-chamber reactor, with release pressure set at 2.5 MPa for 200 and 

230°C  pretreatments and 6 MPa for 260°C  pretreatments.  

 

 

 

 

 

 

 

 

Figure 2.8: Method for placing biomass in hot compressed water for rapid sample heating. 

(Left to right) (a) water is heated while sample is in top chamber, (b) open the ball valve 

allowing sample to drop into the bottom chamber, (c) sample is immersed in the hot 

water and ball valve is closed.  

The experimental procedure of hydrothermal carbonization is as follows: 15 mL of 

de-ionized water is first loaded into the bottom chamber, and the ball valve is 95 % 

closed. The biomass sample (0.2 g) is wrapped into the close-ended cigarette-shape 
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capsule, which is made by stainless steel mesh (320 mesh) from TWP (Berkeley, CA). 

The stainless steel capsule (Fig.2.8) ensures all biomass sample stays intact. The biomass 

capsule is placed into the top chamber. Nitrogen is passed though the reactor for 10 min 

to remove oxygen out of the reactor. Then the ball valve is fully closed.  

The bottom chamber starts heating (Fig.2.8a), which takes approximately 20-30 min, 

depending on the reaction conditions. Once the chamber-center temperature reaches the 

desire temperature (25
o
C higher than the desired hydrothermal carbonization 

temperature), the ball valve was fully opened (Fig.2.8b), then closed in 3 seconds in order 

to drop the biomass capsule into the bottom chamber. Then hydrothermal carbonization 

reaction immediately starts isothermally at the desired temperature (Fig.2.8c). After a 

certain period of time (e.g. 15 s, 30 s, 45 s, 1 min, 2 min, 3 min, 4 min, 5 min), the reactor 

was quickly removed from the radiant heater and immersed into an ice-water bath to 

quench the reaction. Once the reactor reaches room temperature, the biomass capsule is 

removed from of the bottom chamber, and rinsed with water to remove aqueous 

chemicals absorbed by the pretreated biomass. The wet pretreated biomass was dried at 

105
o
C for 24 h before further analysis. All experiments were performed at least 3 times 

and data are reported as the average. 

2.3.2 Kinetic Results 

Hydrothermal carbonization of loblolly pine was performed in hot compressed 

water at temperatures ranging from 200 to 260
o
C. In order to achieve accurate 

measurement of reaction kinetics, the reaction must be performed at the desired condition 

once the reaction occurs. Consequently, hydrothermal carbonization starts immediately at 
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the isothermal condition. The experimental data are collected at eight intervals, which are 

15 s, 30 s, 45 s, 1 min, 2 min, 3 min, 4 min and 5 min. The experimental results of 

hydrothermal carbonization of loblolly pine are summarized in Table 2.5.  

The results (Table 2.5) have proven the importance of this two-chamber reactor for 

the kinetic study of hydrothermal carbonization since there is significant change in mass 

yield of pretreated biomass within the first minute. Within the first minute, the mass 

yields drop to 81 %, 65 % and 56 % at 200, 230, and 260°C, respectively. With further 

reaction time, the reaction rates become less dramatic with increasing reaction 

temperature. The trend of mass loss can be found in Table 2.5. At 5 min, the mass yields 

reach 64 %, 58 % and 54 % at 200°C, 230°C and 260°C. This is explained by the 

different reactive characteristics of the main components of lignocellulosic biomass. 

Hemicellulose is very reactive in hot compressed water at even low temperatures 

(e.g. 180°C). It is possible that hemicellulose has been decomposed into five-carbon 

sugars and six-carbon sugars at 200°C.  Cellulose, another major component of 

lignocellulosic biomass is less reactive than hemicelluloses. However, the decomposition 

rate of cellulose increases significantly with increasing temperature. Lignin is the least 

reactive component and decomposition of lignin only occurs dramatically at high 

temperatures (e.g. 270°C). After 5-min hydrothermal carbonization, the energy 

densification ratios are 1.14, 1.22, and 1.36 at the temperature of 200°C, 230°C and 

260°C, respectively. 

 



63 
 

Temperature 

(
o
C) 

Time 

(s) 

Mass yield 

(%) 

HHV 

(MJ·kg
-1

) 

Energy densification 

ratio 

Energy yield 

(%) 

200 

15 90.13±1.8 19.45±0.28 1.01 91.21 

30 85.02±1.7 19.52±0.70 1.02 86.37 

45 82.45±1.7 19.72±0.56 1.03 84.59 

60 81.44±2.2 19.88±1.45 1.03 84.25 

120 76.8±2.1 20.41±1.43 1.06 81.56 

180 74.45±1.8 20.9±0.24 1.09 81.03 

240 69.59±0.9 21.63±0.59 1.13 78.33 

300 63.88±0.1 21.91±0.90 1.14 72.84 

230 

15 85.47±2.2 19.76±0.07 1.03 87.90 

30 76.5±0.9 20.47±0.73 1.07 81.51 

45 70.19±0.8 21.06±0.21 1.10 76.92 

60 66.48±0.9 21.98±0.50 1.14 76.04 

120 63.65±0.5 22.73±0.20 1.18 75.30 

180 62.7±1.5 23.17±0.41 1.21 75.59 

240 59.51±1.0 23.39±0.75 1.22 72.44 

300 58.04±1.1 23.44±0.78 1.22 70.79 

260 

15 85.83±1.9 21.15±0.92 1.10 94.47 

30 73.79±0.9 21.97±0.20 1.14 84.34 

45 63.69±1.1 24±1.02 1.25 79.54 

60 55.9±1.4 26.03±1.44 1.35 74.40 

120 54.94±4.2 26.39±1.15 1.37 76.77 

180 54.7±4.9 26.53±1.06 1.38 76.34 

240 54.6±3.4 26.55±0.38 1.38 75.56 

300 54.3±4.5 26.16±1.84 1.36 74.33 

 
Table 2.5. Kinetic results of HTC loblolly pine 
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2.3.3 Kinetic Model for HTC 

Components Symbol 

Initial value of Loblolly 

pine(%)[6]. 

Reaction type 

Aq. Extractives S 8.7 Instantaneous 

Hemicellulose H 11.9 First Order 

Cellulose C 54.0 First Order 

Lignin L 25.0 Inert 

 

Table 2.6. Predicted reaction type of different constituents in loblolly pine 

According to the different characteristics of major components in lignocellulosic biomass, 

a simply kinetic model, consisting of two parallel first-order reactions was proposed for 

hydrothermal carbonization of lignocellulosic biomass. One first-order reaction 

represents the decomposition of hemicelluloses, which results in two types of products: 

aqueous chemicals and gases. The other first-order reaction represents the decomposition 

of cellulose, which produces the solid product, aqueous chemicals as well as gases. The 

solid product is called biochar. Biochar could include part of the cellulose of high 

crystallinity remaining at the temperatures investigated herein [47]. 
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Aqueous chemicals include oligosaccharides, monosaccharides, acids, furfurals, etc. 

For gases, carbon dioxide account for over 90 % on a molar basis [48]. Two first-order 

reactions are shown in Eqs. (1) and (2).     

G  Sp  H                                                                                                                  (1) 

G))(Sp-(1  B  C c                                                                                       (2) 

where S, H, C, Sp, G, Bc represents aqueous extractives, hemicelluloses, cellulose, 

aqueous chemicals, gases, and biochar, respectively. The mass yield of biochar from 

cellulose is denoted as the parameter β for the second reaction. Owing to the first-order 

reaction, the differential rate equations are given for hemicelluloses and water-extractives, 

and celluloses by Eqs. (3) and (4). k1 and k2 are rate constants for two reactions.                                                                                                                                

      

                                                                                                             

 

 

The system of equations can be solved analytically. Integration of the differential 

equations, with the initial mass at time equal to zero, give the expressions for the 

functions of H(t), C(t), Bc(t), which are shown by Eqs. (5), (6), and (7). Since lignin is 

considered an inert component, function of L(t) is expressed as constant (see Eq. 8). 
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et 21C)(B 0c                                                                                    (7)  

0L)L(t                                                                                                                       (8) 

 Where H0, C0, L0 represent initial mass of hemicelluloses and water-extractives, 

cellulose, and lignin, respectively. If M(t) represents the mass of solid biomass at time t 

in hydrothermal carbonization, M(t) can be written as: 

   )()()()( ttttt LBCH)M( c                                                      (9)                 

To express the mass yield of biomass Y(t), Eq. (9) can be rewritten as: 
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t                   (10) 

Where YH0, YC0, and YL0 represents initial mass content of hemicelluloses and water-

extractives, cellulose, and lignin in lignocellulosic biomass feedstock, respectively. 

2.3.4 Kinetic Parameters of HTC  

Table 2.7 represents the kinetic parameters of hydrothermal carbonization of 

loblolly pine. The values of lnk1 and lnk2 for three temperatures are plotted versus inverse 

temperature (see Figure 2.9). It is easy to see that relationships are linear with different 

slopes. Activation energies and pre-exponential factors are obtained from these slopes by 

the Arrhenius Equation (see Table 2.7). Pre-exponential factors are 58.5 s
-1 

and
 

824.06×10
3
 s

-1 
for the first and second reactions. The activation energy is 28.5 kJ·mol

-1 

for the first reaction, and 77.42 kJ·mol
-1

 for the second reaction. The first reaction 
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involves the decomposition of hemicelluloses, which is much faster than decomposition 

of cellulose. These findings agree with the literature, [48,49].  

 

Figure 2.9. Arrhenius plot for HTC of loblolly pine. 

Prins and co-workers reported the kinetic study of torrefaction of lignocellulosic 

biomass using two consecutive first-order reactions, having activation energies of 75.98 

kJ·mol
-1

 and 151.71 kJ·mol
-1

, respectively [50]. Compared with torrefaction, 

hydrothermal carbonization not only has much lower activation energy, but also produces 

a much more favorable solid product for further thermochemical conversion.  

At temperatures ranging from 200
o
C to 260

o
C, hydrothermal carbonization of 

lignocellulosic biomass can be well represented by a simple reaction mechanism 

consisting of two parallel first-order reactions. These reactions represent the 

decomposition of hemicelluloses and aqueous extractives, and decomposition of cellulose, 



68 
 

respectively. Activation energies for the two first-order reactions are 28.56 kJ·mol
-1

 and 

77.42 kJ·mol
-1

, which are much lower than that of dry torrefaction.  

T 

 (
o
C) 

k1 

(s
-1

) 

E1 

(kJ·mol
-1

) 

k01 

(s
-1

) 

k2 

(s
-1

) 

E2 

(kJ·mol
-1

) 

k02 

(s
-1

) 

200 0.04 

28.56 58.58 

0.0022 

77.42 824.06×10
3 

230 0.07 0.0085 

260 0.09 0.0200 

Table 2.7. Kinetic parameters of HTC of loblolly pine. k1 and k2 are rate constants. E1 and 

E2 are activation energy. k01 and k02 are pre-exponential factors.  

2.4 Pelletization of HTC biochar  

Although the HTC process improves biomass energy densification, HTC biochar is 

friable and still hard to handle. Pelletization can make torrefied biomass more uniform, 

dense, and easy to handle. The pelletization process depends on various properties such 

as temperature, pressure, moisture content, biomass type, binder, and pelletizer type. 

Mani and co-workers reported that there are three stages of densification of biomass 

under pressure [51].  

Fig. 2.10 shows the mechanism of binding under compression. In the first stage, 

particles form a close packed mass by rearranging themselves but retain their own 

properties. In the second stage, the particles are forced against each other by the applied 

pressure and plastic or elastic deformation takes place. In this stage the surface contacts 

becomes greater by solid bridge, van der Waal‟s, electrostatic forces, and mechanical 
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interlocking which promotes binding. In the last stage, the volume is again reduced by the 

applied high pressure until the maximum density is attained. The pellet can no longer 

change its density after that. The bonding will break up if more pressure is applied.  

 

Figure 2.10: Deformation mechanism of biomass under compression [52]. 

Lignin is a one of the components of the lignocellulosic biomass, which shows 

binding behavior above 140
o
C. The amount of lignin in biomass varies from 15-22% on 

dry basis [51], and it has a glass transition temperature of about 140-180
o
C [53]. Moisture 

can act as a self-binder or enhance the activity of the binder. The moisture in the biomass 

can increase the bonding via van der Waal‟s forces [53]. It also fills up the pores among 

the particles and joins them together. Feed with comparatively low moisture (5-10%) 

content is preferable for producing stable, hard, and durable pellets.  

2.4.1 Glass Transition Behavior of HTC biochar 

Glass transition is a property of the amorphous portion of a semi-crystalline solid 

[53]. The crystalline portion remains crystalline during the glass transition. At a low 
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temperature the amorphous regions of a polymer are in the glassy state, where the 

molecules are frozen in place. They may be able to vibrate slightly, but do not have any 

segmental motion in which portions of the molecule wiggle around. When the amorphous 

regions are in the glassy state, the polymer generally will be hard, rigid, and brittle [53]. 

Lignin is the only component of biomass that shows glass transition behavior [54]. The 

extracted or derived lignin by fiber analysis showed the glass transition change in digital 

scanning calorimetry. 

 

 

 

 

 

 

 

  

 

 

Figure 2.11: DSC curves (slope of heat flow versus temperature) for determination of 

glass transition temperature of extracted lignin from HTC biochar and raw loblolly pine.  
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The lignin extracted from raw loblolly pine and HTC biochar shows a range of 

glass transition temperature of 135-165°C in the heat flow curve over temperature. The 

derivative of heat flow over temperature was plotted with temperature in Figure 2.11 for 

the raw biomass as well as HTC biochar pretreated at different temperatures. The 

derivative is following the same trend for all the cases. It decreases with the increase of 

temperature. At the temperature of 135°C, the slope starts increasing with temperature 

until 165°C, and then it follows the same trend again. The change of heat flow pattern 

with temperature over the range of 135-165°C indicates the glass transition behavior of 

lignin. From the Figure 2.11 it can also be noticed that the deviation of the derivative is 

larger at HTC biochar pretreated with higher temperatures than the raw biomass. This 

may be due to the higher lignin content in the HTC biochar, as temperature increases.    

2.4.2 Mass and Energy Density of HTC Biochar Pellets 

Table 2.8 shows that pellets from raw loblolly pine has a mass density of 1102.8 

kg/m
3
, while raw loblolly wood has a density of 813 kg/m

3
. Theerarattananoon and co-

workers made pellets of wheat straw, big bluestem, corn stover, and sorghum stalk [55]. 

The bulk density of raw wheat straw is 699.8 kg/m
3
, but after the pelletization they 

reported a density of 852.0 kg/m
3 

[55] . Like wheat straw, other biomasses are densified 

with pelletization. Gilbert et al. made pellets of cut, shredded, and torrefied switch grass. 

The raw switch grass has a density of 150-200 kg/m
3
 but with pelletization at 55.2 MPa 

at room temperature the density increases to 720 kg/m
3 

[56].  

 In the case of pretreated biomass pellets, Table 2.8 shows that with increasing  

hydrothermal carbonization temperature the pellet density increases. Pellets of loblolly 
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pine pretreated at 260°C
 
have a mass density of 1462.8 kg/m

3
, which is 32.6% higher 

than the pellets of loblolly pine pretreated at 200
°C 

 and 80% higher than that of pellets 

made from raw loblolly pine wood. Yan and co-workers reported that the product of 

hydrothermally carbonized lignocellulosic biomass is more friable with increasing 

pretreatment temperature and it becomes more hydrophobic [57].  

 
Mass 

Density(kg/m
3
) 

HHV(MJ/kg) 
Energy 

density(GJ/m
3
) 

Wood 813 19.65 15.97 

Raw Pellet 1102.4 20.65 22.76 

HTC-200 pellet 1125.8 21.59 24.31 

HTC-230 pellet 1331.5 22.56 30.04 

HTC-260 pellet 1468.2 26.42 38.79 

Table 2.8: Mass and energy density of loblolly pine wood, pellets of raw loblolly pine, 

pellets pretreated at HTC-200, HTC-230, and HTC-260 

In the case of higher heating value (HHV) of raw biomass and pellets, the HHV is 

almost same for the biomass and pellets. Table 2.8 also shows the HHV of biomass and 

pellets. The HHV for the pellets are similar to the HHV of the biomass and HTC biochar 

as reported in [57]. That implies that the chemical compositions remain the same through 

the pelletization process. The materials are compressed, without chemical reaction. There 

is no external binder used for pelletization of pretreated biomass. Hemicelluloses and 

aqueous solubles in the lignocellulosic biomass starts reaction from 180 °C  [4,6], so by 
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applying 140°C  pelletizing temperature probably does not change composition of the 

biomass through pelletization. 

But in terms of energy density, as the mass density of pellets increases rapidly and 

the HHV remains same, the energy density increases rapidly. Table 2.8 shows the energy 

densities of the pellets of pretreated loblolly pine. Pellets of pretreated loblolly pine at 

260°C have an energy density of 38.79 GJ/m
3
 which is 70% higher than raw loblolly 

pellets and 142% higher than raw loblolly wood.                   

2.4.3 Mechanical Strength of Pretreated Biomass Pellets     

Table 2.9 shows the abrasion index of the pellets of raw loblolly pine as well as 

pretreated loblolly pine at different temperatures. Abrasion index is the ratio of mass 

percentage below the 1.56 mm to the initial sample mass after 3000 rotations in a tumbler 

[54]. The smaller the abrasion index, the better quality is the pellet. Durability is 

analogous to the abrasion index. Raw loblolly pine pellets have an abrasion index of 1%, 

whereas the pretreated loblolly pine pellets have lower abrasion index with the increase 

of wet torrefaction temperature. 

In the case of pellets of HTC biochar, the abrasion index decreases with the increase 

of pretreatment temperature, when all the other variables are the same (Table 2.9). The 

lower abrasion index and higher durability mean the pellets are mechanically more stable. 

As lignin is inert in the temperature range of 200-260°C, the lignin percentage  increases 

in the HTC biochar with  pretreatment temperature using the same reaction time [58-60]. 

Yan and co-workers reported that the lignin percentage of HTC biochar pretreated at 
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260°C is 35%, while it is 25% in the raw biomass [61]. Applying the temperature of 

140°C in pelletization makes the lignin show its glass transition behavior and the high 

pressure ensures good contact of particles, while residual moisture enhances the binding 

ability. All these criteria make the pellets more mechanically strong, which is reflected in 

their abrasion index and durability. 

Pretreated temperature (°C ) Abrasion Index (%) Durability (%) 

Raw 1.03 0.981 

200 0.47 0.995 

230 0.28 0.997 

260 0.18 0.998 

Table 2.9: Abrasion index and durability of pellets of loblolly pine and HTC biochar 

pretreated at different temperatures. 

Ultimate compressive strength is the maximum strength that the pellet can sustain 

without any crack or breakage. Ultimate strength and modulus of elasticity were 

measured as the procedure described in the literature [54]. Ultimate testing machine 

ADMET-Expert model-2654 was used to determine the modulus of elasticity of the 

pellets. As shown in Table 2.10, it is found that the ultimate compression strength of the 

pellets decreases with increasing torrefaction temperature. This behavior may be due to 

the friable behavior of HTC biochar. With an increase in wet torrefaction temperature, 

the HTC biochar becomes more friable and hydrophobic [60-61]. The fracture was 
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observed by the naked eye, so the detection of fracture with pressure might be varied 

from different circumstances, but the observed trend was useful.  

Pretreatment 

Temp(°C) 

Ultimate strength(MPa) 

Modulus of 

Elasticity(kN/mm) 

Raw 200 4.0 

200 180 5.0 

230 150 10.0 

260 100 11.11 

Table 2.10 Ultimate compressive strength and modulus of elasticity of HTC biochar 

pellets. 

Again, the lignin percentage of the pretreated biomass increases with an increase of 

torrefaction temperature. Lignin is softening at the temperature of 140°C and with 

compression it binds the particles. By cooling down the pellets lignin hardens again 

resulting in an increase of pellet strength [54]. More lignin can make the pellets hard and 

brittle. In this condition the pellets act like a glass. Figure 2.12 shows the modulus of 

elasticity of the pellets. 

Figure 2.12 shows the deformation length of the pellets under compressive load. 

The longitudinal deformation linearly increased with compression for all cases. The 

intercepts of these lines are not zero, and the slopes of the lines change in every case. The 

slope of the line is the modulus of elasticity, which indicates the amount of load needed 
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to deform one mm of the pellet. The minimum compressive load was reported as 1000 N 

because of the machine precision. Based on a personal conversation with an expert, it is 

concluded that the data before 1000 N for this particular ultimate strength machine is 

irrelevant to report [62].   

 

  

 

 

 

 

 

 

 

 

Figure 2.12: Determination of modulus of elasticity of HTC biochar pellets. 

It can be confirmed from Fig. 2.12 that the HTC-260 pellets have a modulus of 

elasticity lower than the other pellets. That means, the deformation from applying the 

load is very low and it requires a certain load to break it. Due to less lignin in HTC 
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biochar pretreated at lower temperature, the modulus of elasticity is higher and it requires 

more compressive strength to break the pellet.  

2.4.4 EMC of HTC Biochar Pellets 

Equilibrium moisture content (EMC) is defined as the moisture content in the 

biomass which is in thermodynamic equilibrium with the moisture in the surrounding 

atmosphere at a given relative humidity, temperature, and pressure [63]. Wet torrefaction 

of lignocellulosic biomass makes the HTC biochar hydrophobic, and it becomes more 

hydrophobic with increasing process temperature at the same reaction time. The 

mechanical strength of pellets can be varied with changes in the moisture content. A 

simple example illustrates this. If a pellet of raw biomass is immersed in water, it 

completely disintegrated in less than 15 s. Because of its hydrophilic behavior it loses all 

its mechanical strength after 15 s. But the HTC biochar is hydrophobic, so it retains its 

shape and mechanical strength even after immersion of water for more than two weeks. 

Again, a low moisture content is required to prevent the pellets from biodegradation, as 

well as to increase their heating value. Acharjee et al. reported the EMC of HTC biochar 

pretreated at different temperatures [63].  

In this study, the same method was applied to measure the EMC of pellets of HTC 

biochar to determine the effect of pelletization on EMC of pretreated biomass. The results 

of EMC of HTC biochar and its pellets are shown in Table 2.11. It was found that the 

EMC of pellets was in the same range as the EMC of pretreated biomass [54]. So, the 

pelletization process does not affect the EMC. 
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Pretreat

ment 

Treatment 

temp 

(°C) 

EMC(%) at 

HR = 11.3% 

EMC(%) at 

HR = 83.6% 

EMC(%) at 

HR = 100% 

HTC 

Pellets 

HTC 

Biomass

[31] 

HTC 

Pellets 

HTC 

Biomass[

31] 

HTC 

Pellets 

Raw - 
2.63 

3.5 ± 0.5 17.67 15.6 ± 0.9 29.85 

 

HTC 

200 1.53 1.8 ± 0.5 12.39 12.8 ± 0.7 27.36 

230 1.04 0.9 ± 0.3 8.63 8.2 ± 0.7 12.67 

260 0.66 0.4 ± 0.3 4.69 5.3 ± 0.03 7.08 

Table 2.11: EMC of the HTC biochar pellets at different relative humidities. 

HTC is a promising process for upgrading the mass and energy density of 

lignocellulosic biomass. Making pellets from the biomass further increases the mass 

density. The volumetric fuel density of pellets produced from HTC biochar is as much as 

142% more than that of raw biomass. Lignin is a natural binder in the lignocellulosic 

biomass and HTC does not affect the nature of lignin inside it. Lignin shows glass 

transition behavior in the temperature range of 135-165°C. The pellets made from HTC 

biochar have higher mass and energy density compared to raw biomass. With the 

pelletization temperature above the glass transition temperature, mechanically durable 

pellets can be made. Abrasion index and durability improve with the increase of the HTC 
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temperature. The modulus of elasticity is lower for the HTC biochar pellets pretreated at 

higher temperature. Ultimate breaking strength is decreased with the increase of HTC 

temperature for the pellets. Equilibrium moisture content is in the same range for biomass 

and pellets, but it takes a longer time to reach the equilibrium for the pellets than the 

biomass. EMC of pellets produced from pretreated biomass is much lower than the EMC 

of pellets made from raw biomass, indicating hydrophobic behavior of the process of 

HTC. 
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Chapter 3 

Reaction Chemistry of Hydrothermal Carbonization 

 

 Hydrothermal carbonization (HTC) is a novel thermochemical conversion process 

to upgrade lignocellulosic biomass into lignite coal-type HTC biochar. Possible reaction 

mechanisms during the relatively short HTC reaction time of loblolly pine are discussed 

in this study. Solid products were analyzed by ATR/FTIR, ultimate analyzer, and GC-MS, 

while liquid products were analyzed with GC-MS and IC to predict the reaction schemes.  

HTC reactions for whole biomass were proposed in the context of  HTC reactions for 

individual components. A water balance was performed on HTC reactions at 200 °C, 

230 °C, and 260 °C for 5, 15, and 30 min reaction times. Hydrolysis, dehydration, and 

decarboxylation reactions were proposed to be the major reactions of HTC, though 

condensation, polymerization, and aromatization also occur. At lower HTC temperature 

and 5 min time, water consumption was observed, but water was produced for 30 min 

reaction time at the same temperature.          
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3.1 Introduction 

Biomass naturally transforms into coal or peat but the process takes from 

hundreds (peat) to millions (anthracite) of years. Presumably, wet biomass treated under 

geothermal conditions of high pressure and temperature converts into coal. In the last 

century, researchers began to suspect that coal's natural formation is mainly a chemical 

process, rather than a biological process [1]. Scientists, such as Bergius, Berl, Schmidth, 

Leibnitz, and van Krevelen, tried to mimic the natural coal formation process in their 

laboratories [1]. This artificial coalification process has been called hydrothermal 

carbonization (HTC) [2]. Wet biomass, agricultural waste, or municipal wastes are 

treated in hot compressed water at subcritical temperatures. The concept of using hot 

compressed water for HTC was first explained by Leibniz in 1958 [3]. He demonstrated 

the necessity of H2O (either steam or water) in the mechanism of the reaction. 

Nevertheless, the extremely challenging reaction mechanism and kinetics leave synthetic 

coalification still a mystery.        

Although Bergius discovered and named the HTC process, he did not propose any 

reaction study. One successful researcher in the HTC development, van Krevelen proved 

that certain plant species could give specific recognizable lithotypes in the coal product 

and that the medium also affects the result [4]. He also suggested the dominant reactions 

during HTC and introduced the atomic H:C and O:C diagram known as van Krevelen 

diagram. Other researchers in the 1960s found that several complex chains of chemical 

reactions are involved, each with their own intermediate products [5,6]. Moreover, they 

reported decarboxylation reactions during hydrothermal carbonization. These 



89 
 

experiments showed that the quantity of carbon dioxide evolved greatly exceeded the 

amount predicted based on the carboxylate content of the feed.  

Although lignocellulosic biomass has four major constituents, lignin, cellulose, 

hemicelluloses, and extractives, most major studies of reaction mechanism have been 

carried out using cellulose as a model compound.  Cellulose is a polysaccharide of 

glucose with β-(1-4) glucosidic bonds. During HTC at reaction temperatures of  220-230 

o
C, very little or no change in cellulose was reported by Sevila (2009) [7]. At higher 

temperatures, cellulose undergoes hydrolysis, producing small chain polymers and 

monomers. Following hydrolysis, various reactions like dehydration, decarboxylation, 

condensation, aromatization, and polymerization take place in solid and liquid phases 

simultaneously. Researchers have also proposed a mechanism for producing cross-linked 

hydrophobic polymer structures from cellulose during HTC [7]. According to their 

proposed mechanism, when the concentration of aromatic clusters, primarily a product of 

dehydration and decarboxylation, reach critical supersaturation, a burst of nucleation 

takes place and reactive compounds with hydroxyl, carbonyl, or/and carboxylic groups 

form a cross linked polymer.     

Hemicelluloses are mostly linear heteropolymers composed of sugar monomers, 

including xylose, mannose, glucose, and galactose with β-(1-4) glycosidic bonds [8]. 

Hemicelluloses hydrolyze more rapidly than cellulose, with the degradation  of 

hemicellulose reported to start at temperatures  as low as 180
o
C. Researchers use xylan as 

a model compound for hemicellulose and have proposed HTC reaction mechanisms for it 

[9,10]. Unlike cellulose, hydrolyzed products of hemicellulose do not undergo 
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recondensation [11]. Moreover, very low furfural yields have been reported for xylan 

hydrolysis [12]. Almost no degradation of xylose was reported for HTC of xylan [11], 

which implies that the degradation of hemicellulose yields only its monomers, such as 

xylose, glucose, galactose, which do not further repolymerize.  

Lignin, a high molecular weight cross-linked polymer of phenyl propane 

derivatives,  is the most stable component of lignocellulosic biomass when undergoing 

HTC. The degradation of lignin likely starts at temperatures  higher than 250
o
C, although 

lignin composition can vary from biomass to biomass so that reaction mechanism may 

vary depending on feedstock [13]. Syringyl groups in lignin (mostly found in grassy 

biomass) are found to be susceptible to degradation in HTC [14]. However, a two-step 

reaction mechanism is proposed for lignin undergoing HTC [15]. In the first stage, lignin 

fragments with low molecular weight and highly reactive fragments are solubilized by 

breaking lignin-carbohydrate bonds [16]. This is followed by a slower repolymerization 

process, where the fragments during the first stage polymerize into an insoluble 

condensation cross-linked polymer [17]. Moreover, the sugar and/or sugar products such 

as furfurals also react with the unhydrolysed lignin fraction to generate a type of lignin 

called pseudolignin [18]. Formation of pseudolignin increases the Klason lignin (acid 

insoluble lignin) content in the HTC solid biochar [19].          

Other components like extractives, which are monomeric sugars (mainly glucose 

and fructose) along with various alditols, aliphatic acids, oligomeric sugars, and phenolic 

glycosides, are very reactive in hydrothermal media [20]. An instantaneous reaction 

mechanism proposes simple sugars being produced via hydrolysis and degradation sugar 
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products via decarboxylation and dehydration. Meanwhile, tannins, resin, and starch also 

undergo instantaneous degradation with HTC [21]. Inorganic components are very stable 

and remain unchanged by HTC.  

Although detailed reaction chemistry has been studied for pure individual 

components and model compounds of lignocellulosic biomass, very little study on 

biomass itself is found in the literature. A few review articles have been published 

recently, in which reactions of individual components are described, and it is speculated 

that reactions of whole biomass might be similar to those of the model compound 

components [22]. Recently, Reza et al. (2013) found that the reaction kinetics for 

lignocellulosic biomass are much faster than for the individual components [23]. 

Hemicellulose and cellulose activation energies in biomass are lower than their individual 

activation energies. Moreover, lignin degradation is observed at 260
o
C. HTC reaction 

dependency on biomass particle size was found, especially for short reaction times, 

implying a mass transfer effect during HTC. The solid phase reactions and liquid phase 

reactions may be different. To more fully understand HTC, reaction chemistry for 

lignocellulosic biomass must be investigated.            

The main objective of this study is to study the reaction chemistry of HTC. The 

primary reactions like hydrolysis, dehydration, decarboxylation, aromatization, and 

polymerization are examined. The effects of time and temperature on HTC reactions are 

also discussed. Both solid and liquid phase reactions are considered in this study. Water 

balance is very important for HTC reactions, as hydrolysis requires water, while 
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dehydration, polymerization, and/or dewatering processes produce water. Thus, water 

balance, along with rigorous error analysis, are also investigated and discussed. 

3.2 Material and Methods 

3.2.1. Biomass and Chemicals    

Loblolly pine (Pinus taeda) (Alabama, USA) was used for all experiments. A 

commercial food blender was used to reduce the size of the biomass to between 1.4 mm 

and 0.75 mm in diameter. The solutions and filter bags for fiber analysis were purchased 

from ANKOM Technology Inc. (Macedon, NY). 

3.2.2. Hydrothermal Carbonization 

Hydrothermal carbonization of loblolly pine was performed in a 100 ml Parr bench-

top reactor (Moline, IL). Nitrogen of 80 cm
3
 (STP) min

-1
 was first passed through the 

reactor for 10 min to purge oxygen. For each run, a 1:5 weight basis mixture of loblolly 

pine (of mesh size 0.5 mm) and water was loaded into the reactor. The reactor was heated 

to the desired HTC temperature and maintained at that temperature for the desired time 

using a PID controller, after which it was cooled rapidly by immersing it in an ice-water 

bath. The reactor pressure was not controlled but indicated by the pressure gauge. The 

gas generated was released to the atmosphere. The solid product was separated using 

vacuum filtration with a Whatman filter paper number 1 and dried in an oven at 105°C 

for 24 hours before further analysis. HTC 200, HTC 230, and HTC 260 biochar were the 

dried solid products of hydrothermal carbonization at 200, 230, and 260 °C, respectively. 

The liquid product was stored in a refrigerator until further analyses were performed. 
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3.2.3. Fiber Analysis 

The van Soest method of NDF-ADF-ADL (neutral detergent fiber, acid detergent 

fiber, acid detergent liquid) dissolution was used to determine the percentage of 

hemicellulose, cellulose, and lignin in solid samples [24]. The contents of hemicelluloses, 

cellulose, and lignin were calculated from the difference of NDF, ADF, ADL, and ash. 

Sample mass that is not assigned to one of those fractions consists of what are called 

extractives, which are aqueous soluble polysaccharides, saccharides, proteins, starch, and 

other components. Samples were dried at 105 °C for 24 h prior to fiber analysis. The final 

solid product of the fiber analysis consists of only lignin and ash, since it is stirred in 72% 

sulfuric acid for 4 hours [24]. The ash content of loblolly pine is very low, less than 1% 

of biomass, even for HTC biochar [25]. So, it is reasonable to assume that the residue 

from the fiber analysis of HTC biochar is predominantly lignin or a derivative of lignin. 

3.2.4 Ultimate analysis 

ASTM D 3176 (Ultimate Analysis of Coal and Coke) was used to determine carbon, 

hydrogen, nitrogen, and sulfur (C, H, N, S) contents of test samples. For biomass 

materials, modifications to these coal/coke standard methods are usually employed. For C, 

H, N, and S determination, the sample is weighed in a tin foil capsule, then dropped into 

an oxidation/reduction (FeO and Fe) reactor kept at a temperature of 900 – 1000 °C. The 

precise amount of oxygen necessary for complete combustion is delivered into the 

reaction chamber simultaneously. The reaction between the sample capsule and oxygen at 

these elevated temperatures results in an exothermic reaction which temporarily raises the 

reactor temperature to 1800 °C. At this temperature, both organic and inorganic samples 
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are converted into elemental gases, which are then reduced and separated on a GC 

column with He as the carrier gas. Finally, the produced gases (N2, CO2, H2O, and SO2, 

in that elution order) are detected and quantified by a thermal conductivity detector 

(TCD). Reliable oxygen determination is achieved through an oxygen-specific reactor 

heated to a temperature slightly above 600 ºC. For this analysis the sample is weighed in 

a silver foil capsule and dropped into the reactor. A nickel-coated carbon catalyst in the 

reaction chamber converts the sample oxygen to CO. This gas then passes through a 

water trap (soda lime and magnesium perchlorate), and a GC column, before detection by 

TCD.  

3.2.5. Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) 

A Perkin-Elmer Spectrum 2000 ATR-FTIR with mid- and far-IR capabilities was 

used on the raw and pretreated biomass. IR spectra of HTC 200, HTC 230, and HTC 260 

as well as raw loblolly pine, were recorded at 30 °C using ATR-FTIR. All samples were 

milled into fine powder to homogenize them and dried at 105 °C for 24 h in an oven prior 

to FTIR. Only 5-10 mg of dry sample was placed in the FTIR for this analysis and 

pressed against the instrument's diamond surface with its metal rod. All spectra were 

obtained using 200 scans for the background (air) and 32 scans for the samples, which 

were scanned from 500-4000 cm
-1

.  

3.2.6. Higher Heating Value 

The higher heating value (HHV) of biochars were measured in a Parr 1241 

adiabatic oxygen bomb calorimeter (Moline, IL) fitted with continuous temperature 
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recording. HTC biochar samples of 0.4-0.5 g were dried at 105 °C for 24 h prior to 

analysis. 

3.2.7 Aqueous sample analysis  

Aqueous samples from the HTC experiments were analyzed by GC/MS, which can be 

used to characterize organic emissions and trace pollutant species in the atmospheric. The 

method used is similar to that of Medeiros and Simoneit, as described in the literature 

[27]. For polar organic compounds such as sugars, sugar alcohols, hydroxy organic acids, 

and lignin fragments, conversion into trimethylsilyl derivatives is performed before the 

GC/MS analysis is conducted. During this derivatization process, all solvents are 

evaporated by heating under reduced pressure. This introduces a limitation, in that highly 

volatile compounds (such as furfural) are likely to be lost during this process. Organic 

acids present in the aqueous products from HTC processing were analyzed using ion 

chromatography (IC) following the method of Jaffrezo et al [27]. A Dionex IonPac 

AG11HC guard column (4 x 50 mm) and AS11 HC analytical column (4 x 250 mm) were 

used. 

3.3 Results and Discussion 

3.3.1 Fiber analysis and ultimate analysis of HTC biochar 

In hydrothermal carbonization, subcritical water at 200-280 °C is used because its 

ionic constant is nearly two orders of magnitude higher than water at room temperature, 

so that liquid water behaves as a non-polar solvent [28]. Water is reactive enough in this 

condition that it degrades extractives, hemicellulose, and, to a certain degree, cellulose. 



96 
 

As a result, the mass yield (dry mass of HTC biochar over mass of original dried 

feedstock) decreases with increasing HTC temperature (Table 3.1).  The first sign of 

carbonization is suggested by biochars‟ HHV increasing with increasing HTC 

temperature. Since the degradation of hemicellulose and cellulose produces extractives, 

the net extractives concentration increases with HTC reaction temperature increase. Table 

3.1 shows the fiber analysis of loblolly pine and HTC biochar corresponding to treatment 

at 200, 230, 260 °C.  

 Fiber analysis Ultimate analysis 

Sample 

Mass 

Yield 

(%) 

HHV 

(MJ/kg) 

Extractives 

(%) 

Hemi 

cellulose 

(%) 

Cellulose 

(%) 

Lignin 

(%) 

Ash 

(%) 

C 

(%) 

H 

(%) 

O  

(%) 

N  

(%) 

S  

(%) 

Raw 100.0 19.5 8.7 11.9 54.0 25.0 0.4 50.3 6.0 43.3 0 0 

HTC 

200 
88.5 20.3 24.3 0 47.4 27.8 0.5 54.7 5.9 39.1 0.1 0 

HTC 

230 
70.6 21.5 25.3 0 44.1 30.2 0.4 56.1 5.8 37.8 0.1 0 

HTC 

260 
61.0 24.5 31.8 0 33.9 33.8 0.5 72.1 4.9 23.1 0.2 0 

Table 3.1. Mass yield, fiber analysis, energy value, and Ultimate analysis of HTC biochar 

for 5 min reaction time 

Table 3.1 also presents the ultimate analysis of raw loblolly pine and HTC 

biochars. Atomic carbon increases in solid biochar with increasing HTC reaction 

temperature while atomic hydrogen and oxygen content decrease. Atomic nitrogen and 

sulfur content remain similar to that of the raw loblolly pine regardless of reaction 

temperature. A useful way to depict the effects of both HTC time and temperature is by 

means of a Van Krevelen diagram. This diagram is presented as Figure 3.1, which plots 
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atomic H/C ratio vs. atomic O/C ratio, as commonly used to evaluate the energy quality 

of solid fuels [4].  

 

Figure 3.1. van-Krevelen diagram of HTC biochars for 5 min reaction time with major 

reaction lines. 

Raw loblolly pine can be found in the biomass region, whereas HTC 200 and 

HTC 230 are in the peat area and HTC 260 is in the lignite region according to the van 

Krevelen diagram. It can also be noticed that dehydration is the predominant reaction 

during HTC according to the van Krevelen diagram, although decarboxylation also has 

some effect. HTC 200, HTC 230, and HTC 260 are in a straight line corresponding to the 
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dehydration reactions. But from raw loblolly pine to any HTC biochar, both 

decarboxylation and dehydration are probable, consistent with the previous literature 

[7,29].  

3.3.2 Reaction Mechanisms 

Water (liquid) at 200
o
C hydrolyzes the β-(1-4) glycosidic bonds of hemicellulose 

[8], which degrades into sugar monomers, which further degrade into furfurals and other 

compounds, including 2-furaldehyde [10]. There is no evidence of hemicellulose 

remaining in any of the HTC biochar products, as shown in Table 3.1. Cellulose can 

degrade into oligomers, a portion of which hydrolyzes into glucose with the remainder 

forming a cross-linked polymer [7]. Moreover, the degradation of hemicellulose, 

cellulose, and extractives leaves a porous HTC biochar solid product with concentrated 

sugars and organic acids dissolved in water. The porous structures absorb dissolved 

sugars and furfurals during HTC so that the extractives percentage increases in HTC 

biochar [7]. The concentration of 5-HMF in the liquid product increases quite 

significantly with increasing HTC temperature [26].  

Biomass components, under the reactive aqueous environment, are being 

hydrolyzed to large amounts of oligomers and monomers [22]. Due to their good 

solubility, these oligomers and monomers are being extracted, depending on the particle 

size [23]. During this process they can simultaneously undergo condensation, dehydration, 

and decarboxylation [7]. Many of the highly reactive oligomers can polymerize, and/or 

aromatize to form a water insoluble polymer similar to lignin [21].   
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 HTC biochar Aqueous solution 

Temperature and Hold 

Time of Treatment 

200 C for 

5 min 

230 C for 

5 min 

260 C for 

5 min 

200 C for 

5 min 

230 C for 

5 min 

260 C for 

5 min 

Monosaccharides        

1,3-dihydroxyacetone 319.3 36.5 77.7 12.6 11.4 11.4 

d(+)glyceraldehyde 262.7 178.5 417.8 93.4 194.9 359.3 

a-D-arabinose 2,416.7 280.8 43.9 1,915.0 390.6 6.3 

ß-D-arabinose 2,221.3 269.7 106.7 2,151.4 891.1 490.9 

a-D-xylose 14,761.4 2,954.4 43.6 10,846.0 3,354.1 15.2 

ß-D-xylose 12,750.8 2,409.0 3.2 11,573.2 3,513.9 285.0 

a-L-mannose 12,534.7 5,494.5 135.9 6,884.3 10,756.4 506.4 

ß-L-mannose 4,030.8 4,047.9 37.6 7,271.5 1,585.6 122.3 

a-D-fructose 11,117.6 5,165.4 243.7 5,972.6 9,653.7 644.2 

ß-D-fructose 4,184.4 2,433.3 1,189.7 3,511.3 4,933.8 1,051.6 

d(+)-galactose 4,431.5 1,248.1 228.9 6,270.5 3,540.3 2,048.3 

a-D-glucose 6,134.9 8,843.3 8,895.5 6,593.6 11,469.4 5,122.9 

ß-D-glucose 4,999.6 7,211.4 7,114.5 7,309.5 10,846.4 4,665.9 

a-D-erythrose 1,317.7 1,470.4 1,664.0 1,015.3 2,399.6 1,790.8 

ß-D-erythrose 2,386.5 2,942.8 1,381.2 1,224.0 2,231.2 2,261.7 

Disaccharides         

Sucrose 1.8 0.6 8.4 - 0.2 0.1 

a-lactose 30.0 5.0 13.7 16.0 4.0 2.7 

ß-lactose 63.3 11.1 29.6 71.9 10.9 2.1 

Trehalose 220.7 32.2 6.9 157.9 9.5 0.5 

Anhydrosugars         

Cellobiosan 42.6 123.4 232.2 396.9 30.8 14.9 

Mannosan 1,743.0 1,385.8 15.6 370.8 329.9 2.9 

Sugar Alcohols         

a-maltitol 9.8 7.5 6.0 18.6 0.5 0.5 

Arabitol 26.0 13.0 65.8 10.2 5.8 10.3 

erythritol 90.6 21.2 21.5 8.0 2.8 7.9 

glycerol 132.1 101.5 211.0 11.1 8.5 16.9 

Inositol 7.1 5.0 4.1 21.5 11.9 1.5 

mannitol 1.5 0.9 8.7 1.3 0.7 0.6 

Pinitol 26.2 43.2 15.2 12.7 6.5 2.9 

Sorbitol 0.4 1.4 11.7 2.3 2.5 1.8 

ß-maltitol - 14.8 21.9 11.9 1.6 2.4 

Xylitol 93.5 199.2 241.9 16.2 30.3 23.1 

Furan Derivatives         

5-(hydroxymethyl)furfural 6,946.0 6,370.3 9,813.1 494.7 1,106.4 1,968.1 

Organic acids       

Hydroxy Acids 2,085.4 2,924.8 12,271.8 393.5 957.0 3,536.8 

levulinic acid 246.9 769.1 1,307.0 51.0 92.0 198.1 

TOTAL (% of starting 

dry feedstock) 9.54% 5.67% 4.54% 7.43% 6.83% 2.51% 

Table 3.2. GC/MS analysis of sugars and other carbohydrates from HTC of loblolly pine 

(ug/ gm starting dry feedstock). 
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3.3.2.1 Hydrolysis 

Hydrolytic reactions are the major solid surface reactions, where water reacts with 

cellulose or hemicellulose and breaks ester and ether bonds (mainly β-(1-4) glycosidic 

bonds), resulting in a wide range of products including soluble oligomers like (oligo-) 

saccharides, and 5-HMF from cellulose, and furfural from hemicellulose. With increased 

reaction time, these oligomers further hydrolyze into simple mono- or disaccharides (e.g., 

glucose, fructose, xylose). On the other hand, 5 HMF further hydrolyzes into levulinic 

and formic acid [22]. The reaction pathway is shown in Fig. 3.2. 

Figure 3.2. Pathways of cellulose and hemicellulose degradation under hydrothermal 

conditioning. 

Hemicellulose starts hydrolyzing at HTC temperatures above 180 
o
C, but 

cellulose hydrolysis starts above 230
o
C. This may be the reason that no hemicellulose is 

found in any HTC biochar (Table 3.1). Cellulose concentration reaches a maximum at a 

HTC reaction temperature of 230 °C, but then decreases at a HTC reaction  temperature 

of 260 °C. A similar phenomenon is observed from IR spectra of raw pine and HTC 

biochar (Figure 3.3). In the spectrum of raw loblolly pine, an identified peak at 1725 cm
−1

 

(C=O of ketone) can be assigned to C=O of ketone due to hemicelluloses [32]. This peak 

is not observed in the IR spectra of any HTC biochar, suggesting the absence of 

hemicellulose in them.  
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Fig. 3.3 ATR-FTIR spectroscopy of raw loblolly pine and loblolly pine pretreated at 200°C, 230°C, 

and 260°C. 
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Wave number (cm
−1

) Functional groups Possible Compounds 

3600–3000 OH stretching Acid, methanol, water 

2860–2970  C–Hn stretching Alkyl, aliphatic, aromatic 

1725  C=O stretching Ketone and hemicellulose 

1632  C=C Lignin 

1613, 1450  C=C stretching Cellulose, Lignin 

1470–1430  O–CH3 Lignin 

1440–1400  OH bending Acid 

1402  CH bending Acid 

1232  C–O–C stretching Cellulose 

1215  C–O stretching Lignin 

1170 , 1082  C–O–C stretching vibration Cellulose, lignin 

1108  OH association Alcohol, hemicellulose 

1060  
C–O stretching and C–O 

deformation 
Alcohol 

700–900 C–H Cellulose, hemicellulose 

700–400  C–H Hemicellulose 

 

Table 3.3. IR absorption corresponding to various functional groups [31,35]. 
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A peak at 1049 cm
-1

 corresponding to the C-O bond of cellulose becomes stronger 

with HTC severity until HTC 230 and then remains similar, likely due to the cellulose 

concentration increasing significantly with HTC temperature until 230 
o
C [7]. The peak 

at 910 cm
−1

 is characteristic of β-glycosidic linkages between the sugar units especially 

for hemicelluloses and cellulose [31], is seen to disappear in the HTC 230 and HTC 260 

spectra.  

The spectra on the shoulder at 1264 cm
−1

 (C–O stretching of the ether linkage) is 

the signature of lignin, and is found to sharpen with increasing temperature [29]. The 

absorption band at 1176 cm
−1

 corresponds to C–O–C asymmetrical bridge stretching, a 

peak found in the conferral dimer and also a significant peak for softwood lignin [29]. A 

strong peak at 1080 cm
−1

 arises from the C–O–C pyranose ring of lignin and the peak 

becomes larger with the increasing HTC temperature [29]. These are characteristics 

which indicate the inert behavior of lignin during HTC below 260 
o
C.  

The concentration of sugars, acids, and furfurals in solid HTC biochars and the 

corresponding liquid solution are presented in Table 3.2. Monomeric and disaccharides 

dominate in both liquid and solid. Comparing the monomeric sugars, 5 carbon sugars 

(xylose, arabinose) concentrations decrease with increasing HTC temperature, and 6 

carbon sugars (glucose, fructose, galactose, and mannose) concentrations increase with 

HTC temperature. Xylose and mannose are degradation products from hemicellulose and 

extractives, and their higher concentration in the lower HTC temperature suggests 

hemicellulose‟s and extractives‟ degradation at lower severity. Hydrolysis reactions occur 

at the surface of the biomass. Liquid water enters the pores and hydrolyzes the 
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components, and then hydrolyzed products come out of the same pore. The rate of 

hydrolysis of biomass is primarily determined by diffusion, and thus is limited by 

transport phenomena within the biomass matrix. This may be the reason why the 5-HMF 

concentration is found to be much higher in the solid HTC biochar than the liquid 

solution (Table 3.2). Another possible explanation may be the degradation of 5-HMF in 

the bulk solution outside of the matrix. In the case of forced convection, hydrolysis can 

be completed within a few minutes and its rate is primarily determined by the adjusted 

flow rate and not the reaction temperature [32]. Again, this may lead to condensation of 

fragments within the matrix of the biomass at high temperatures [22].  

3.3.2.2 Dehydration 

Dehydration during HTC can be result from both chemical and physical 

processes. The physical process is well-known as dewatering, where the residual water is 

ejected from the biomass during HTC due to the increased hydrophobicity of HTC 

biochar [33,34]. Chemical dehydration happens due elimination of hydroxyl groups [7]. 

In this study, we focus on the chemical dehydration. During the dehydration reaction, 

biomass is significantly carbonized, and as a result the atomic O/C ratio is significantly 

reduced. This reduction of O/C depends on the HTC temperature when a short reaction 

time is used. With increasing HTC temperature, the extent of O/C reduction is increased. 

The H/C ratio is also inversely dependent on HTC temperature, but not as significantly as 

the O/C. As a result, it can be seen from Figure 3.1 that characteristics of HTC biochar 

move from the biomass region to the coal region for an HTC reaction temperature of 260 

o
C when reaction time is 5 min. The main reason for this significant decrease of O/C ratio 
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is the reduction of carboxyl groups, mainly from extractives, hemicellulose, and 

cellulose. Dehydration and decarboxylation happen simultaneously. For example, one 

mole of glucose in an appropriate environment can convert into 6 moles of CO2 and 6 

moles of H2O. Thus, the ratio (r) of mol CO2 to mol H2O is one for glucose. Similarly, r 

is defined by other researchers as 0.2-1.0 for cellulose depending on the HTC conditions 

[22]. In IR spectra, the band due to water at 3300-3500 cm
-1

 is weakened with increasing 

HTC temperature, meaning higher hydrophobicity or dehydration [31]. Bands due to 

carboxylic acids (1400-1440 cm
-1

) are sharpened with increasing HTC temperature, 

which means that production of carboxylic acids may increase with increasing HTC 

temperature. An increase of carboxylic acid production can be observed for both solid 

and liquid state in Table 3.2. In fact, hydroxyl acid production increased more than 4 

times in the solid biochar and liquid state when HTC reaction temperature increased from 

230 to 260 °C.       

Another possible reaction causing dehydration is the degradation of hydrolyzed 

product from biomass into furfurals like 5-HMF, erythrose, and aldehydes. For instance, 

each mole of 5-HMF production from glucose yields two moles of water. It can be seen 

from Table 3.2 that 5-HMF production increased about 41% in the solid biochar along 

with three times in the liquid for HTC 200 compared to HTC 260. It can also be noticed 

from Table 3.2 that both α and β glucose concentration decrease more than 50% for HTC 

230 to HTC 260 liquid, although they are similar in the HTC biochar solid. This may be 

an indication of mass transfer limitations in the solid state or massive degradation in the 

liquid state. So, the extent of dehydration can be predicted from 5-HMF production. This 
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phenomenon might be responsible for the significant reduction of O/C ratio shown in 

Figure 3.1. Moreover, the polymerization of hydrolyzed intermediate can yield water, 

too. For instance, the retro-condensation of 5-HMF into aldol condensation or keto-enol 

condensation of n monomers yields n moles of water [7]. At the same time, aromatization 

or polymerization takes place, which also produces significant amounts of water [22].              

3.3.2.3 Decarboxylation   

From the van Krevelen diagram in Figure 3.1, it can be observed that 

decarboxylation is one of the possible reactions during HTC. Carboxyl and carbonyl 

groups rapidly degrade above 150 °C, yielding CO2 and CO, respectively [20]. In the IR 

spectra of HTC biochar, a peak at 1725 cm
−1

, assigned to the C=O of carbonyl bond for 

acids and ketones, cannot be found, suggesting carboxyl and carbonyl group degradation 

[31]. The band located from 3330 to 3360 cm
−1

 is due to stretching of –OH groups of 

carboxylic acids and water. That peak flattens with increasing HTC temperature, either 

the result of degradation of carboxyl and carbonyl groups or an enhancement of  biochar's 

hydrophobic behavior during HTC. Previous researchers have reported the major portion 

of HTC gas to be CO2 [25,26,35].  

One possible path for decarboxylation is the degradation of extractives, 

hemicellulose, and cellulose. Under hydrothermal conditions, they can degrade into 

monomers like acetic acid, formic acid, or furfurals, which can further degrade into CO2 

and H2O [7, 26]. With increasing HTC temperature, monosaccharides such as xylose and 

arabinose decrease probably degrading into carboxylic acids, such as acetic and formic 
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acids. The presence of acids can be confirmed from the pH of the liquid solution after 

HTC. The pH decreases with increasing HTC temperature (e.g. 7.0 to 3.5 for HTC 260). 

Other possible decarboxylation pathways may be the formation of CO2 during 

condensation reactions, as well as the cleavage of intramolecular bonds [22]. 

3.3.2.4 Condensation-Polymerization  

Some of the fragments (e.g., anhydroglucose, 5-HMF, aldehydes) formed from 

hydrolysis reactions in hydrothermal carbonization are highly reactive. These unsaturated 

compounds can polymerize easily by aldol condensation or/and intermolecular 

dehydration. By these processes water and CO2 are created by dehydration and 

decarboxylation, respectively [29]. Furfural-like compounds can also generate acids, 

aldehydes, and phenols [7]. Table 3.2 shows that the production of hydroxyl acids and 

levulinic acid increased significantly when HTC reaction temperature increased from 

230 °C  to 260 °C in both liquid and solid. Anhydrosugars like mannosan and cellubiosan 

decrease in the HTC liquid when HTC reaction temperature increased from 230 °C to 

260 °C.  

The C=C bonds formed may result from keto-enol tautomerism of dehydrated 

species or from intramolecular dehydration [7]. Polymerization, which forms a solid 

precipitate, may take place with further dehydration and decarboxylation. Polymerization 

may occur by condensation of hydrolyzed products themselves or with existing sites and 

lignin. This may be seen in the IR spectra at 1504 cm
-1

, (Fig. 3.3) as the corresponding 

wavenumber for C=C becomes sharper with the increase of HTC. The ether bonds C-O-C 

at 1080-1150 cm
-1

, become more pronounced with increasing HTC temperature. 
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Moreover, some of the monosaccharides (xylose, arabinose, mannose, and fructose) in 

Table 3.2 are seen to decrease in the biochars with increasing HTC temperature. In this 

way a linear polymer like cellulose can convert into a cross-linked polymer similar to 

lignin. Condensation reactions of monosaccharides are slower, since cross-linked 

polymerization competes with recondensation to oligosaccharides [22]. Condensation 

polymerization is most likely governed by step-growth polymerization, which is 

enhanced by higher temperatures and reaction times [7,36]. It thus is likely that the 

formation of HTC-biochar during hydrothermal carbonization is mainly characterized by 

condensation polymerization, specifically aldol condensation [32]. Moreover, condensing 

fragments within the biomass matrix are able to „block‟ remaining biomacromolecules, 

thus preventing water access and subsequent hydrolysis, a phenomenon that makes the 

remaining HTC biochar hydrophobic [21]. 

3.3.2.5 Aromatization 

  Even though hemicellulose and cellulose are linear carbohydrate polymer chains, 

they are likely to form aromatic structures under hydrothermal conditions [7]. The 

disappearance of the IR peak at 1724 cm
-1

 (corresponding to hemicellulose) and  

appearance of a new peak at 1694 cm
-1

 (corresponding to C=C aromatics) in Figure 3.3, 

may be an indication of aromatization. Aromatic structures exhibit high stability under 

hydrothermal conditions and therefore may be considered a basic building block of the 

resulting HTC biochar. Cross-linking condensation of aromatic rings also makes up a 

major constituent of natural coal, which may explain the good agreement between natural 

coalification and hydrothermal carbonization [8]. On the basis of these considerations, it 
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becomes evident that the effect of hydrothermal treatment on the carbon content 

decreases with rising of aromatization of intermediates produced during hydrolysis.   

3.4 Conclusions 

HTC is a promising process for synthetic coalification of lignocellulosic biomass. 

Hemicellulose degrades completely at 200
o
C under hydrothermal conditions and 

cellulose partly degrades, while lignin shows little degradation in the  200-260
o
C 

temperature range. Hydrolysis, dehydration, decarboxylation, condensation-

polymerization, and aromatization are the primary reactions in HTC. Dehydration is the 

dominant reaction in HTC, especially in the liquid phase, but its extent depends on HTC 

reaction time and temperature. Reactions in the liquid phase are dominant for  longer 

reaction times, while HTC solid biochar yield remains similar for 5 or 30 min. The 

amount of water consumed in hydrolysis may be higher than that produced by 

dehydration for HTC at 200
 o
C, at least for a 5 min reaction time. Otherwise, water 

production during HTC increases with increasing of HTC temperature for a constant 

reaction time. For a constant HTC reaction temperature, water production increases with 

increasing residence time.     
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Chapter 4 

Inorganic Analysis of HTC Biochar 

 

 

Hydrothermal carbonization (HTC) is a pretreatment process for making a 

homogenized, carbon rich, and energy-dense solid fuel, called hydrochar, from 

lignocellulosic biomass. Corn stover, miscanthus, switch grass, and rice hulls were 

treated with hot compressed water at 200, 230, and 260 °C  for 5 min. Mass yield is as 

low as 41% of the raw biomass, and decreases with increasing HTC temperature. Higher 

heating values (HHV) of the hydrochar increase with HTC pretreatment temperature and 

can be as much as 55% higher than starting feedstock. Up to 90% of calcium, magnesium, 

sulfur, phosphorus, and potassium were removed with HTC treatment possibly due to 

hemicellulose removal. At a HTC temperature of 260 °C, some structural Si was removed. 

All heavy metals were reduced by HTC treatment. The slagging and fouling indices are 

reduced with HTC treatment relative to that of untreated biomass. Chlorine content, a 

concern only for raw and HTC 200 switch grass, was reduced to a low slagging range at 

230
 
°C, and 260 °C. Alkali index was medium for raw biomass but decreased by HTC.   
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4.1 Introduction 

 

The world is facing two vital challenges in current energy demand: energy supply 

and sustainability. Limited fossil fuel reserves and their environmental impact intensifies 

interest in the use of biomass, one of the largest energy resources. Biomass is an 

alternative, renewable, and sustainable energy source with a large potential to mitigate 

the energy crisis. About 450 million dry tons of wood, energy crops, and agricultural 

residues both primary and secondary are available currently in the US and the amount is 

expected to increase to  more than 1000 Mt by 2030 [1]. Feedstock supply and logistics 

of lignocellulosic biomass, such as wood, rice hulls, straw, and switch grass, are 

challenging due to low bulk density, low energy density, and high ash content [2-4]. 

Hydrophilic biomass is subjected to biological deterioration, limiting the practical time 

for storage, a challenge for seasonally available agricultural residues. A pre-treatment 

process that can overcome these limitations of biomass usage for energy is essential.   

Hydrothermal carbonization (HTC) is a prominent pretreatment process for biomass 

enhancement [5-7]. In HTC, biomass is treated with hot compressed water resulting in 

three products: gases, aqueous chemicals, and a solid product known as HTC biochar. 

Reaction temperatures are in the range of 200-275
o
C, and the pressures are maintained 

above the saturation pressure to ensure the liquid state of water. The gas product is about 

10% of the original biomass, consisting mainly of CO2, while the aqueous extractive 

compounds are primarily sugars, acetic acid, and other organic acids [9,30]. The solid 

product contains about 41-90% of the mass and 80-95% of the fuel value of the original 

feedstock [8-10]. HTC processes make a solid char with higher energy density that is 
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friable and more hydrophobic than the original biomass [11]. The reaction mechanisms 

are still poorly understood [9,12].    

Plants acquire inorganics, which are necessary for their metabolic pathways, from 

the soil in which they are grown. Inorganics are in the form of inorganic salts, bound to 

the organic structure by ionic bonds, or possible covalent bonds in a cross-linked matrix 

[17].
 
Woody biomass contains less inorganic content than grasses or agricultural residues 

[13,14]. Due to their high melting point, the inorganics usually remain in the ash, which 

may have a negative impact on biomass firing or even co-firing with coal [15]. During 

combustion, ash must be removed from the boiler, as it increases the complexity in co-

firing as well as lowers the efficiency of the boiler. Moreover, sodium, potassium, 

calcium, and other metals can cause slagging and fouling, resulting in lower power plant 

efficiency [16,17]. Alkali metals react with silica to form alkali silicates, which soften 

below 700
o
C and thus cause undesirable slagging. They also react with sulfur to make 

alkali sulfates, which deposit on heat transfer surfaces, reducing the efficiency of the 

combustion process [18]. Chloride, which is very corrosive for stainless steel, can also 

react with alkalis and silicates to form an undesirable stable slag [14]. Heavy metals like 

mercury, lead, arsenic, chromium, copper, zinc, and selenium are scarce in biomass [12]. 

However, they are concentrated by about an order of magnitude in ash. For these reasons, 

elimination or at least reduction of inorganic components including heavy metals is 

important in promoting biomass combustion.  

Based on different mechanisms involved in ash deposit on the heat transfer surface, 

two general types of ash deposition have been defined as slagging and fouling [18].  
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Slagging is the formation of molten or partially fused deposits on furnace walls or 

convection surfaces exposed to radiant heat. Fouling is defined as the formation of 

deposits on convection surfaces such as superheater and reheaters [17]. The viscosity of  

the coal ash slag determines the diffusivity of  ions within  the slag  which  affects its  

corrosivity [35].  

 

Table 4.1: Slagging, fouling, alkali, and ratio-slag indices, Cl content, definition and their 

limits [14]. 

Slagging / Fouling 

index 
Expression Limit 

Slagging Index 
Is = (B/A)* S

d
 

S
d
 = % of S in dry fuel 

Is < 0.6 low slagging inclination 

Is = 0.6-2.0 medium 

Is  = 2.0-2.6 high 

Is  > 2.6 extremely high 

Fouling Index IF = (B/A)*(Na2O+K2O) 

IF  ≤ 0.6 low fouling inclination 

0.6 <  IF  < 40 medium 

IF  ≥ 40 high 

Alkali index IA = (Na2O+K2O) in kg/GJ 

0.17<  IA  < 0.34 slagging/ fouling  

probable 

IA  ≥ 0.34 slagging/fouling is certain 

Slag viscosity index 
IV = (SiO2*100)/ (SiO2 + 

MgO + CaO + Fe2O3) 

IV  > 72 low slagging inclination 

65 ≤  IV  ≤ 72 moderate 

IV  < 65 high 

Chlorine content Cl as received (%) 

Cl < 0.2-0.3 low slagging inclination 

0.2 < Cl < 0.3 medium 

0.3 < Cl < 0.5 High 

Cl > 0.5 extremely high 
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Slagging and fouling tendencies in coal combustion have been well studied for 

years. Different correlations have been suggested based on the ash composition of coal. 

Slagging index, fouling index, alkali index, ratio-slag viscosity index, and chlorine 

content are the common indices for coal [19]. The ash compounds may be separated into 

two groups based on their melting point. The first group has lower melting temperatures 

and typically contains Fe2O3, CaO, MgO, Na2O, or K2O (group B). The other group of 

higher melting temperature compounds includes SiO2, Al2O3, and TiO2 (group B). 

Phosphorus sometimes included in the former group, since P2O5 has a relatively high 

melting point.  

The slagging index is a measure of scale produced from those two groups in the 

presence of sulfur. The fouling index is almost identical but includes the influence of 

sodium and potassium oxides. The alkali index is the amount of sodium and potassium 

oxides present per GJ of solid fuel. The slag viscosity index is the percentage of silica 

present in the metal oxides. Several indices, along with ratings, are defined in Table 4.1.  

The main goal of this work is to characterize HTC biochar of grassy biomass and 

agricultural residues. Inorganic analysis of HTC biochar is reported and described 

quantitatively. Heavy and trace metal leaching has been examined. Probable slagging and 

fouling behavior of untreated and HTC treated biomass have been determined by 

calculation of several indices, using elemental analysis of ash.  

4.2. Material and methods 

4.2.1 Biomass    
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Corn stover, miscanthus, and switch grass were the four type of raw biomass used 

for this study. Corn stover and miscanthus were provided by Idaho National Laboratory. 

Corn stover was harvested in Emmetsburg, IA during October, 2011. Miscanthus was 

harvested in Urbana Champagne, IL during September 2011. Rice hull was harvested in 

Gridley, CA during September 2008, and switch grass was harvested in Fallon, NV in 

October 2007. Corn stover, miscanthus, and switch grass were comminuted to 18 mm by 

Bliss hammermill model 4460 (Ponca City, OK). Harvested biomass were dried in a 

warehouse by free air circulation for a month and stored in plastic container in a dry 

storage until further use. To promote a more homogeneous biomass reactant and provide 

effective sub-critical water diffusion into the biomass, a blender was used to reduce the 

raw biomass size. Samples were sieved to -1.18mm +0.60 mm, air dried, and stored in a 

sealed ziplock bag until treatment.   

4.2.2. Hydrothermal carbonization 

Hydrothermal carbonization of biomass was performed in a 100 cm
3 

Parr bench-top 

reactor (Moline, IL) at three temperatures: 200, 230, and 260
o
C. The temperature of the 

reactor was controlled using a PID controller. The reactor pressure was not controlled but 

indicated by the pressure gauge and ranged from 1-5 MPa. For each run, a mixture of 

biomass and water with a ratio of 1:5 (weight basis), was loaded into the reactor. 

Nitrogen was passed through the reactor at the rate of 80 cm
3
 min

-1
 for 10 min to purge 

oxygen. The reactor was heated to the desired temperature and maintained at that 

temperature for 5 min. The reactor then was cooled rapidly by immersion in an ice-water 

bath until it reached room temperature. The gas produced was released to the atmosphere. 
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The condensed products were filtered by Whatman 40 filter paper and the solid was put 

in a drying oven at 105
o
C for 24 hours before further analysis. HTC 200, HTC 230, and 

HTC 260 are the names given to solid biochar products of HTC at temperatures 200°C, 

230
 
°C, and 260°C, respectively. 

4.2.3 Analyses 

4.2.3.1 Induced coupled plasma – atomic emission spectrophotometry (ICP-AES)    

A Varian Vista Pro ICP-AES was used for inorganic analysis. Acid digestion was 

used to dissolve solid samples for ICP-AES. A volume of 5 cm
3
 of 99.5% pure HNO3 

was added to 0.4 g of dry solid sample. A volume of 0.5 cm
3 

of 50% volume basis 

hydrofluoric acid (HF) was added to the solution to dissolve the SiO2. Liquid argon at the 

rate of 88 cm
3
min

-1
 was used as carrier for the ICP process. The liquid solution was 

heated to 80
o
C and  maintained at that temperature for 4 hours. After 4 hours, the sample 

was removed from the oven and cooled for 5 hours. To prevent HF from reacting with the 

plasma torch, 0.5g solid Boric Acid (98% pure) was added to the solution, so that unused 

HF would react with B(OH)3 to form fluroboric acid (HBF4), which is invisible and not 

harmful for ICP-AES [36]. The solution was diluted 20-200 times before injection into 

the ICP-AES instrument, with 5% ethanol-water used as the solvent.  

4.2.3.2 Higher Heating Value 

The higher heating values (HHV) for the untreated biomass and the biochar 

products were measured in a Parr 1241 adiabatic oxygen bomb calorimeter (Moline, IL) 
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fitted with continuous temperature recording. All samples (0.5 g each) were dried at 

105 °C for 24 h prior to analysis and HHV are reported on a dry, ash free basis. 

4.2.3.3 Ash Measurement 

          ASTM D 1102 method was followed for ash determination of HTC biochar. 0.5-

2.0 g of dry sample was heated in the muffle furnace at 575
o
C for 24 hours. Each 

experiment was done three times for better precision. The ash was store in a ziplock bag 

for SEM analysis.  

4.2.3.4 Fiber Analysis 

The van Soest method of NDF-ADF-ADL (neutral detergent fiber, acid detergent 

fiber, and acid detergent liquid) dissolution was used to determine the percentage of 

hemicellulose, cellulose and lignin in solid samples [20]. Samples were dried at 105 °C 

for 24 h prior to fiber analysis. Biomass is divided into five components only in this 

method and any change of one component will affect the others. The contents of 

hemicellulose, cellulose, lignin, and extractives were calculated from the difference of 

NDF, ADF, ADL, and ash. Sample mass that is not assigned to one of those fractions 

consists of aqueous soluble polysaccharides, saccharides, proteins, starch, or other 

components. According to van Soest method, the solid residue left after NDF, ADF, and 

ADL consists of lignin and ash. Ash weight, determined separately by muffle furnace, is 

subtracted from the lignin plus ash weight, to find lignin content. The fact that lignin is 

measured in directly, is a shortcoming of this method.  

4.2.3.5 Scanning Electron Microscopy (SEM) 
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         A FE-SEM Hitachi Scanning Electron Microscope (SEM) model S-4700 was used 

for visualization. Ash samples of raw biomass, HTC-200, HTC-230, and HTC-260
 

biochar were analyzed in the SEM. The samples were maintained on special studs and 

platinum coated with polaran coater tar 5000, under an argon atmosphere for a coating 

thickness of approximately 1000 Å. The samples were dried in a 105°C oven for 24 h 

prior to analysis. An energy dispersive X-ray (EDX) detector was used to determine the 

semi-quantitative inorganic analysis of ash samples. For the EDX detector, the sample 

distance from the lens was maintained at 11.8mm and an area of 250µm × 200 µm was 

analyzed for elemental detection. The average of five different sites was taken to increase 

the accuracy. 

4.3. Results and Discussion 

4.3.1 Fiber analysis of HTC biochar 

Table 4.2 shows fiber analysis results for HTC biochars along with their raw 

biomass sources. Raw corn stover has 26.3% extractives, which is very high compared to 

miscanthus, rice hulls, or switch grass, which have 6.9%, 12.9%, and 13.6% extractives, 

respectively. Monomeric sugars (mainly glucose and fructose) along with various alditols, 

aliphatic acids, oligomeric sugars, and phenolic glycosides are the main components of 

extractives in grassy biomass [21]. Hemicellulose is a heteropolymer composed of sugar 

monomers, including xylose, mannose, glucose, and galactose with β-(1-4) glycosidic 

bonds [5,22]. Rice hulls had only 14.9% hemicellulose, compared to the other three 

feedstocks which had 26-33% hemicellulose. Cellulose, a polysaccharide of glucose with 
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β-(1-4) glucosidic bonds, was found to be 30-44% of the four raw biomass, with 

miscanthus at the higher end.              
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Raw 26.3 29.7 9.5 26.3 8.2 100 100 15.6 

HTC 200 0.0 51.1 8.2 32.4 8.3 82 83.0 19.1 

HTC 230 0.0 48.0 9.9 33.6 8.9 57 61.9 20.0 

HTC 260 0.0 8.6 27.4 56.0 8.1 41 40.5 24.1 

M
is

ca
n

th
u

s 

Raw 30.2 44.4 14.2 6.9 4.4 100 100 17.4 

HTC 200 2.1 49.5 16.1 28.1 4.1 79 73.6 20.6 

HTC 230 0.0 55.1 17.3 23.6 4.1 64 59.6 19.8 

HTC 260 0.0 21.0 39.7 35.4 4.1 57 53.1 22.0 

S
w

it
ch

 g
ra

ss
 Raw 33.7 35.3 8.4 13.6 9.1 100 100.0 15.3 

HTC 200 0.0 46.4 9.1 35.0 9.9 87 94.6 19.0 

HTC 230 0.0 38.4 17.4 35.3 9.4 67 69.2 19.7 

HTC 260 0.0 22.9 20.8 47.0 9.5 58 60.5 21.0 

R
ic

e 
h

u
ll

 

Raw 14.9 39.8 11.3 12.9 21.1 100 100 20.3 

HTC 200 0.0 42.4 12.6 23.0 25.0 85 100 20.3 

HTC 230 0.0 37.9 13.3 25.0 26.0 77 94.9 20.9 

HTC 260 0.0 23.0 20.0 29.4 29.8 54 76.3 24.6 

 

Table 4.2: Fiber analysis, ash yield and HHV (daf) of various biomass and their HTC 

biochar. 



125 
 

The four raw biomass studied had 9-15% lignin, which is a high molecular weight 

cross-linked polymer of phenyl propane derivatives [17]. Miscanthus had high lignin 

content (15%) relative to the other herbaceous biomass feedstocks, although this is still 

lower than that of typical woody biomass, which contains 25-30% lignin [10].  

          Under HTC conditions of 200-280 °C, ionic constant of water is increased nearly 

two orders of magnitudes, and liquid water behaves as a non-polar solvent [23]. Water 

(liquid) at 200
o
C breaks the β-(1-4) glycosidic bonds of hemicellulose [5], degrading it 

into sugar monomers, which further degrade into furfurals and other compounds, 

including 5-HMF (5-hydroxymethyl furfural) [24]. There is no evidence of hemicellulose 

remaining in any of the HTC biochar products, as shown in Table 4.2. Cellulose, on the 

other hand, requires more severe conditions to break its β-(1-4) glycosidic bonds [5]. 

Cellulose can degrade into oligomers, a portion of which hydrolyzes into glucose with the 

remainder forming a cross-linked polymer [25]. HTC 200 biochar shows an increase in 

cellulose percentage relative to raw biomass, probably due to elimination of 

hemicellulose. HTC 230 and HTC 260 biochars show a decreasing trend in cellulose 

content for every biomass studied, but cellulose still remains in the HTC biochar product 

in each case. At temperatures between 200-260
o
C, water barely degrades lignin and 

produces a small amount of oligomers, oils and gases [5]. Table 2 shows an increase in 

lignin percentage in the HTC biochar with reaction temperature, as hemicellulose and 

cellulose are degrading. Cross-linked polymers produced from cellulose degradation may 

have solubility characteristics similar to lignin [7], and would be characterized as lignin 

using this fiber analysis technique. Again, van Soest fiber analysis was developed for 

characterizing raw biomass, not HTC biochar. Reza et al., reported that at a 260
 o
C 
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reaction temperature, loblolly pine biochar's lignin percentage increases to about 3 times 

that of the raw pine [28].
 
Moreover, the degradation of hemicellulose, cellulose, and 

extractives leaves a porous HTC biochar solid product with concentrated sugars and 

organic acids dissolved in water. The porous structures also absorb dissolved sugars and 

furfurals during HTC, so the extractives percentage increases in the HTC biochar [6]. The 

concentration of 5-HMF in the liquid product increases quite significantly with increasing 

HTC temperature [26,30]. HTC 260 corn stover has 56% extractives and HTC 260 switch 

grass has 47% extractives, somewhat higher than other two HTC 260 biochars. These 

results suggest that HTC biochar of grassy biomass may produce a more porous biochar 

structure than woody biomass or other agricultural residues [7,27].  

4.3.2 Mass yield and energy value of HTC biochar 

           A series of HTC experiments were conducted on four different biomass feedstocks, 

each with distinctive monomer building blocks of hemicellulose, lignin, and extractives. 

Mass yield (the ratio of solid biochar product to the original raw biomass from which it 

was produced) and higher heating values (HHV) are two very important characteristics of 

HTC biochar, and are reported in Table 4.2. Mass yield decreases for all biomass types 

with increasing HTC reaction temperature, while HHV increases with HTC temperatures 

[8,10]. Hemicellulose degrades completely at reaction temperatures of 200
o
C or higher, 

but mass yield is higher than would be expected considering this loss, likely due to the 

deposition of dissolved compounds, as discussed earlier. For corn stover, the HTC mass 

yields are lower than yields of any other biomass studied. The low cellulose content and 

high extractives content of corn stover may be the reason for such a low mass yield. 
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             Table 4.2 shows the higher heating values (HHV) of the four biomass materials 

investigated along with the values for their HTC biochars. In general, the HHV of 

biomass components follow this trend: ash < extractives < hemicellulose < cellulose < 

lignin, reflecting the trend of increasing carbon content [7]. However, the HHV of 

extractives depends on their composition [12]. It has been previously reported [12] that 

carbon content of HTC biochar increases with HTC temperature, so the result shown here 

of increasing HHV with reaction temperature is expected. Reflecting the decomposition 

and removal of hemicelluloses and extractives (both relatively highly oxygenated with 

low fuel value) HTC 260 biochar produced from corn stover has HHV 54% higher than 

the original feedstock. Under the same conditions, biochars from switch grass, 

miscanthus, and rice hulls exhibit 37%, 26%, and 21% increases in HHV, respectively. 

The HHV increases with rice hulls are less than those observed with other biomass, at all 

temperatures. Rice hulls have relatively low content of reactive fractions (extractives and 

hemicellulose), which explains the relatively low increase in HHV. In contrast, corn 

stover, switch grass, and miscanthus show an increase of 18-22% in the HHV even at 

200
o
C, compared to the raw biomass. These three biomass feedstocks have higher 

extractives and hemicellulose (but lower ash) compared to rice hulls. Removal of these 

two reaction components results in an increase of the C:O ratio, which ultimately 

increases the energy value. Moreover, hemicellulose and cellulose degrade into 

monomers, furfurals, and 5-HMF under subcritical water conditions. The higher HHV of 

5-HMF (22.06MJkg
-1

) compared to  hemicellulose (17.58 MJkg
-1

) and other extractives 

(glucose is 15.57 MJkg
-1

)  may increase HHV  if 5-HMF is deposited in the  porous 

biochar structure [9,31,32]. Since 5-HMF is produced with the HTC process at higher 
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reaction temperatures from the degradation of cellulose, it may augment HHV in HTC 

biochar [26,30]. This phenomena may explain the  higher HHV of HTC biochar 

compared to dry torrefied biochar at the same temperature with even a longer reaction 

time [10].  

4.3.3 Ash yield of HTC biochar 

           Every biomass has specific amounts and types of inorganics in its structure. In 

addition, extra inorganic material, such as loose soil from harvesting, may cling to 

biomass. Loose minerals (soil) collected during harvesting, can be removed by a mild hot 

water wash [21]. Furthermore, there is some expectation that additional acidity produced 

in HTC may solubilize and remove inorganics [9]. 

           Table 4.2 shows the ash content and ash yield of HTC biochar for the four biomass 

studied. Ash yield can be defined as the ratio of percentage of HTC biochar ash with raw 

feedstock ash multiplied by the mass yield. Raw rice hulls contain 21% ash and ash 

content increases with increasing reaction temperature. HTC 260 rice hulls biochar has 

29.8% ash, which is 41% higher than raw rice hulls. Raw corn stover, miscanthus, and 

switch grass have ash contents of 8.2%, 4.4%, and 9.1%, respectively, while HTC 260 

biochar of these three have 8.1%, 4.1%, and 9.5%, respectively. With the exception of 

rice hulls, the ash yield follows closely the mass yield; so, loss of biomass correlates with 

loss of inorganic ash. 

Corn stover and miscanthus show a significant decrease (83%, and 74% 

respectively) in ash yield when treated at 200
 o
C. Conversely, switch grass and rice hull 
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undergo a very little or no change (95% and 100%, respectively) when treated at 200
 o
C. 

One possible explanation for this behavior is that corn stover and miscanthus have more 

loose soil accumulated during harvesting. Alternatively it is possible that a large part of 

structural inorganics exist in hemicellulose or extractives, which are removed with HTC. 

The ash yield with a HTC reaction temperature of 260
o
C is significantly reduced for all 

four biomass. Cellulose starts reacting at 230
o
C under hydrothermal conditions, causing 

the biochar to become porous [7]. This porosity may permit the inorganics previously 

entrapped or loosely bonded in a crosslinked matrix to leach out. Corn stover's reduction 

in ash yield with HTC is quite remarkable, but the other three biomass show significant 

decreases as well.  

4.3.4 Inorganic analysis of HTC biochar 

          From the ash yield, it is clear that each biomass leaches inorganics with increasing 

severity in hydrothermal reaction conditions. Fig. 4.1 shows the quantitative inorganic 

yield of HTC biochar using ICP-AES. Inorganic yield is the ratio of inorganic content of 

HTC biochar with raw feedstock multiplied by mass yield at a given temperature. The 

primary inorganic elements present in the raw biomass are presented with their 

concentration in Table 4.3. Silica is the main inorganic component found in the four 

biomass studied, although there are other inorganics, such as sodium, potassium, 

aluminum, sulfur, magnesium, and phosphorus, in smaller quantities, along with trace 

amounts of heavy metals. The silica content of raw miscanthus is 11,400 mg per kg raw 

miscanthus, while switch grass, corn stover, and rice hull have 14,244, 15,388, and 
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35,910 mg per kg of raw biomass respectively, which is consistent with the literature 

[3,14,15,33,34]. 

 

Table 4.3: Inorganic concentration in one kg of raw biomass. 

 It can be seen in Fig. 4.1 that HTC removes little Si (except for raw corn stover). 

Si is very stable in a SiO2
.
nH2O form in rice hulls, or is covalently bonded within 

biomass' organic matrix [17,33]. The decrease in Si yield with HTC at  200
 o
C may be the 

result of loose soil removal. At 260
 o
C, where lignin likely starts reacting, some silica is 

removed. This effect is visible for every biomass except rice hull, where the Si 

concentration at 260
 o
C is similar to that at other reaction temperatures. Most Ca, S, P, 

Mg, and K in lignocellulosic biomass exists in either the hemicellulose or extractives [18]. 

Of these inorganics, 50-90%  can be removed by hot water leaching [17]. Hydrothermal 

carbonization at 200
 o
C can be very effective in removing these inorganics, as shown in 

the Fig. 4.1. The percentages removed are  65-83% for corn stover, 75-90% for 

miscanthus,  70-79% for switch grass, and 50-90% for rice hull.  

Raw Biomass 

Na 

(mg) 

Ca 

(mg) 

Mg 

( mg) 

Al 

( mg) 

S 

( mg) 

P 

( mg) 

Si 

( mg) 

Fe 

( mg) 

K 

( mg) 

Mn 

( mg) 

Miscanthus 1451 3722 1144 2019 776 661 11400 137 2302 151 

Corn Stover 2732 4955 2197 3114 1090 1172 15388 1617 9808 103 

Switch grass 2607 5841 2221 2800 989 1170 14244 190 10991 72 

Rice hull 5360 292 314 4664 115 96 35910 38 2563 73 
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Figure 4.1: Inorganic elemental yield (ratio of individual inorganic element in HTC 

biochar with raw multiplied by mass yield) of raw and HTC biochar of various feedstocks 

(a) miscanthus, (b) corn stover, (c) switch grass, and (d) rice hull 

 

 

 

(c) 

(d) 
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           For phosphorus,75-90% is removed at 200
 o
C for miscanthus, corn stover, and 

switch grass, but only 54% is removed with rice hulls. When HTC temperature is 

increased  to 230
o
C, additional Ca, Mg, K, S and P are removed from miscanthus, corn 

stover, and switch grass, but rice hull only shows reduced P and K. At 260°C, all the 

hemicelluloses and extractives have been reacted and much of the cellulose has reacted as 

well, leaving behind a porous solid. The porous HTC biochar structure might absorb 

some inorganics, which could explain the increases of Ca, P, Mg, and K from HTC 230 

to HTC 260: 48-76% for corn stover.  

4.3.5 Heavy metal analysis of HTC biochar 

       Heavy metals like Hg, Pb, Cd, Cr, Cu, Zn, As, Ni, Ag, and Se exist in trace amounts 

in biomass. In using HTC biochar and its ash, data about heavy metal content is essential 

due to environmental issues. Table 4.4 shows the heavy metal content measured in the 

four biomass feedstocks and their biochars. Hg and Se concentrations are below the 

detection limit of ICP-AES.  Heavy metals are found in this range: 1-20 mg Ni , 5-17 mg 

Ag, 27-34 mg Pb, 6-45 mg Zn, 3-14 mg Cu, 1-44 mg As,  9-52 mg Cd,  and 2-14 mg Cr 

per kg of raw biomass. Only Cd for all raw biomass and As for raw rice hull exceeds the 

soil protection act limit [12]. These heavy metals have high melting points, and as a result, 

they are concentrated in the ash after combustion, sometimes by an order of magnitude. 

There could be compliance issues in disposal of raw biomass ash. Low temperature HTC 

treatment is effective for heavy metal reducing. All the heavy metal except Pb and As are 

found at concentrations less than 15 mg per kg of HTC 200 for every biomass. Pb and As 

are relatively inert to HTC reactions. 
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Ni 

(mg) 

Ag 

(mg) 

Pb 

(mg) 

Zn 

(mg) 

Cu 

(mg) 

As 

(mg) 

Cd 

(mg) 

Cr 

(mg) 
C

o
rn

 S
to

v
er

 Raw 20.3 14.1 26.6 45.3 13.8 44.4 9.0 14.0 

HTC 200 4.5 4.0 24.9 14.7 8.4 35.2 2.2 6.3 

HTC 230 5.1 2.7 12.3 12.6 9.1 25.9 1.1 5.4 

HTC 260 5.6 1.8 20.2 18.7 10.6 26.3 1.1 5.8 

M
is

ca
n

th
u

s 

Raw 12.6 10.4 29.3 35.1 4.0 7.3 30.2 6.8 

HTC 200 2.1 2.8 29.4 5.2 0.7 0.7 25.8 0.8 

HTC 230 3.1 3.1 35.1 8.8 3.3 0.5 29.9 0.7 

HTC 260 5.8 2.4 24.2 10.3 7.9 6.0 22.7 1.2 

S
w

it
ch

 g
ra

ss
 Raw 14.8 16.8 30.4 37.0 8.3 11.4 51.9 11.0 

HTC 200 3.8 2.3 34.9 8.3 10.0 0.8 30.4 0.9 

HTC 230 2.3 2.0 24.0 4.6 4.2 1.2 31.5 1.0 

HTC 260 9.2 2.1 30.8 11.7 15.4 8.4 18.2 1.2 

R
ic

e 
h

u
ll

 

Raw 1.3 4.8 34.4 5.9 3.1 1.2 16.2 1.9 

HTC 200 3.2 2.8 34.2 4.6 3.0 1.3 14.2 1.5 

HTC 230 2.9 2.4 35.4 4.1 1.8 1.6 18.9 0.7 

HTC 260 2.7 2.2 34.7 5.4 5.9 1.5 2.8 1.7 

 

Table 4.4: Heavy metal concentration in one kg of biomass and HTC biochar. 

4.3.6 Ash Analysis of HTC biochar 

Table 4.5 only shows the elemental percentage in the ash, but they are measured in 

the form of oxides. In ash, the elements Si, Na, Mg, K, S, Ca, P, Al, and Fe are found in 

the forms of SiO2, Na2O, MgO, K2O, SO3, CaO, P2O5, Al2O3, and Fe2O3  [14]. 
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Table 4.5: Elemental metal analysis of HTC biochar ash by SEM-EDX 

         Si content dominates in all the HTC biochar ashes studied, with 39-85% of the ash 

from untreated biomass being Si. The concentration of Si in ash increases with HTC 

reaction temperature.  Up to an 84% decrease in K, and a 46% decrease in Ca is observed 

for HTC biochar ash. However, Fe, P, S, and Al show an increasing trend up to a HTC 

B
io

m
a
ss

 

C
o

n
d

it
io

n
 

Na 

(%) 

Ca   

(%) 

Mg 

(%) 

Al   
(%) 

S   

(%) 

P   
(%) 

Si    

(%) 

Fe    
(%) 

K   

(%) 

Cl     

(%) 
C

o
rn

 S
to

v
er

 Raw 0.5 10.3 3.9 4.2 0.9 1.8 38.3 3.1 34.9 2.1 

HTC 200 0.9 9.1 2.4 4.3 3.5 2.5 46.9 3.9 25.3 1.4 

HTC 230 0.9 8.1 1.8 6.1 3.1 3.3 57.9 4.4 14.0 0.5 

HTC 260 0.7 7.4 2.0 6.5 3.0 1.6 56.8 4.5 17.2 0.3 

M
is

ca
n

th
u

s 

Raw 0.7 14.7 3.7 0.6 0.9 2.7 64.2 0.6 10.6 0.2 

HTC 200 0.8 13.3 2.8 0.7 2.2 4.7 64.2 1.1 9.3 0.3 

HTC 230 trace 11.1 1.4 0.6 2.9 3.9 75.9 1.5 4.3 0.1 

HTC 260 trace 7.9 1.9 0.7 2.5 2.4 74.5 1.7 5.3 trace 

S
w

it
ch

 g
ra

ss
 Raw 1.0 12.4 5.0 0.3 0.7 3.0 47.8 0.4 24.5 4.6 

HTC 200 0.9 11.0 3.2 0.4 1.5 3.9 50.8 0.6 23.8 6.0 

HTC 230 trace 11.5 1.3 0.5 1.2 3.7 70.9 1.0 9.1 1.0 

HTC 260 trace 10.9 1.0 0.4 0.9 4.8 71.8 0.9 6.7 1.0 

R
ic

e 
h

u
ll

s 

Raw 
0.3 2.3 0.6 0.1 0.6 0.4 85.3 

0.2 
9.2 0.4 

HTC 200 
0.2 1.6 0.1 0.2 0.6 0.2 95.3 0.3 1.5 0.3 

HTC 230 
0.2 1.4 0.1 0.1 0.5 0.2 95.9 0.1 1.8 0.3 

HTC 260 
0.2 0.7 0.2 trace 0.4 0.4 97.3 0.4 1.2 trace 
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reaction temperature of 230
 o
C for all biochar ash. Comparing HTC at 260

 o
C  to HTC at 

230
 o

C, P decreases for corn stover and miscanthus and remains similar for Fe, S, and Al 

for all biomass types studied. These trends of the inorganics are consistent with the ICP-

AES analysis. This suggests that most of the inorganics are inert during ashing at 575
o
C.              

Biomass Condition IS IF IV IS+P IF+P Cl IA        

C
o

rn
 S

to
v

er
 

Raw medium high medium high high low probable 

HTC 200 high medium low  Extremely high medium  low  probable 

HTC 230 medium medium low  medium medium  low  low  

HTC 260 medium medium low  medium medium  low  low  

M
is

ca
n

th
u

s 

Raw low medium low  low medium  low  probable 

HTC 200 Medium medium  low  medium medium  low  low  

HTC 230 low medium  low  low medium  low  low  

HTC 260 low low low  low medium  low  low  

S
w

it
c
h

 g
ra

ss
 

Raw medium medium  low  medium medium  high probable 

HTC 200 medium medium  low  medium medium  high low  

HTC 230 low medium  low  low medium low low  

HTC 260 low medium  low  low medium low low  

R
ic

e
 h

u
ll

 

Raw low medium  low  low medium low low  

HTC 200 low low low  low  low  low   low 

HTC 230 low low low  low  low  low low  

HTC 260 low low low low  low  low  low 

 

 

Table 4.6: Slagging and fouling indices for HTC biochar 
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 Two different slagging indices are presented in Table 4.6. Is is calculated without 

considering P concentration, while Is+P includes P concentration in ash. HTC treatment 

results in a reduction of slagging tendency for every biomass except corn stover. An 

intermediate tendency of slagging for raw feedstocks, HTC 230, and HTC 260 are found 

for corn stover, while, HTC 200 has the highest slagging tendency. Fouling index is also 

calculated with and without P. If we do not consider P, the fouling tendency improved in 

HTC 260 for all biochars compared to raw biomass. Fouling tendency is found to 

improve for only corn stover and rice hull with the consideration of P. With respect to 

ratio slag viscosity (IV), only raw corn stover shows a medium tendency of slagging, but 

it is low for other raw biomass and every HTC biochar. Cl is found to be high in raw and 

HTC 200 switch grass, but is low in every other HTC biochar. In terms of alkali index 

(IA) only raw corn stover, miscanthus, switch grass, and HTC 200 corn stover show a 

probable tendency of slagging. But with increased HTC temperature, the alkali index is 

found to be low for every biochar.                                                                                                

4.4 Conclusions 

Hydrothermal carbonization (HTC) is a promising process for upgrading the mass 

and energy value of biomass. Hemicellulose degrades completely at 200
o
C under 

hydrothermal conditions, while  lignin shows little degradation at 200-260
o
C.  HTC can 

remove loose soil as well as structural ash. HTC treatment can remove up to 90% of Ca, 

S, P, Mg, and K and >50% Fe, and Mn from biomass. HTC 200 shows effective removal 

of 72-93% of heavy metals for miscanthus, corn stover, and switch grass. A low fouling 
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index, alkali index, and chlorine content are found with HTC treatment at 230
 o
C for 

every biomass.   
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Chapter 5 

Chemical Demineralization of Corn Stover 

 

Because ash acts as an inhibitor in both thermochemical and biochemical 

conversion processes for biomass, it is important to develop ash removal procedures. 

Organic acids and their conjugate base chelation have proven to be an effective method 

for removal of ash. Most of the structural ash in biomass is located in the cross-linked 

structure of lignin. Lignin is inert in acidic media at lower temperatures; however, in a 

slightly basic solution, cellulose and hemicelluloses are inert, and lignin is slightly 

reactive. Because of sodium citrate‟s chelating and basic characteristics, it is more 

effective in inorganic removal than citric acid. More than 75% structural and 85% whole 

ash was reduced by treatment with 0.1 g sodium citrate per gram of biomass. FTIR, fiber 

analysis, and chemical analysis show that cellulose and hemicellulose were unaffected by 

sodium citrate chelation, but some aqueous extractives were removed. ICP-AES showed 

that with the increase of sodium citrate concentration, silica concentration was reduced 

and replaced by sodium. Sodium citrate addition to the pretreatment process of corn 

stover is an effective way to remove inorganics and improve the pretreatment for further 

conversion processes.  
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5.1 Introduction 

Lignocellulosic biomass (wood, grasses, and agricultural residues) are an alternative, 

renewable, and sustainable energy source with a large potential to mitigate the current 

energy crisis in the world. These feedstocks do not compete with the food industry, but 

have a very restricted usage due to their inherit characteristics and storage limitations [1]. 

About 450 million dry tons (Mt) of wood, energy crops, and agricultural residues, both 

primary and secondary, are available currently in the US, and this amount is expected to 

increase to more than 1000 Mt by 2030 [2]. Feedstock supply and logistics of 

lignocellulosic biomass, such as wood, rice hulls, straw, and switch grass, are challenging 

due to low bulk density, low energy density, and high ash content [3-5].  

In many pretreatment processes like pyrolysis, fast pyrolysis, and liquefaction, high 

mineral content has an adverse effect on the product output. The presence of inorganics 

drastically decreases the production of levoglucosan in pyrolysis [6]. DeGroot 1988 

found that as little as 0.01% Na can reduce the levoglucosan yield up to 50% [7]. 

Inorganics  also decreases the pyrolysis oil yield and quality [8]. Minerals in the product 

can cause catalyst poisoning during catalytic conversion [9]. Piskortz et al.,1986 found 

that the presence of alkali ions hampered  the depolymerization of cellulose to anhydro-

sugars and increased fragmentation reactions [10]. High inorganic content also 

contributes to slagging and fouling boilers and heat transfer surfaces of biomass gasifiers, 

thus decreasing  thermal efficiency [11]. An effective process of demineralization of 

biomass ash without degrading hemicellulose, cellulose and lignin is necessary for 

improving the pretreatment processes.       
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Previous research has reported various methods for demineralization of woody and 

grassy biomass. Mourant, 2011 reported that an extraction using hot deionized water was 

effective for removing the monovalent cations, Na, and K and divalent cation,  Mg [12]. 

Another effective procedure was reported by Scott et. al, 2011, using a strong acid (0.1 

wt% HNO3) hydrolysis for 60 min at 30°C  [13]. The reaction removed most of the 

alkaline ions, but hemicellulose was also removed and the degree of polymerization was 

significantly reduced. Dobele et al, 2003 reported that a 2 wt% H3PO4 hydrolysis 

procedure was effective for demineralization, but most of the levoglucosan was converted 

to levoglucosone, which is not as effective as levoglucosan as an intermediate product 

[14].     

Chelating agents are commonly used for removing metal (inorganic) ions in soil 

research and other industries [14]. A chelating agent, or chelant, contains two or more 

electron donor atoms that can form coordinate bonds to a single metal atom. After the 

first such coordinate bond, each successive donor atom that binds creates a ring 

containing the metal atom. This cyclic structure is called a chelation complex or chelate, 

the name deriving from the Greek word chele meaning “the great claw of the lobster” 

[15]. Chelation is a system based on equilibrium involving the chelant and the metal ions. 

Equilibrium constants of chelation are usually orders of magnitude greater than 

complexation of metal atoms by molecules having only one donor atom. Chelating agents 

may be used to control metal ion concentrations. A chelation complex usually has 

properties that are markedly different from both the free metal ion and chelating agent. 

Consequently, chelating agents provide a means of manipulating metal ions through the 

reduction of undesirable effects by sequestration or through creating desirable effects 
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such as metal buffering, corrosion inhibition, solubilization, and cancer therapy [15]. 

Chelates and chelation reactions are abundant in nature, ranging from delicately balanced 

life processes depending on traces of metal ions to extremely stable metal chelates in 

crude petroleum. 

The citrate ion is a common organic chelating agent which is biodegradable, 

environmentally friendly, and cost effective compared to other chelates or even other 

organic acids. The chelation criteria of citric acid and its derivatives are widely used in 

the areas from soil amendment to regular consumer products [16]. The chelation of 

essential metal nutrients with citric acid is very popular in the food and fertilizer 

industries. Chelators are also used to clean circuit boards prior to soldering.  

The citrate ion can form bi-, tri-, and multidentate complexes, depending upon the 

type of metal ion [17]. For example, metals like Fe and Ni, form bidentate, mononuclear 

complexes with two of the carboxylic acid groups of the citric acid molecule. Copper, Cd, 

and Pb form tridentate, mononuclear complexes with citric acid involving two carboxylic 

acid groups and a hydroxyl group [18]. Tetradentate compounds with Si can be formed 

with two citric acid molecules utilizing two carboxylic acid groups of each citric acid ion. 

The main goal of this work was to examine the demineralization capabilities of the 

citrate ion on corn stover. Because hemicellulose and cellulose are reactive in acidic 

environments, citric acid has the potential to hydrolyze biomass and degrade 

hemicellulose and cellulose. Using the conjugate base, sodium citrate, alleviates this 

problem of hydrolysis and still utilizes the chelating properties of the citrate ion. 
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Demineralization of corn stover using both citric acid and sodium citrate were 

examined. The demineralized products were analyzed for degradation of hemicellulose 

and cellulose.  

5.2 Material and methods 

5.2.1 Biomass      

Three bales of corn stover were procured from Emmetsburg, Iowa and were 

ground to ¼ inch using a Bliss Hammermill (Ponca City, OK). The material was then 

sequentially ground to 2 mm using the Thomas Wiley Model 4 Mill (Ramsey, MN). 

Samples were stored in 5-gallon buckets until analysis and/or treatment. Four buckets of 

ground corn stover were provided by Idaho National Laboratory. Figure 5.1 shows the 

particle size distribution for all four buckets. The arithmetic, geometric, and harmonic 

mean of volumes were 0.72, 0.63, and 0.53 mm respectively.  

   

Figure 5.1: Particle size distribution of corn stover for four buckets provided by INL. 
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5.2.2. Experimental procedures 

5.2.2.1 Organic acid chelation 

Organic acid chelation of raw corn stover was performed in a 2L Parr reactor. 

Chelating agents bind metal ions in covalent bonds and thus can remove the metal ions in 

the cross-linked structure of the biomass.  For effective removal of structural inorganics 

by chelating agents, the loose soil and the inorganics in the extractive fraction were 

removed by washing the sample with warm water followed by acetone prior to chelation. 

Various organic chelating agents (citric acid, sodium citrate, tartaric acid, oxalic acid, and 

formic acid) were used for the removal of structural inorganics from corn stover. 

Figure 5.2 shows the experimental procedure of chelation using sodium citrate. 

Boiling water was used to wash the loose soil and polar extractives from raw feedstock. 

Acetone (reagent grade) at room temperature was used as a solvent for removal of non-

polar extractives. The solid residue was subjected to chelation and hydrothermal 

treatment in a 2L Parr reactor with various concentrations of chelating agent for 2 hours 

at 130 °C. The degradation temperature of citric acid is 170 °C, which can be reduced in 

a pressurized system such as the Parr reactor [19]. The temperature of 130 °C was chosen 

to account for possible degradation of the chelator. After chelation, the Parr reactor was 

cooled by submerging it into an ice-water bath. Wet filtration through a 100 Tyler mesh 

was used to filter the solid residue from liquid filtrate. Boiling water was applied for 5 

min to remove the chelated metals on the surface of the solid residue. Acetone was used 

afterward to precipitate unreacted citrate ions into aldoles for removal. Boiling water was 

used once again to remove the aldoles from the solid residue. Finally, the solid fraction 
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was collected and placed into 105 °C oven to dry and then stored in a ziplock bag until 

further use.        

 

Figure 5.2: Process block diagram for inorganic leaching with Na-citrate solution 

Raw biomass 
(100 g)  

Washed with 1 L boiling water 
for 5 min 

Washed with 300 mL acetone for 5 min 

Solid  Washed water + extractives+ soil 

Wet filtration (using 
100 mesh)  

Wet filtration (using 100 mesh)  

Hydrothermal carbonization 130°C  2 hr  

Solid  Washed water + extractives+ inorganics (pH 
6.2) 

Wet filtration  

Washed with 1 L boiling water for 5 min 

Washed with 300 mL acetone 
for 5 min 

Solid  Washed water + extractives+ 
inorganics 

Wet filtration 

Solid  Washed acetone + extractives+ aldoles Wet filtration  

Solid  Washed water + extractives+ soil 

10 g Na-
Citrate solid 
in 1 L DI 
water (pH 
8.3) 

2 L Parr reactor 

Washed with 1 L boiling water for 5 min 

Solid  

Washed water + extractives+ inorganics Wet filtration 

Place into oven at 105°C  24 hr before further characterization   
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5.2.3 Analyses 

5.2.3.1 Compositional Analysis 

Chemical analysis of the untreated corn stover and the hydrothermal treated 

samples was conducted using the following standard methods from the NREL biomass 

program: Summative Mass Closure Laboratory Analytical Procedure (LAP) Review and 

Integration: Feedstocks; [20]. Determination of Ash in Biomass [21]; determination of 

Extractives in Biomass [21]; determination of Protein Content in Biomass [22]; 

determination of Acid Soluble Lignin Concentration Curve by UV–Vis Spectroscopy 

[22]; determination of Structural Carbohydrates and Lignin in Biomass [23]; Standard 

Test Method for Moisture, Total Solids, and Total Dissolved Solids in Biomass Slurry 

and Liquid Process Samples [24]; preparation of Samples for Compositional Analysis 

[25].  

5.2.3.2 Proximate Analysis 

The Na-citrate treated and untreated corn stover were analyzed with a LECO 

TGA701 Thermogravimetric Analyzer (St. Joseph, MI) for moisture, volatile, ash, and 

fixed carbon content [10]. The instrument was heated to 107 °C and held there until a 

constant mass was reached under a 10 liters per minute (lpm) UHP nitrogen flow to 

measure the moisture content. The crucibles were capped with ceramic covers and the 

temperature was then ramped to 950 °C and held there for 7 min to determine volatiles. 

The instrument was cooled to 600 °C, the covers were removed and the gas was switched 

to a flow of 3.5 lpm of oxygen. The temperature was then increased to 750 °C and was 

held until a constant mass was reached for an ash measurement. Fixed carbon was 
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determined by the weight loss between the volatile measurement and the ash 

measurement. 

5.2.3.3 Ultimate Analysis 

The determination of CHN [11] and S [12] for both the treated and untreated corn 

stover was performed using a LECO TruSpec CHN and S add-on module (St. Joseph, 

MI). Oxygen was determined by difference [11]. The moisture from the proximate 

analysis (performed simultaneously) was used to correct for a „dry basis‟ analysis.  

5.2.3.4 Induced coupled plasma – atomic emission spectrophotometry (ICP-AES)    

A Varian Vista Pro ICP-AES was used for inorganic analysis. Acid digestion was 

used to dissolve solid samples for ICP-AES. A volume of 5 ml of 99.5% HNO3 was 

added to 0.4 g of dry solid sample. A volume of 0.5 ml of 50% (v/v) hydrofluoric acid 

(HF) was added to the solution to dissolve SiO2. Liquid argon at the rate of 88 ml/min 

was used as carrier. The liquid solution was heated to 80 °C and maintained at that 

temperature for 4 hours. After 4 hours, the sample was removed from the oven and 

cooled for 5 hours. To prevent HF from reacting with the torch, 0.5 g solid 98% boric 

acid was added to the solution so that unreacted HF would react with B(OH)3 to form 

fluroboric acid (HBF4), which is not detected by the ICP-AES torch at room temperature 

[26]. The solution was diluted 20-200 times before injection into the ICP-AES instrument 

with a 5% ethanol:water solution used as the solvent.  

5.2.3.4 Induced coupled plasma – optical emission spectrophotometry (ICP-OES)    

A Thermo Scientific iCAP 6000 Series ICP Emission Spectrometer (Waltham, 

MA) was used to analyze the elements K, Ca, P, S, Mg, Mn, Na, and Si in the liquid 
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fractions from the thermal treatment for a select number of samples. The samples that 

were analyzed were the liquid fractions and their solid precipitates from the five steps in 

Figure 5.2.  These samples were treated with the same digestion procedure as the ICP-

AES analysis listed above. 

5.2.3.5 Ion Chromatography (IC) Analysis 

The liquid fractions and washings were also analyzed for their anions using IC 

analysis. A Dionex ICS-3000 instrument was used to measure the anions F, Cl, Br, NO3, 

and SO4 with a Dionex ASRS 300 (anion self-regenerator suppressor) and Dionex IonPac 

AS18 anion-exchange column (Sunnyvale, CA). All standards used in the procedure met 

the ISO 9001 qualifications.  

5.2.3.6 Higher Heating Value 

The higher heating values (HHV) for the untreated biomass and the Na-citrate 

treated samples were measured in a Parr 1241 adiabatic oxygen bomb calorimeter 

(Moline, IL) fitted with continuous temperature recording. All samples (0.5 g each) were 

dried at 105 °C for 24 h prior to analysis, and HHV are reported on a dry, ash free basis. 

5.2.3.7 Ash Measurement 

ASTM D 1102 method was followed for ash determination of all samples. An 

aliquot of 0.5-2.0 g of sample dried at 105 °C was heated in the muffle furnace at 575 °C 

for 24 h. This analysis was done in triplicate for better precision. The ash was stored in a 

ziplock bag for further analyses.  

5.3. Results and Discussion 
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5.3.1 Treatment of Corn Stover with various Organic Chelates 

As a preliminary screening tool, ash analysis of solid samples was used to identify 

promising chelants. Raw corn stover has 10.5% whole ash content (including the loose 

soil from harvesting), 7.01% structural ash and 9.16% extractives. The following 

chelation experiments were conducted at conditions at which the extractives would be 

removed from the solid residue. A baseline was established for structural ash on an 

“extractives free” basis, which is 8.8%. Any treated dry solid with structural ash less than 

8.8% on an extractives-free basis, was identified as one with reduced ash content. The 

ash content of various treated solid residues is presented in Figure 5.3.  

 
 

 

Figure 5.3. Extractive free structural ash content of dry solid corn stover residues treated 

with various chelates. 

0

1

2

3

4

5

6

7

8

9

10

R
aw

 c
o

rn
 s

to
ve

r

0
.1

g/
g 

C
it

ri
c 

ac
id

0
.1

 g
/g

 F
o

rm
ic

 A
ci

d

0
.1

 g
/g

 o
xa

lic
 a

ci
d

N
ac

it
ra

te
 0

.0
4

g/
g

N
ac

it
ra

te
 0

.1
g/

g

N
ac

it
ra

te
 .2

5
g/

g

P
e

rc
e

n
ta

ge
 (

%
) 



155 
 

Each dry solid residue had less than 8.8% ash content, meaning each of them was 

effective at removing structural ash. Formic acid has proven less effective for removing 

structural ash, since it has only one carboxyl “hand”, limiting its capacity for binding to 

metals. Oxalic acid has two carboxylic groups, and thus ash content is lower than formic 

acid treated sample, but still higher than citric acid. Citric acid and sodium citrate have 

three carboxylic groups along with one hydroxyl group and are excellent chelating agents. 

Polydentate ligands, like citric acid, can be used to remove the mono, di, tri, or even 

tetravalent metal ions. Corn stover treated with 10% citric acid has a 6.0% ash content, 

which means that 31% of the structural ash and 56% of whole ash were removed.    

Sodium citrate had the highest reduction of structural inorganics among the 

chelating agents considered. As little as a 5% sodium citrate with respect to dry corn 

stover, reduced the structural ash by 65%, and increasing the sodium citrate concentration 

resulted in further ash reduction. Adding 25 g of sodium citrate to 100 g of dry corn 

stover removed 77% of the structural ash and 85% of the whole ash. One possible 

explanation of sodium citrate‟s superiority might be the higher pH of the solution. A 10% 

citric acid solution has a pH of 3.8 while a 4% sodium citrate solution has pH of 7.5 in 1L 

DI-water. At lower temperatures hemicellulose and cellulose are reactive in acidic media 

while lignin remains inert [27]. But in a slightly basic solution lignin is reactive and 

cellulose and hemicellulose are inert [28]. Because structural inorganics form covalent 

bonds within the cross-linked structure of lignin, the solution needs to be slightly basic, to 

efficiently extract inorganics from the lignin structure. Cellulose has a unique structure 

and there is little or no possibility of forming bonds between the inorganic molecules and 
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cellulose. Hemicellulose has the potential to bind some inorganics but research has 

shown that hydrothermal carbonization treatment at 200 
o
C degrades all hemicellulose 

and the ash content is not reduced significantly [11,28]. The sodium citrate makes it 

possible for the lignin to depolymerize and for the citrate ion to form bonds with the 

metal ions. As a result the inorganic metal is removed as a chelate, resulting in a greatly 

reduced ash content. Note that the cation Na
+
 is left behind on the biomass. Therefore, the 

potential exists to use an additional organic chelating agent, such as ammonium citrate, to 

further reduce ash content.  

5.3.2 Chemical analysis of Sodium Citrate Treated Solid Residue 

The previous section describes the promising results of inorganic removal from 

corn stover by using sodium citrate as a chelating agent. Adding 10 g and 25 g of sodium 

citrate to 100 g dry raw corn stover yield similar ash content, about 80% reduction from 

the raw corn stover. This shows that the optimal concentration of Na-citrate is 10 g for 

100 g of corn stover under the experimental conditions of 130 
o
C, 1h, 10:1 water biomass 

ratio.  In this section the chemical characteristics of sodium citrate treated corn stover 

solid residue will be discussed compared with raw corn stover. Two different 

concentrations of sodium citrate, 0.05g/g and 0.10g/g, were chosen to perform the 

chemical analysis. 

Table 5.1 shows the chemical analyses of sodium citrate treated solid residues. 

The extractable inorganics are reduced significantly in the sodium citrate treated samples. 

Corn stover goes through several washing steps before and after chelation (Figure 5.2). 
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Sodium citrate reduces the protein content in the solid residue compared to raw corn 

stover.  

Sample Description Raw corn stover 0.05 g/g Na cit 0.1 g/g Na Cit 

%Structural Ash 7.01 2.49 1.99 

%Extractable Inorganics 1.86 0.29 0.41 

%Whole Protein 2.25 1.05 1.01 

%Structural Protein 1.61 1.05 0.87 

%Extractable Protein 0.79 0.03 0.15 

%H2O Extractives 6.52 0.96 0.68 

%Water Extractives Others 3.85 0.64 0.11 

%EtOH Extractives 2.64 1.55 1.47 

%Total Extractives 9.16 2.52 2.15 

%Lignin 16.84 15.71 16.47 

%Glucan 35.94 39.57 39.22 

%Xylan 23.44 26.07 26.30 

%Galactan 1.98 1.82 1.72 

%Arabinan 3.72 3.80 3.65 

%Acetic Acid 2.93 1.45 1.96 

Table 5.1: Chemical analysis of sodium citrate treated corn stover solid residues 
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Water and ethanol extractives are significantly reduced in the treated solid 

compared to the raw biomass. Glucan, xylan, galactan, and arabinan concentrations are 

increased after treatment compared to raw biomass. This indicates that cellulose and 

hemicellulose were not degraded during the sodium citrate treatment. Lignin 

concentration decreased 6% in 0.05g/g sodium citrate treatment. In basic solution lignin 

becomes reactive and starts degrading as well as sacrifices the inorganics bonded with it. 

Sodium citrate treatment starts with a basic pH but the solution becomes slightly acidic 

after the treatment. Lignin degradation to monomers might be responsible for this acidic 

environment, as a result there is 1.5-2.0% acetic acid found in the sodium citrate treated 

samples.           

5.3.3 Proximate and Ultimate analysis 

Proximate and ultimate analyses are commonly used for thermochemical treatment 

of samples to be used as fuels. The behavior of a solid sample under heat in inert 

atmosphere can be tested by proximate analysis. The fraction remaining as solid at 900
o
C 

is considered fixed carbon and ash, while the fraction that was lost is considered volatile. 

Ultimate analysis measures the atomic CHONS percentage in the substance. The results 

of proximate and ultimate analysis of raw corn stover and sodium citrate treated corn 

stover solid residues are shown in Table 5.2.      

Raw corn stover has 78.1% volatiles, 11.2% fixed carbon, and 10.5% ash. The 

fixed carbon content in samples treated with sodium citrate decrease, volatiles increase, 

and ash decreases when compared to raw corn stover. One of the reasons for the increase 

of volatile fraction might be the ash removal. Ash content is lower in treated samples than 
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raw, but fixed carbon did not increase accordingly. This indicates some loss of fixed 

carbon during the treatment. Lignin is likely responsible for the decrease in fixed carbon. 

It can also be noted that the proximate analysis of 5 % and 10 % sodium citrate solid 

residues are very similar. 

Sample Description Raw corn stover 0.05 g/g Na Cit 0.1 g/g Na cit 

Volatiles (%) 78.1 86.7 85.2 

Fixed Carbon (%) 11.2 10.6 11.4 

Ash (%) 10.5 2.5 2.0 

H (%) 5.4 5.8 5.7 

C (%) 44.5 47.0 46.4 

N (%) 0.8 0.6 0.7 

O (%) 39.5 43.7 44.0 

HHV (MJ/kg) 15.3 21.0 21.6 

 

Table 5.2: Proximate and ultimate analysis sodium citrate treated corn stover  

The ultimate analysis of sodium citrate treatment solid residue has similar hydrogen 

and nitrogen contents compared to the raw corn stover. But an increase of oxygen and 

carbon percentage can be observed in the treated solid residue compared to raw corn 

stover. The removal of inorganics and degradation of extractives may explain the 

increase of carbon and oxygen. Sulfur concentrations were lower than the detection limit 

for raw corn stover and remain low for all sodium citrate treated samples. The HHV 
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increases in the treated corn stover compared to raw but are similar between the two 

treatments. One possible explanation might be the lower HHV of the highly oxygenated 

extractives; therefore, extracting them raises the fuel value of the treated samples. 

5.3.4 FTIR analysis of Sodium Citrate Treated Corn Stover 

FTIR spectroscopy has been extensively used in biomass research, as it shows 

chemical bond changes during various chemical treatments. By identifying the peaks of 

FTIR spectra, which are caused by the vibrations and rotations of functional groups, 

FTIR allows us to identify and analyze the chemical structure of a sample. In this work 

FTIR was employed to identify changes in the structure of the biomass due to the sodium 

citrate treatment.  

Table 5.3 identifies functional groups in particular wavelengths, and the 

corresponding chemical compounds. FTIR spectra records energy absorption from wave 

number 500-4000 cm
-1

. Aromatic compounds have weak bonds, and therefore they 

stretch (vibrate) at lower wave numbers usually from 500-2000 cm
-1

. Aliphatic 

compounds stretch in the higher wave numbers (usually 2500-4000 cm
-1

). Biomass is a 

complex mixture of aromatic compounds, so the fingerprint region (800-1800 cm
-1

) is the 

range of interest here. Figure 5.4 shows the FTIR spectra of dry raw corn stover and 

treated corn stover. 

Raw corn stover shows strong bonds at 910, 1050, 1180, 1250, 1390, 1550, and 

1613 cm
-1

 in the fingerprint region. These correspond to aromatic carbon hydrogen bonds 

of hemicellulose (C-H), alcohol groups of glucose (C-OH), pyranose rings of lignin (C-
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O-C), aryl-alkyl ethers of lignin (C-O-C), aromatic acids of hemicellulose (C-H), ketone 

groups of hemicellulose (C=O), and aromatic carbon skeleton (C=C) respectively. All of 

these peaks are slightly sharper after the treatment of sodium citrate.  

Wave number (cm
−1

)  Functional groups Compounds 

3600–3000  OH stretching Acid, methanol 

2860–2970  

C–Hn stretching Alkyl, aliphatic, aromatic 

1700–1730  

1510–1560  C=O stretching Ketone and carbonyl 

1632  C=C Benzene stretching ring 

1613 , 1450  C=C stretching Aromatic skeletal mode 

1470–1430  O–CH3 Methoxyl–O–CH3 

1440–1400  OH bending Acid 

1402 CH bending Acid 

1232  C–O–C stretching Aryl-alkyl ether linkage 

1215  C–O stretching Phenol 

1170, 1082  C–O–C stretching vibration Pyranose ring skeletal 

1108  OH association C–OH 

1060  C–O stretching and C–O deformation C–OH (ethanol) 

700–900  C–H Aromatic hydrogen 

700–400  C–H Aromatic hydrogen 

Table 5.3: IR absorption corresponding to various functional groups [31-34]. 
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Figure 5.4. FTIR of raw corn stover and Na-citrate treated corn stover (fingerprint region) 
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phenolic (C-O) and methoxyl (O-CH3) of lignin, benzene ring stretch C=C, and alkyl, 

aliphatic or aromatic C-Hn stretching respectively. The band at 990 cm
-1

 is shifted to 975 

cm
-1

 for the treated samples, which might result from the degradation of the extractives. 

Every band present in raw corn stover is either stronger or unaffected by the treatment, 

except those corresponding to extractive materials. The FTIR spectra demonstrate that 

sodium citrate does not substantially change the chemical structure of hemicellulose, 

cellulose, or lignin.  

5.3.5 Inorganic analysis of Sodium Citrate Treated Solid residue 

Elements Concentration (ppm) 

Na 6434 

Ca 11670 

Mg 5175 

Al 7333 

S 2567 

P 2761 

Si 36239 

Fe 3808 

Ni 48 

K 23097 

Cl 3000 

Table 5.4: Inorganic concentrations measured by ICE-AES analysis in raw corn stover. 

The inorganic content of raw corn stover is presented in Table 5.4. Silica, a 

tetravalent element, is the dominant inorganic element of raw corn stover. Potassium, 
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calcium, aluminum, and sodium are the other main inorganics.  Because sodium citrate is 

a polydentate ligand and can be used to remove tetravalent ions, it can potentially reduce 

silica in biomass. The experimental results confirm this hypothesis.  ICP analysis was 

performed on the solid residues treated by three different concentrations of sodium citrate 

and compared with the inorganic analysis of raw corn stover (Fig. 5.5).   

 

Figure 5.5. Inorganic analysis by ICP-AES of sodium citrate treated corn stover based on 

the inorganic analysis of the raw corn stover 
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With increasing Na-Citrate strength, the inorganic elements‟ concentrations 

decrease, and as a result the overall ash decreases. The Mg, S, P Fe, Cl and K all seem to 

decrease rapidly with little addition of Na-Citrate. Almost 100% of potassium and Cl 

were removed with a 0.05 g/g Na-citrate addition. A possible explanation might be the 

forms of K and Cl present in corn stover. Potassium, a monovalent cation, is frequently 

found in the form of a halogen salt [29]. Similarly, Cl, a monovalent anion is also 

frequently found as an ionic bonded a salt such as NaCl or KCl. These salts are relatively 

easy to dissolve; in fact, with enough hot water, they can be removed almost completely 

(90%) [30]. Because the first step of the treatment process is a hot water wash, which 

would most likely remove the main content of K and Cl, the sodium citrate strength is 

irrelevant for removal of these monovalent ions. The divalent ions Ca, Mg, and Fe are 

removed more than 80% compared to the raw concentration in correlation with the 

increase of sodium citrate concentration. With 0.25 g/g sodium citrate, more than 93% of 

Ca, Mg, and Fe are removed. Sulfur and Al contents are also effectively reduced with the 

sodium citrate treatments. With only 0.05 g/g sodium citrate, more than 85% and 89% of 

S and Al respectively were removed. More than 95% of the S and Al were removed with 

sodium citrate treatment of 0.25 g/g compare to the raw corn stover. Silicon, the most 

abundant mineral in raw corn stover, is also removed by sodium citrate. Structural Si can 

be in a tetra, tri, and/or bi-dentate form in biomass. With addition of the citrate ion, 

polydentate Si and other polydentate cations form chelates and thus are removed from the 

structure of the biomass with no or very little alteration to their own structure. With 

addition of 0.05 g/g sodium citrate, more than 65% of the whole Si can be removed and 

more than 30% of the structural Si is removed. Silicon is reduced further with the 
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increase of sodium citrate concentration. More than 75% of the total Si and 35% of the 

structural Si can be removed. The increase of sodium citrate concentration is effective at 

removing most minerals, but the Na from sodium citrate itself causes a deposition of Na 

in the treated solid. As a result, overall ash is similar for 0.1 g/g and 0.25 g/g sodium 

citrate treated corn stover (1.97%, and 1.90% respectively). Sodium concentrations in 

Figure 5.5 also reflects this effect. The sodium concentration decreases between 0.05 and 

0.1 g/g sodium citrate from 55% to 42% but increases to 50% for 0.25 g/g sodium citrate 

treated corn stover. For 0.05 and 0.1 g/g sodium citrate, the water wash after the reaction 

is sufficient to remove most of the sodium, but not with the 0.25 g/g sodium citrate 

treatment.    

5.3.6 Mineral balance of sodium citrate treatment of corn stover 

 There are five main steps in each demineralization experiment (Fig. 5.2). The 

steps are: 

Step 1: 100 g raw dry corn stover was washed with 1L boiling water. 

Step 2: Solid residue from step 1 was washed with 350 ml acetone. 

Step 3: Demineralization reaction in 2L Parr reactor with 1 L water. 

Step 4: Solid residue from step 3 was washed with 1L boiling water. 

Step 2: Solid residue from step 4 was washed with 350 ml acetone. 

  For every step the solid product and liquid filtrate was collected. The filtrate from 

each step had precipitated solids that formed after the filtrate was collected. An ICP-OES 
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analysis was performed on the suspension filtrate to better understand what minerals were 

removed from the treatment at each of the five steps. The analysis of the minerals 

collected from steps 1 and 2 were assumed to be the non-structural inorganics before 

sodium citrate treatment. As the main goal of this research is to evaluate structural ash 

removal by sodium citrate chelation, the results from steps 3 to 5 are of most interest. 

Table 5.5 shows the inorganic analysis of the filtrate samples.  

The solid content was measured gravimetrically for each step. In step 1 the solid 

content was higher (7.51 g) than the other steps where the loose soil minerals were 

leached from the corn stover. The ash percentage in step 1 was 35.9%, meaning that more 

than 1/3 of the solid content washed from step 1 was inorganic.  It might also be noticed 

that the K and Cl concentration are very high in the liquid solution. This higher 

concentration of K and Cl confirms that K and Cl can be leached easily with the hot 

water. A very small concentration of Si in the liquid indicates that the soil is not 

dissolved in the hot water. After step 2, the calculated remaining inorganic in the treated 

solid is 6.55 g, which is the structural inorganic content. Although the actual amount of 

structural ash was 7.01% from Table 5.2, not all of the inorganics were considered in the 

liquid analysis as the samples were filtered leaving out the solid residue. The discrepancy 

might arrive from the sampling during the experiments. In step 3 about 5.5 g solid was 

found in the filtrate, of which 33.6% is ash, all of which is considered structural ash. The 

liquid solution in step 3 is dominated by K, Ca, Si, and Na. The K concentration in step 3 

liquid was lower than step 1, but greater than step 2. Si concentration in liquid was larger 
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in step 3 than steps 1 and 2, probably due to some of the structural Si being dissolved in 

the liquid.  
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Table 5.5: Inorganic analysis of dark filtrate step by step of 0.05 g/g sodium citrate 

treatment by ICP and IC  



169 
 

Calcium concentration increased significantly in this step. As sodium citrate was 

added in this stage, it was expected that the Na concentration in the liquid would be 

higher in step 1. The overall inorganics remaining after step 3 was 4.3 g per 100 g raw 

corn stover, which means about 35% of the structural inorganics were removed in step 3 

and about 60% total ash was removed in the combination of steps 1, 2, and 3. Step 4 was 

the water wash of the solid samples from step 3. This step was used to remove inorganics 

from the surface of the solid samples. From this step, 3.2 g of solid was extracted in the 

filtrate, representing 33.4% inorganics. The concentrations of Ca, K, Si, and Na were 

found to be higher in the liquid solution of step 4. K concentration was found lower than 

step 3, but Ca, Si, and Na were increased from step 3. The inorganic content remaining in 

the treated solid was 2.77 g, which means more than 57% of the structural inorganics 

were removed in the step 3 and 4. A small amount (0.7 g) of solid content found in the 

liquid filtrate of Step 5 and was 28.5% inorganic. The liquid solution had K, Si, and Ca, 

but the individual concentrations were lower than steps 3 or 4. The expected inorganic 

concentration after this step 5 was 2.5 g. Steps 4 and 5 are washing the sodium citrate 

treated solid with water and acetone to remove any surface inorganic content and 

unreacted Na-citrate. It might also be noted that steps 2 and 5, where the solid was 

washed with acetone, removed only 0.5 g and 0.2 g of inorganic respectively while step 1, 

3 and 4 removed more than 2 g of inorganic individually. The use of acetone does not 

appear to be effective in this treatment; moreover, the removal of inorganics in step 2 and 

5 might be the result of washing itself.          

5.4. Conclusions 
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Sodium citrate seems to be effective for ash removal from corn stover without 

affecting cellulose and hemicellulose. A basic solution, such as sodium citrate, is needed 

to reduce the inorganics, as lignin, where most of the structural ash resides, becomes 

reactive in basic solutions. Adding 25 g sodium citrate to 100 g dry corn stover can 

reduce 77% of the structural ash and 85% of the whole ash. FTIR as well as chemical 

analysis show that hemicellulose and cellulose are unaffected. The energy value is 

increased from the raw corn stover but is similar for all concentrations of sodium citrate 

treatment. This pretreatment is an effective way to improve the quality of the feedstock 

for further biochemical or thermochemical conversion. 
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Chapter 6 

Engineered Pellets of Dry Torrefied and HTC Biochar Blend 

 

Dry torrefaction and hydrothermal carbonization (HTC) are two thermal 

pretreatment processes for making homogenized, carbon rich, hydrophobic, and energy 

dense solid fuel from lignocellulosic biomass. Pellets made from torrefied biochar have 

poor durability compared to pellets of raw biomass. Durability, mass density, and energy 

density of torrefied biochar pellets decrease with increasing dry torrefaction temperature. 

Durable pellets of torrefied biochar may be engineered for high durability using HTC 

biochar as a binder. In this study, biomass dry torrefied for 1 h at 250, 275, 300, and 

350°C
 
was pelletized with various proportions of biomass HTC treated at 260°C

 
for 5 

min.  During the pelletization of biochar blends, HTC biochar fills the void spaces and 

makes solid bridges between torrefied biochar particles, thus increasing the durability of 

the blended pellets. The engineered pellets' durability is increased with increasing HTC 

biochar fraction. For instance, engineered pellets of 90% Dry 300 and 10% HTC 260 are 

82.5% durable, which is 33% more durable than 100% Dry 300 biochar pellets, and also 

have 7% higher energy density than 100% Dry 300 biochar pellets.       
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6.1 Introduction  

There are two widely known thermal pretreatment technologies, known as 

hydrothermal carbonization (wet torrefaction) and dry torrefaction. In dry torrefaction, 

also known as torrefaction or mild pyrolysis, dry solid biomass is treated in an inert gas 

environment in a temperature range of 200-300
o
C for more than one hour [1-3]. In 

hydrothermal carbonization (HTC), biomass is treated with hot compressed subcritical 

water (200-260
o
C)  for 5 min- 8 h.  The solid product, HTC biochar, contains about 55-

90% of the mass and 80-95% of the fuel value of the original feedstock [1,4,5]. Both 

processes produce solid products that exhibit increased energy density and that are easily 

friable and much more hydrophobic relative to the original biomass [6,7,9].  

Although both thermal pretreatment processes improve biomass energy value, both 

dry torrefied biochar and HTC biochar are friable and still hard to handle [2,8]. 

Pelletization offers further densification of the mass and energy of  biochar, and the 

pellets' uniform shape makes them easier to handle. Pelletization in general depends on 

various properties such as temperature, moisture content, biomass type, binder, and 

pelletizer type, along with compression force or pressure [10]. When heated beyond its 

glass transition temperature, a binder develops liquid bridges between adjacent particles. 

In most cases, an immobile thin adsorption layer is produced by the binder.  This layer 

attaches the particles by effectively reducing surface roughness or decreasing inter-

particle distance, with attractive forces then resulting in binding and the formation of 

stable bonds [11]. Liquid bridges are then converted to solid bridges with decompression 
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and reduction of the temperature to ambient. Lignin in raw wood serves as an excellent 

pellet binder. 

Dry torrefied biochar has an increased energy densification, but is difficult to 

pelletize [12-15]. Pure dry torrefied biochar pellets have very low durability and mass 

density [14]. As a result, dry biochar pellets have similar or lower energy density 

compared to raw pine pellets. An appropriate binder could improve the energy density 

and durability of dry torrefied biochar. Both raw pine and pine pretreated in liquid water 

at 260°C (henceforth called HTC 260) have enough available natural binder and their 

pellets show promising evidence of solid bridge formation when pelletized at 140 
o
C [15]. 

Raw biomass binder (generally hemicellulose, lignin, and moisture) is weaker than HTC 

260 biochar binder (modified lignin) [15]. Moreover, raw biomass is hydrophilic and 

subject to biodegradation in prolonged storage.  

Large-scale industrial providers of biomass pellets are concerned with pellet 

durability when exposed to liquid water. Pellets produced from raw loblolly pine break 

apart within 30 s after immersion in liquid water [16]. The decay is so rapid that no pellet 

is observed, only a mound of biomass. Pellets produced under identical pelletizing 

conditions of time, temperature, and pressure from HTC biochar or/and dry torrefied 

biochar perform quite well when immersed in liquid water, mainly due to the 

hydrophobic nature of both biochars [17-19].  

The higher heating value (HHV) of raw pine is lower than that of dry torrefied 

biochar; as a result blended pellets of the two would be expected to have lower energy 

yield along with better durability compared to pellets made only from torrefied biochar. 
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So, using a raw biomass binder may reduce the dry torrefied pellets' energy density and 

give the pellet a tendency to deteriorate in water. In contrast to raw pine, HTC 260 

biochar is more hydrophobic, its lignin can make very stable solid bridges resulting in 

very high durability, and it has a larger HHV [1, 15, 17]. An important drawback to using 

HTC 260 biochar is its cost of production [9]. HTC practice is currently limited to batch 

processes, and its requirement for high pressures and temperatures makes continuous 

HTC processing challenging. So, a pellet made from a blend of primarily low-cost dry 

torrefied biochar, and a small amount of HTC biochar added as binder, may exhibit 

desirable properties of density, durability, and cost. 

The main objective of the present study is to characterize engineered pellets of dry 

torrefied biochar with HTC biochar added as a binder. Chemical differences between dry 

torrefied and HTC biochar were analyzed. The effect of temperature on fuel and 

pelletizing properties of dry torrefied biochar was examined. Optimization of the HTC 

260 biochar binder concentration in engineered pellets was explored, considering fuel 

properties, durability, and storage capability.  

6.2. Materials and Methods 

6.2.1. Biomass and Chemicals    

Loblolly pine (Pinus taeda) was used for all experiments. Mature loblolly pine was 

harvested in Marengo County, Alabama in May 2011. Wood stems were debarked and 

comminuted into wood chips. The material was dried in a warehouse by free air 

circulation for four weeks and further chopped into particles < 15 mm by Bliss 
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hammermill model 4460 (Ponca City, OK). Harvested biomass were dried in a warehouse 

by free air circulation for a month and stored in plastic container in a dry storage until 

further use. To promote a more homogeneous biomass reactant and provide effective sub-

critical water diffusion in the biomass, a blender was used to reduce the raw biomass size. 

Samples were sieved to -1.18mm +0.60 mm, air dried, and stored in a sealed ziplock bag 

until treatment. The pelletizing equipment, a 15 Mt hydraulic press and a heated die with 

a temperature controller, was purchased from Across International (New Providence, NJ). 

It can operate at temperatures up to 250°C
 
with an accuracy of ±1°C. 

6.2.2. Dry Torrefaction 

Dry torrefaction of loblolly pine was performed in a 100 cm
3
 Parr bench-top reactor 

(Moline, IL) at temperatures ranging from 250-350°C. A glass liner was used to prevent 

contact of the biomass with the reactor's hot metal surface. Approximately 5 g of dried 

loblolly pine was placed in the center of the reactor. Nitrogen was kept flowing 

continuously at the rate of 20 cm
3
 (STP) min

-1
. The torrefaction temperature was selected 

to be 250, 275, 300, or 350°C using a reaction time of 60 min for each run. Nitrogen flow 

was stopped after 60 min of torrefaction. The reactor was rapidly cooled down to room 

temperature by immersing it in an ice-water bath with the temperature lowered to less 

than 180°C
 
 in 2 min, the solid products were collected for further analysis,. Dry 250, Dry 

275, Dry 300, and Dry 350 biochar were the dried solid products of dry torrefaction at the 

temperatures 250
 
, 275, 300

 
, and 350°C, respectively. 

6.2.3. Hydrothermal Carbonization 
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Hydrothermal carbonization of loblolly pine was performed in a 100 cm
3
 Parr 

bench-top reactor (Moline, IL). Nitrogen of 80 cm
3
 (STP) min

-1
 was first passed through 

the reactor for 10 min to purge oxygen. For each run, a 1:5 weight basis mixture of 

loblolly pine and water was loaded into the reactor. The reactor was heated to 260°C and 

maintained at that temperature for 5 min using a PID controller. The reactor pressure was 

not controlled but indicated by the pressure gauge to be approximately 4.6 MPa at 260°C. 

After remaining for 5 min at 260°C, the reactor was cooled rapidly by immersing it in an 

ice-water bath. The gas generated was released to the atmosphere. The solid product was 

filtered from the liquid and put in a drying oven at 105
o
C for 24 hours before further 

analysis. HTC 260 biochar was the dried solid product of hydrothermal carbonization at 

260°C. 

6.2.4. Fiber Analysis 

The van Soest method of NDF-ADF-ADL (neutral detergent fiber, acid detergent 

fiber, acid detergent liquid) dissolution was used to determine the percentage of 

hemicellulose, cellulose, and lignin in solid samples [20]. The contents of hemicellulose, 

cellulose, and lignin were calculated from the difference of NDF, ADF, ADL, and ash. 

Sample mass that is not assigned to one of those fractions consists of what are called 

extractives, which are aqueous soluble polysaccharides, saccharides, proteins, starch, and 

other components. Samples were dried at 105°C
 
for 24 h prior to fiber analysis. . Ash, 

determined separately by muffle furnace, was subtracted from the lignin plus ash weight 

from fiber analysis, to find lignin content. So, lignin is not measured directly, which is a 
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shortcoming of this method. Biomass is allocated into five components in this method, 

and any change of one component will effect the others.  

6.2.5. Differential Scanning Calorimetry (DSC)  

The ash content of loblolly pine is very low, less than 1% of biomass, even for dry 

torrefied biochar and HTC biochar [1]. So, it is reasonable to assume that the residue 

from the fiber analysis of HTC biochar is predominantly lignin or a derivative of lignin. 

An STA-6000 instrument from Perkin Elmer (MA, USA) was used to determine the 

thermal behavior of lignin derived from HTC biochar, and to identify a glass transition 

temperature. Derived lignin obtained from fiber analysis was dried at 105°C
 
for 24 h 

prior to the DSC-TGA analysis.  Samples of 10-15 mg were placed into the sample 

chamber. The sample mesh size was 0.5-0.7 mm. Gaseous nitrogen of 20 cm
3
 min

-1
 was 

charged to ensure an inert atmosphere. The heat cycle applied was 30-200°C at a rate of 

5 °C
 
min

-1
 for the entire temperature scan.     

6.2.6. Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) 

A Perkin-Elmer Spectrum 2000 ATR-FTIR with mid- and far-IR capabilities was 

used on the raw and pretreated biomass. IR spectra of Dry 250, Dry 275, Dry 300, and 

Dry 350 biochars, as well as HTC 260 and raw loblolly pine, were recorded at 30°C
 
using 

ATR-FTIR. All samples were milled into fine powder to homogenize them and dried at 

105°C for 24 h in an oven prior to FTIR. Only 5-10 mg of dry sample was placed in the 

FTIR for this analysis and pressed against the instrument's diamond surface with its metal 
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rod. All spectra were obtained using 200 scans for the background (air) and 32 scans for 

the samples, which were scanned from 500-4000 cm
-1

.  

6.2.7. Pelletization Technique 

The HTC biochar was exposed to ambient conditions for 3 weeks prior to 

pelletization to stabilize the moisture content. Moisture contents of raw, Dry 250, Dry 

275, Dry 300, Dry 350, and HTC 260 biochar were 8.3%, 2.5%, 1.1%, 0.7%, 0.5% and 

4.2%, respectively, prior to pelletizing. Approximately 1 g of the pretreated biomass was 

placed manually into a die of 13 mm diameter. A 500W band heater was used to heat the 

sample with a controller maintaining the temperature of the sample at about 140°C. A 

compressive force of 250 MPa was applied to the sample by a lever. After a holding time 

of 30 s, the pressure was released and the heater was turned off simultaneously. The 

pellet was removed from the die and left undisturbed for 2-5 min. It was then stored at 

room temperature before further analysis. The L:D ratio of the pellets ranged from 0.6-

0.75 in this study.  

6.2.8. Durability  

To evaluate the durability or mechanical strength of the pellets, the MICUM test, 

[16, 22] which is popular for characterizing coal, was adapted here. The rotating drum 

technique as a durability test is common in the literature [14, 22]. Exactly 10 pellets were 

charged into a cylindrical rotating drum with an inner diameter of 101.6 mm and a length 

of 95 mm. Two baffles of 25.4 X 88.9 mm were installed opposite to each other and 

perpendicular to the cylinder wall. The drum rotated at 38 revolutions per min. After 

3000 revolutions, the sample was screened using a 1.56 mm sieve. Particles that fell 
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through the screen were then weighed. Durability is the ratio of mass larger than 1.56 mm 

after 3000 rotations to the initial sample mass. The higher the durability value, the better 

the pellet quality.  

6.2.9. Scanning Electron Microscopy (SEM) 

A FE-SEM Hitachi Scanning Electron Microscope (SEM) model S-4700 was used 

to study the bonding mechanism of the engineered pellets by fracture surface analysis of 

failed pellets. Pellets of raw pine, Dry 300 biochar, HTC 260 biochar, and the engineered 

pellets of blends of HTC 260 and Dry 300 biochar were examined in SEM. The samples 

were dried in a 105°C oven for 24 h prior to analysis. Each pellet was manually cracked 

into two parts. A tiny notch was cut in the center of each pellet using a surgical blade and 

each pellet was carefully snapped into two halves. Each pellet half was maintained on 

special studs and platinum coated with polaran coater tar 5000, under an argon 

atmosphere for a coating thickness of approximately 1000 Å. A voltage of 15-20 kV with 

a magnification of 50-500 times was used for the images. Multiple samples were 

observed for each pellet and the best representative images were chosen for each sample 

type. 

6.3. Results and Discussion 

6.3.1. Fiber Analysis of Dry and HTC biochar 

 Raw loblolly pine has 8.9% extractives, 11.8% hemicellulose, 54% cellulose, 

25% lignin and a small amount (0.4%) of ash [Table 6.1]. Water extractives and 

hemicellulose fractions decrease with increasing dry torrefaction temperature. In fact, 
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there are almost no extractives or hemicellulose found in Dry 350 or Dry 300. Cellulose 

degradation has been reported to require a higher torrefaction temperature than that 

required for hemicellulose or extractives [24, 25]. As shown in Table 6.1, significant 

cellulose degradation occurred only at a dry torrefaction temperature greater than 275°C. 

Condition 
Extractives 

(%) 

Hemicellulose 

(%) 

Cellulose 

(%) 

Lignin 

 (%) 

Ash 

(%) 

Mass 

yield 

 (%) 

HHV 

(MJ.kg
-

1
) 

Raw 8.9 11.8 54 25 0.4 100 19.5±0.5 

Dry 250 5.5 9.2 51 34.1 0.5 84±0.5 20.9±0.6 

Dry 275 3.2 6.5 52.7 36.7 0.6 74±1.0 21.8±0.5 

Dry 300 2.2 2.3 32.7 62.7 0.7 61±0.6 23.5±0.8 

Dry 350 1 0 18 80 0.9 48±1.2 29.9±0.7 

HTC 260 31.8 0 33.9 33.8 0.6 54±0.5 26.5±0.4 

Table 6.1. Fiber analysis, mass yield, and energy values of dry and HTC biochar 

An increase of dry torrefaction temperature above 275°C
 
degrades cellulose quite 

drastically, in fact, cellulose percentage decreases from 52.7% for Dry 275 to 18% for 

Dry 350 biochar. With increasing dry torrefaction temperature a trend toward increased 

lignin percentage was found. Lignin itself is not produced during the dry torrefaction 

process; rather, the degradation of hemicellulose and extractives increases the lignin 

percentage. However, when cellulose undergoes dry torrefaction pretreatment, it can 

yield a cross-linked solid residue, [8] indistinguishable from lignin using the van Soest 

method [21]. For this reason, an increase in lignin percentage is observed for Dry 300 and 

Dry 350 biochar. Raw loblolly pine has very low ash, which is unaffected by dry 
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Torrefaction. As a result, the ash percentage increases slightly with dry torrefaction 

severity, i.e., with decreased mass yield. 

      During dry torrefaction, water extractives and hemicellulose degrade into 

volatile products leaving very small or no solid residue [18]. Cellulose yields at least 35% 

as solid biochar, while the rest becomes volatiles or gases [1, 30]. Thus, biomass weight 

is reduced during dry torrefaction. For this reason, a decreasing trend in mass yield (i.e., 

yield of solid biochar product) was observed with increasing dry torrefaction temperature, 

as shown in in Table 6.1. In fact, the biomass lost more than 50% of its original mass 

during dry torrefaction at 350°C. These results are consistent with previous studies [1, 3, 

5, 19]. Higher heating values (HHV) of raw loblolly, dry torrefied biochar, and HTC 

biochar are also listed in Table 6.1. Energy values depend on the elemental carbon 

content compared to the elemental oxygen content of the biomass and thus HHV for 

components follow this simple trend; ash < extractives < hemicellulose < cellulose < 

lignin [21]. Therefore, an increasing trend for HHV with increasing dry torrefaction 

temperature was observed. HHV of Dry 350 is about 53% more than HHV of raw pine. 

     In hydrothermal carbonization, subcritical water is used because its ionic 

constant is increased nearly two orders of magnitude and liquid water behaves as a non-

polar solvent at temperatures of 200-280°C
 
[7, 26]. In other words, subcritical liquid 

water is very reactive and efficient in breaking the β-(1-4) glycosidic bonds of 

hemicellulose, and cellulose [7, 21]. It can also hydrolyze the extractives very quickly [7]. 

Consequently, only a 5 min pretreatment at 260°C
 
proves very effective for degradation 

of hemicellulose, extractives, and a fraction of cellulose (Table 6.1) [16, 30]. The mass 
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yield of HTC 260 is lower than the mass yield of Dry 300. During HTC, biomass 

components (hemicellulose, cellulose, and extractives) degrade into sugar monomers, 

which further react to form furfurals and other energy rich compounds, including 5-HMF 

(5-hydroxymethyl furfural) [5, 23].
  
 Such compounds may precipitate into the HTC 

biochar pores. Due to the degradation of lower energy valued hemicellulose and cellulose 

during HTC, the HHV of HTC 260 biochar is 12.7% higher than Dry 300 biochar's HHV 

and 35.9% higher than that of raw biomass. 

6.3.2. Glass Transition Behavior of Dry and HTC Biochar 

 Glass transition behavior is a unique characteristic of natural binders. Lignin and 

hemicellulose are the two major components that show natural binding ability in biomass 

[27]. Feed containing a higher percentage of lignin and hemicellulose shows better 

binding characteristics with compression under temperature conditions higher than their 

glass transition temperatures. To determine glass transition behavior precisely, the 

derivative of heat flow with respect to temperature, as measured in the DSC, is plotted 

versus treatment temperature (Figure 6.1). The lignin extracted from raw loblolly pine 

(Figure 6.1(a)) and lignin extracted from HTC biochar (Figure 6.1(b)) both show a range 

of glass transition temperatures between 135-165°C  in the heat flow versus temperature 

curve, which is consistent with the literature [15, 31]. The same range of glass transition 

temperature indicates the similarity of the lignin from the raw biomass to that of HTC 

260 biochar. It might be expected that pellets made from both feedstocks (raw pine and 

HTC 260 biochar) might exhibit similar qualities for durability. Extracted lignin from 

various dry torrefied biochars does not show glass transition behavior in the temperature 
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range of 25-200°C. According to van Soest fiber analysis, the content of lignin increases 

in these biochars with increasing dry torrefaction temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: DSC curves for dry torrefied biochars, HTC 260 biochar and raw pine 
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 In fact, Dry 300 and Dry 350 have 65.2%and 80% lignin, respectively, in their 

biochars, and yet there is no sign of glass transition behavior in Figures 6.1(e, f). As 

described earlier in section 6.2.4, lignin is not measured directly using the van Soest 

method, but calculated from the undissolved residue of ADL treatment. The lignin may 

be altered structurally when dry torrefied,  losing its glass transition behavior. However, 

lignin derived from the HTC biochar shows similar glass transition behavior to that of 

raw biomass (Figure 6.1(b)). This suggests that lignin may be unaffected by HTC, which 

is consistent with a previous study [15]. This glass transition behavior indicates that 

lignin in raw biomass and HTC biochar is a viable endogenous binder for pelletization at 

a temperature of 140°C.  

6.3.3 FTIR analysis of dry and HTC biochar 

 Dry torrefied biochar does not show any glass transition behavior; although a 

higher proportion of lignin-like compounds were observed in dry torrefied biochar 

compared to raw or even HTC biochar (section 6.3.2). This may be an indication that 

lignin is chemically changed during dry torrefaction and so loses its binding capability. 

The changes in chemical bonds present in the biomass were studied following dry 

torrefaction and HTC using ATR-FTIR spectroscopy and are presented in Figure 6.2. 

Table 6.2 identifies functional groups at particular wavelengths and the corresponding 

chemical compounds. From Figure 6.2, raw loblolly pine shows strong bands at 910, 

1050, 1180, 1260, 1390, 1510, 1613, and 1735 cm
-1

 in the fingerprint region.  
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Figure 6.2. IR spectra of various dry torrefied biochar along with raw pine and HTC 260 

biochar (vertical axis has arbitrary unit) 
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Wave number (cm
−1

) Functional groups Possible Compounds 

3600–3000 OH stretching Acid, methanol, water 

2860–2970  
C–Hn stretching Alkyl, aliphatic, aromatic 

1700–1730  

1510–1560  C=O stretching Ketone and hemicellulose 

1632  C=C Lignin 

1613, 1450  C=C stretching Cellulose, Lignin 

1470–1430  O–CH3 Lignin 

1440–1400  OH bending Acid 

1402  CH bending Acid 

1232  C–O–C stretching Cellulose 

1215  C–O stretching Lignin 

1170 , 1082  C–O–C stretching vibration Cellulose 

1108  OH association Alcohol, hemicellulose 

1060  
C–O stretching and C–O 

deformation 
Alcohol 

700–900 C–H Cellulose, hemicellulose 

700–400  C–H Hemicellulose 

Table 6.2. IR absorption corresponding to various functional groups [18, 28, 29]. 

 These correspond to aromatic carbon hydrogen bonds of hemicellulose (C-H), 

alcohol groups of glucose (C-OH), glycosidic bonds of cellulose (C-O-C), aryl-alkyl 

ethers of lignin (O-CH3), aromatic acids of hemicelluloses (C-H), ketone groups of 

hemicelluloses (C=O), aromatic carbon skeletons (C=C), and carboxylic acid groups of 

hemicellulose (C=O) respectively. A broad aliphatic hydrocarbon or wax (-CH) and 
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aliphatic hydroxyl bond for bound water (-OH) can be observed at 2840-2920, and 3100-

3500 cm
-1

 respectively [12].  

The intensity of the broad band for aliphatic –OH (3100-3500 cm
-1

) decreases with 

increasing dry torrefaction temperature especially at temperatures of 300 
o
C or higher. As 

a result, the dry torrefied biochar displays increased hydrophobicity with higher dry 

torrefaction temperatures, explaining effects on equilibrium moisture content reported 

elsewhere [1,17]. Aliphatic –CH remains unchanged by dry torrefaction in the 250-350°C
 

temperature range. Vibration at about 1735 cm
-1

, which is representative of hemicellulose, 

is shifted gradually with increasing dry torrefaction temperature to 1694 cm
-1

. 

Xyloglucan, arabinoglucuronoxylan, actoglucomannan, and other hemicellulose 

compounds are degraded with increasing dry torrefaction temperature [28]. This is 

consistent with the van Soest fiber analysis results discussed in section 6.3.1, where no 

hemicellulose was found in Dry 350. A decreasing intensity of the bands (C-O-C) 

corresponding to cellulose at 1160 and 1194 cm
-1

 was observed with increasing dry 

torrefaction temperature, which is also consistent with section 6.3.1. Specific lignin 

vibrations can be found at about 1260 cm
-1

 due to methoxyl bonds, and  also at about 

1420, 1450, 1490, and 1510 cm-1 due to C=C bond in the pyranose ring of lignin [20, 28]. 

The intensities of the bands at about 1420, 1440, and 1490 remain unchanged at dry 

torrefaction temperatures lower than 300°C but decrease at higher temperatures. The 

band at 1260 cm
-1

 disappears at dry torrefaction temperatures higher than 275°C. These 

changes suggest that lignin is changed chemically during dry torrefaction at higher 

temperatures. Stelte et al.[12] stated that lignin is  to a large extent degraded at 
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temperatures higher than 300°C
 
  during dry torrefaction. So effects of dry torrefaction 

temperature, including increasing hydrophobicity, decreasing presence of hemicellulose 

and cellulose, and changes in lignin structure, can be explained by or confirmed by the IR 

spectra shown in Figure 6.2. 

 The IR spectrum of HTC 260 biochar is different than that of dry torrefied biochar 

or raw pine. The repetitive bands of hemicellulose are absent in the HTC biochar spectra, 

moreover, the hemicellulose band (C=O) at 1735 cm
-1

 is shifted to 1694 cm
-1

, which 

corresponds to the aromatic C-H band [29]. Intensities of glycosidic bonds of cellulose 

are increased in HTC 260 biochar compared to raw or dry torrefied biochar. Intensities of 

lignin bands around 1420 and 1440 cm
-1

 are similar to those of raw pine, Dry 250, Dry 

275, and Dry 300. Vibration bands at 1260 and 1510 cm
-1

 have been shifted to 1275 and 

1494 cm
-1

, respectively, shifts which are not present for the dry torrefied biochars' spectra. 

Although HTC 260 and dry torrefied biochar have some similar bands relating to lignin, 

distinguishing bands for HTC 260 exist at 1494 and 1275 cm
-1

.  

6.3.4 Characteristics of Pure Dry and HTC Biochar Pellets 

Dry torrefied biochar pellets exhibit characteristics quite different from those 

exhibited by pellets made from raw pine or from HTC 260 biochar. Durability, mass 

density, and energy density of pure raw, dry, and HTC biochar pellets are presented in 

Table 6.3. Durability of pellets made from dry torrefied loblolly pine decreases rapidly 

with increasing torrefaction temperature. Dry 350 biochar pellets have a durability of 9.3 

±1.1%, which is less than one tenth that of HTC 260 biochar pellets or even raw pine 

pellets. Dry 300 torrefied pellets are only 55.6 ± 1.2% durable, which is better than Dry 
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350 pellets but still very poor in durability. Stelte et  al.[12] stated that Dry 300 cannot be 

used to make any pellet. The pelletizing process used there was different, their 

torrefaction time was twice that used in this study, and a different raw biomass (Norway 

Spruce) was used. In comparison, Reza et al. [15] reported that Dry 300 biochar pellets 

from loblolly pine are 79% durable., but a much higher pelletizing pressure was applied 

in their study, which likely increased durability. Pure HTC 260 biochar pellets are very 

durable (99.8±0.1%), which means that HTC biochar has better binding capability, a 

finding consistent with the literature [15]. 

Condition Durability (%) Mass density (Kg.m
-3

) Energy density (GJ.m
-3

) 

Raw 97.5±0.5 1080.2±5.1 21.3±0.5 

Dry 250 77.3 ±0.9 1048 ±10.1 22.3±0.4 

Dry 275 78.0 ±1.0 1012±6.2 22.7±0.6 

Dry 300 55.6±1.1 931 ±6.8 22.4±0.7 

Dry 350 9.3±1.2 689 ±10.8 20.0±1.1 

HTC 260 99.8±0.1 1478 ±9.7 39.2±0.2 

Table 6.3. Durability, mass density, and energy density of pellets of raw pine, 100% dry 

torrefied biochar, and HTC 260 biochar. 

Evaluation of SEM images can provide useful insight to understand the failure 

mechanisms, types of particle binding, and durability of raw biomass, HTC biochar, and 

torrefied biochar pellets for different biomass types [2,14,15]. SEM images of a raw pine 

pellet, a Dry 300 pellet, and an HTC 260 pellet at two different magnifications (50x and 

500x) are presented in Figure 6.3. Raw pine and HTC 260 biochar pellets apparently 



195 
 

developed a solid bridge binding between particles, and as a result no visible cracks can 

be observed. Reza et al. [15] stated that raw pine and HTC 260 biochar pellets have 

adequate binder from hemicellulose, lignin, and moisture to construct stable solid bridges.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. SEM images of raw pine, 100% Dry 300 biochar, and HTC 260 biochar 

pellets in 50x and 500x magnification. 

The Dry 300 biochar pellet shows cracks of 10μm and larger, as seen in Figure 

6.3(e). Previous researchers have found mechanical interlocking among the particles in 

dry biochar pellets [13, 14, 18]. Mechanical interlocks in biomass pellets are weaker than 

solid bridges and, as a result, the dry biochar pellets have less durability [15]. Such cracks 

(a) Raw pine pellet 50x 

(d) Raw pine pellet 500x (e) Dry 300 pellet 500x 

(b) Dry 300 pellet 50x (c) HTC 260 pellet  50x 

(f) HTC 260 pellet 500x 
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are also responsible for the pellets' low mass density, as they increase the void space in 

the pellet.       

For the case of pretreated biomass pellets, Table 6.3 shows that with increasing dry 

torrefaction temperature the pellet density decreases, especially when pretreated above 

275°C. Pellets of loblolly pine dry torrefied at 350°C have a density which is 36% lower 

than pellets of raw pine and only 46% as high as HTC 260 biochar pellets. However, Dry 

250 and Dry 275 pellets (of similar mass density as raw pine pellets) are more durable 

than those from Dry 300 and Dry 350 biochar. The mass density of pure HTC 260 

biochar pellets is 1478± 9.8 kg.m
-3

, which is 27% higher than that of raw pine pellets.  

Energy density is the product of mass density and HHV. It is similar for all dry 

torrefied pellets, except for Dry 350. For Dry 350 pellets, energy density is 11% lower 

compared to the other dry torrefied pellets and 6% lower compared to raw pine pellets.  

Energy density is similar for raw and dry torrefied pellets because the increased HHV of 

the later makes up for their lower mass density. Pellets of HTC 260 biochar have an 

energy density 84% higher than that of raw pine pellets, 74% higher than Dry 250, Dry 

275, or Dry 300 pellets, and 96% higher than Dry 350 pellets, due to its increased mass 

density and HHV.   

6.3.5 Engineered Pellets of Dry and HTC biochar  

Durability of engineered pellets increases with increasing addition of HTC 260 

biochar, as shown in Figure 6.4. Adding only 10% HTC 260 biochar can improve the 

engineered pellets durability from 77% to 95% for Dry 250 biochar, from78% to 92% for 
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Dry 275 biochar, and from56% to 83% for Dry 300 biochar. A 25% HTC 260 biochar 

addition to engineered pellets further improves pellet durability for Dry 275 and Dry 300 

combination pellets. Addition of HTC 260 from 25% to 50% increased Dry 250 and Dry 

275 biochar pellet durability very little, but did improve pellet durability substantially for 

Dry 300 and Dry 350. In other words, for a 90% durable engineered pellet 10%, 25%, 

and 50% of HTC 260 biochar is required with Dry 250, Dry 275, Dry 300, and Dry 350 

biochar, respectively. 

To illustrate the effectiveness of HTC 260 biochar addition in engineered pellets, 

SEM images were taken of Dry 300 biochar pellets with and without HTC 260 additions. 

SEM images of 100% Dry 300, 90% Dry 300 with 10% HTC 260, 75% Dry 300 with 

25% HTC 260, and 50% Dry 300 with 50% HTC 260 pellet fractures at two 

magnifications, 50 and 500 times, are shown in Figure 6.5. A 100 % Dry 300 pellet 

(Figure 6.5 a, b) clearly shows many cracks and the lack of binder. With addition of 10% 

(or more) HTC 260 biochar addition (Figure 6.5 c,d), the cracks become smaller. Further 

addition of HTC 260 biochar (25%) makes the particle gap even smaller (Figure 6.5 e, f) 

and this is the stage that the pellet become 93% durable. Increased addition of HTC 260 

biochar into Dry 300 pellets appears to cause a void space decrease. Solid bridge type 

bonding can be observed visibly, particularly in half and half Dry 300 biochar and HTC 

260 biochar (Figure 6.5 g, h). 
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Figure 6.4. Durability of raw pine, 100% HTC 260, 100% dry torrefied,  and engineered 

pellets of various Dry: HTC 260 ratios.  

Mass density of engineered pellets also increases with increasing HTC 260 biochar 

proportion. Mass densities of various engineered pellets along with 100% dry biochar are 

shown in Figure 6.6. With a 10% HTC 260 biochar addition, the mass density of Dry 250, 

Dry 275, and Dry 300 biochar pellets increases by 7%, 1%, and 3%, respectively. But a 

50% addition of HTC 260 biochar increases the mass density by 9.7, 6.8, and 11.8%, 

respectively. Energy density of engineered pellets depends on several factors, including 

mass density of the torrefied biochar, HHV of torrefied biochar, and proportion of HTC 

260. Figure 6.6 shows the energy density of various engineered pellets along with 100% 

dry torrefied and HTC 260 biochar pellets.  
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Figure 6.5. SEM images of engineered pellets made from Dry 300 and HTC 260 blends 

at low and high magnifications 

(a) 100% Dry 300 pellet 

50x 

(b) 100% Dry 300 pellet 

500x 

(c) 90% Dry 300+10% HTC pellet 50x (d) 90% Dry 300+10% HTC pellet 

500x 

(e) 75% Dry 300+25% HTC pellet 50x (f) 75% Dry 300+25% HTC pellet 500x 

(g) 50% Dry 300+50% HTC pellet 50x (h) 50% Dry 300+50% HTC pellet 500x 
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As the energy densities of the pure dry torrefied biochars are similar except for Dry 

350, it is reasonable that, with the addition of the same amount of HTC 260 biochar, the 

energy density of corresponding engineered pellets should remain similar. For example, 

with a 10% addition of HTC 260 biochar, energy densities of Dry 250, Dry 275, and Dry 

300 are 24.5, 23.4, and 23.3 GJ.m
-3

, respectively. However, for Dry 350 biochar, it takes 

50% HTC 260 biochar to yield 23.6 GJ.m
-3 

of energy density. So, based on energy 

density considerations, engineered pellets from lower temperature dry torrefaction are 

preferable, since higher temperature dry torrefaction treatment produces pellets of similar 

or lower energy density. 

 

Figure 6.6. Mass density and energy density of engineered pellets, 100% dry 

torrefied, 100% HTC 260, and raw pine pellets 
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6.4 Conclusions 

 Dry torrefaction and HTC processes yield a solid biochar product of higher energy 

value and greater hydrophobicity relative to the originating feedstock. Extractives, 

hemicellulose, and cellulose content decrease for dry torrefied biochar with increasing 

dry torrefaction temperature. Dry torrefied biochar is chemically different than raw 

biomass and HTC biochar, as seen by reduction of aliphatic -OH bonds with increasing 

temperature. Unlike raw and HTC biochar, no glass transition behavior is apparent in any 

dry torrefied biochar lignin. Therefore, dry torrefied biochar contains little binder, and 

pellets show lower durability and lower mass density. Dry 350 biochar pellets are only 

9.8% durable and have a mass density of only 689 kg.m
-3

. Despite the dry biochar's better 

energy value (e.g., 29.0 MJkg
-1

 for Dry 350), the energy density of dry torrefied pellets is 

lower than even raw pine pellets. HTC biochar is also hydrophobic, of moderate energy 

value, and has excellent binding capability. Addition of HTC 260 biochar to dry torrefied 

biochar can produce engineered pellets with better durability, mass density, and energy 

density than pure dry torrefied pellets. During pelletization, HTC 260 biochar can reduce 

cracks by making solid bridges among the dry torrefied biochar particles. Engineered 

pellets are durable and have increased density. Energy density and durability values for 

engineered pellets imply that dry torrefied biochar treated at torrefaction temperature 

≤300°C require less HTC 260 binder.               
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Chapter 7 

Hydrothermal Treatment of Digested Sewer Sludge  

In this study, we have completed some preliminary experiments of thermal 

beneficiation of digested sludge consisting of 9% solids (91% water) at 170 °C, 200 °C, 

and 230 °C. As temperature increases, the mass of solid is reduced by up to 40%. Ash 

content in the solid increases significantly, from 27% for raw sludge, to 42% in heat-

treated solid product; 95% of the inorganics remain with the solid. The solid product is 

easily filtered, reflecting the enhanced dewaterability of heat-treated sludge. Two distinct 

liquid phases are present in the liquid extract; a lower, (heavier) aqueous phase, and a 

lighter organic phase resting on top. The top liquid layer, is pale yellow in color, has no 

detectable ash content, and has a higher heating value of 35 MJ/kg, a value similar to that 

of bio-oil or oxygenated gasoline additives such as MTBE.   
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7.1 Introduction 

Approximately 8 million tons of sludge (on a moisture-free basis) that are 

generated in wastewater treatment plants in the U.S. require disposal. Of this, 

approximately 25% is currently sent to landfills [1], an absurdly unsustainable practice. 

This fraction is expected to increase in the future, since alternatives are gradually 

becoming more expensive or less available. For example, nearly 50% is currently used as 

a soil amendment to enhance the fertility and productivity of the land. However, land 

application faces several hurdles, including increased public resistance, concerns about 

persistent organic pollutants, presence of bioaccumulative pharmaceuticals such as 

endocrine disruptors [2], and gradual buildup of heavy metals. Thus, it is expected that 

land application is likely to be a viable option only in limited locations in the future, with 

far greater regulatory considerations and increasing costs. Approximately 25% of sludge 

is currently incinerated, reducing the volume greatly, but with significant capital and 

operating costs, due to significant regulatory considerations. Siting new facilities is quite 

challenging due to public perceptions, and this option is unlikely to grow in the near term. 

Thus, landifilling will become an increasingly attractive option to wastewater treatment 

plant operators. 

Sewage sludge, the residue of wastewater treatment plants, has been traditionally 

used as a fertilizer in agriculture or disposed of in landfills. However, besides its valuable 

agronomic properties (e.g., supply of phosphorus and nitrogen), sewage sludge is often 

contaminated with heavy metals, microorganisms, and a range of hazardous organic 

substances, which can pose a threat to soil, vegetation, animals, and humans [3]. For this 
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reason, the application of sewage sludge to agricultural land is increasingly restricted. For 

instance, the European Union sets maximum values of concentrations of heavy metals 

and bans the spreading of sewage sludge when the concentration of certain substances in 

the soil exceeds these values [4].  

Sludge is by nature highly hydrophilic. Mechanical means, such as by belt filter 

press, have limited success removing water from sludge due to the chemical and 

biochemical nature of the solid substrate. Water is encapsulated in cell walls, and is 

tightly held by hydrogen bonding with hydroxyl and carboxyl groups. To reduce costs, 

some wastewater treatment operators further reduce moisture by drying, using heat. This 

requires significant fuel, and can be quite expensive. Recent work has shown that heat 

treatment at temperatures between 180 and 230 ˚C can convert sludge to a hydrophobic 

substrate which may be dewatered to moisture content as low as 20% [3,5]. The pressure 

during heat treatment is maintained sufficiently high to ensure that the moisture in the 

sludge remains in the liquid phase, to prevent evaporation and significant energy loss. 

Thus the reaction conditions (temperature and pressure) are similar to those of the natural 

geological conditions for converting biomass to coal. In fact, hot compressed liquid water 

has been shown to be a highly reactive medium for processing many types of biomass [6]. 

The solid resulting from this heat treatment of sludge has some characteristics in common 

with lignite coal, with increased carbon content and increased fuel value, relative to the 

originating sludge. Between 50% and 80% of the dry matter in sludge is retained as a 

solid, while some fraction is lost as a gas (presumably as CO2), and much of it is 

extracted in the liquid phase during dewatering. 
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The hydrothermal treatment of sludge (HTS) is a pretreatment pathway for 

sewage sludge, which provides some useful products from this waste. HTS process is 

very similar to the hydrothermal carbonization (HTC) process, where biosolid (for HTS) 

or biomass (for HTC) is heated in hot compressed liquid water at temperatures around 

180−260 °C in a closed vessel [7,8]. Under such conditions, the biogenic material reacts 

in an overall exothermic process, undergoing a set of reactions, which include hydrolysis, 

dehydration, decarboxylation, polymerization, and aromatization, although detailed 

characteristics of the reactions are only known for a few compounds, such as cellulose [9]. 

The output of the HTS reaction is primarily a solid phase (HTS biosolid), a liquid phase 

with bio-oil, and a small amount of gas (mainly CO2) [10].  

Thermal treatment or pyrolysis of sludge has been performed in lab scale, to make 

solid fuel or syn-gas from sludge [11]. The pyrolysed biochar has high energy value and 

it is more hydrophobic than raw biosolid, but this process requires dry feed and with 85-

90% water, pyrolysis has proven a very energy consuming process [11]. HTS at 180-220 

o
C was performed earlier for liquid fertilizer production [12]. The HTS liquid has enough 

N-P-K and other micronutrients (e.g., Cu, Zn, Mo) that it can be considered a useful 

fertilizer. But bio-oil, which is a fraction of HTS liquid, was not recovered or analyzed in 

past research.  

HTS biosolid is more hydrophobic than raw sludge; as a result, dewatering of 

sludge (dewaterability) can be facilitated by HTS. The moisture content of the sludge can 

be reduced down to 55% from 10% with HTS at 190 
o
C for 30 min, followed by 

mechanical dehydration.  
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The two previously cited studies focused on this heat treatment primarily for 

benefits of improved dewaterability as a means to dry sludge, with the ultimate goal of 

subsequent conversion by thermal oxidation by incineration, with or without heat 

recovery. Although this practice is promising in Europe, where both landfilling and land 

application have been outlawed in many countries (and are likely to be banned in other 

EU countries), this practice is unlikely to take root in the US, where cost is paramount. 

However, our group at the University of Nevada has discovered that the liquid 

byproducts of the heat treatment are quite valuable, and might therefore enable the 

technology to be implemented in the US, as well. The main objective of this research was 

to convert sludge into useful products by HTS. The bio-oil quality and production rate 

with HTS temperature were examined. The fuel quality and dewaterability of the HTS 

were discussed.       

7.2. Materials and Methods 

7.2.1 Materials  

Biosolid from Truckee Meadows Water Reclamation Facility (TMWRF, Sparks, 

Nevada) with a moisture content of about 85% (wet basis) was used. The samples were 

kept in zip-lock bags and stored in a refrigerator at about 5 
o
C. 

7.2.2 Experimental Procedures 

7.2.2.1 Hydrothermal treatment 

 Hydrothermal treatment of biosolid was performed in a 2L Parr bench-top reactor 

(Moline, IL) at three temperatures 170, 200, and 230 °C. The temperature of the reactor 
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was controlled by a PID (Proportional-integral-differentiate) controller. The reactor 

pressure was not controlled but indicated by the pressure gauge and ranged from 1-2.5 

MPa. For each run, a mixture of wet biosolid and de-ionized water with a ratio of 1:0.67 

w/w was loaded into the reactor. Nitrogen was passed through the reactor at the rate of 80 

mL (STP)/min for 10 minutes to purge oxygen. The reactor was heated to the desired 

temperature and maintained at that temperature for 1 h. The reactor was then cooled 

rapidly by immersing it into an ice-water bath until it reached room temperature. The gas 

produced in the reactor was released to the atmosphere. The condensed products were 

filtered by Whatman 40 filter paper and the solid was placed in a drying oven at 105
 
°C 

for 24 hours before further analysis. HTC 170, HTC 200, and HTC 230 are the names 

given to solid biosolid products of HTS at temperatures 170, 200, and 230 °C, 

respectively. The liquid filtrate underwent liquid-liquid extraction to separate bio-oil.  

7.2.2.2 Liquid-liquid extraction (LLE) of bio-oil 

 The liquid filtrate of HTS, was treated with nonpolar solvent iso-hexane to extract 

the bio-oil. A mixture of 200 ml of liquid filtrate and 300 ml iso-hexane was stirred at 22 

o
C for 24 h in a 1 L volumetric flask. The solution was then poured into a 1 L separating 

funnel and left for 5 h. Both layers were distinct at this stage; water with suspended solid 

was relatively darker and found in the lower layer, while the clear iso-hexane with bio-oil 

layer was found on top. The upper layer was separated from the water layer. A Buchi 

Rotavapor R-205 and Buchi Heating Bath B-490 purchased from Brinkman Instruments, 

Inc. (Westbury, NY), were used to separate bio-oil from iso-hexane. The temperature of 

the heating bath was set at 65
o
C to evaporate iso-hexane, and the separation continued 
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until the last bubble in the liquid flask was visible. It took 12-14 h to separate bio-oil 

from iso-hexane layer. The bio-oil was then poured into a glass container and refrigerated 

until further analysis. 

7.2.3 Analyses 

7.2.3.1 Energy value 

 The higher heating values (HHV) for the raw biosolid, HTS products, and bio-oils 

were measured in a Parr 1241 adiabatic oxygen bomb calorimeter (Moline, IL) fitted with 

continuous temperature recording. All solid samples (0.5 g each) were dried at 105 °C for 

24 h prior to analysis and HHV are reported on a dry, ash free basis. As bio-oil was 

separated from water in section 2.2.2, the products were used without any further drying. 

7.2.3.2 Ash analysis   

           ASTM D 1102 method was followed for ash determination of HTS biosolid. 0.5-

2.0 g of dry sample was heated in the muffle furnace at 575 °C for 24 hours. Each 

experiment was done three times for better precision. Bio-oil was analyzed with a Perkin 

Elmer TGA-7 Thermogravimetric Analyzer (Waltham, MA) to determine the ash content. 

Ash analysis was carried out under an air purge at a constant rate of 40 mL/min to ensure 

the oxidation of samples. Samples were heated up to 65 °C at the rate of 10 °C/min, 

maintained at 65 °C for 10 min to remove the residual iso-hexane, then increased to 

575 °C at the rate of 50 °C /min and held for 10 min. Mass remaining after heating to 

575
o
C was considered ash. 

7.2.3.3 Ultimate analysis 
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 Ultimate analysis of both raw biosolid and HTS biosolids were performed with a 

FlashEA 1112 (Pittsburgh, PA) elemental analyzer for full determination of C, H, N, S, 

and O. All solid samples (15-20 g each) were dried at 105 °C for 24 h and grounded with 

a mortar and pestle into +0.25 mm to -0.50 mm prior to analysis. 

7.3. Results and Discussion 

7.3.1 Mass yield and energy values of HTS products  

Mass yield, energy densification ratio, and energy yield are three important 

measures in this HTS study, which are defined as: 

 

 

 

 

The results of HTS process at three different temperatures for 1 h reaction time 

are summarized in Table 7.1. With the increase of HTS temperature, the mass yield of 

HTS biosolid decreases, but the bio-oil production increases. The production of bio-oil in 

HTS 230 was twelve times higher than in HTS 170 at the same reaction time. From HTS 

170 to HTS 200, an increase of bio-oil production about 7 times was noticed. HHV of the 

HTS biosolids are similar to the raw biosolid, despite of the decrease of mass yield.  
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Condition 

Mass Yield 

(%) 

HHV  

(MJ/kg) 

Energy 

densification 

ratio 

Energy yield 

(%) 

Ash (%) 

HTS 

biosolid 

Bio-

oil 

HTS 

biosolid 

Bio-oil 

HTS 

biosolid 

Bio-

oil 

HTS 

biosolid 

Bio-

oil 

HTS 

biosolid 

Bio-

oil 

Raw 100.0 0 24.5±0.5 - 1.0 - - - 26.7±0.1 - 

HTS 170 80.6 0.8 23.3±0.3 34.6±0.4 0.9 1.4 81.3 1.1 36.2±0.5 0 

HTS 200 68.5 5.6 24.6±0.4 34.5±0.7 1.0 1.4 71.5 7.8 37.9±0.8 0 

HTS 230 60.6 9.6 24.6±0.1 34.9±0.6 1.0 1.4 64.6 13.5 42.0±1.0 0 

Table 7.1. Mass and energy analysis of HTS biosolid and bio-oil 

 Although bio-oil production increases with HTS temperature, HHV of the bio-oil 

is similar at every temperature. Energy yield is the percent of total energy remained in the 

HTS biosolid. As the HHV of the HTS biosolid are similar, the energy yield decreases 

with HTS temperature. It is expected that a part of the energy was transferred to the 

liquid bio-oil. Again, the similar HHV in HTS biosolid, with a decreasing trend of mass 

yield, implies the possibility of carbonization during the HTS.      

Ash content of the HTS biosolid increased with the HTS temperature. Compared 

to the raw biosolid, HTS 230 has about 57% more ash. More than 90% of the total 

inorganics remained in the HTS biosolid. In other words, the HTS process is 

concentrating the inorganics in the solid phase, while producing bio-oil with high HHV. 

There is no inorganic found in the bio-oil at all three temperatures. The liquid fuel is 

favorable as it is easier to transport, has higher energy value and becomes even more 



215 
 

attractive when it is ash-free. The ash content of the bio-oil at all temperatures is zero, so, 

there are no inorganics in the bio-oil.    

7.3.2 Ultimate analysis of HTS biosolid 

The elemental composition of CHONS of the raw sewage sludge and HTS 

biosolids are listed in Table 7.2. Elemental oxygen, and sulfur concentration decreases 

with the increase of HTS temperature. A slight decrease in elemental carbon and 

hydrogen occurred with increasing HTS temperature. The elemental decrease of oxygen 

might results from one or multiple hydrothermal carbonization reactions (e.g., hydrolysis, 

dehydration, decarboxylation, polymerization, and aromatization). A useful way to depict 

the effects of both HTC time and temperature is by means of a Van Krevelen diagram. 

This diagram, which plots atomic H/C ratio vs. atomic O/C ratio is commonly used to 

evaluate the energy quality of solid fuels [13,14].  

A Van Krevelen diagram representing the HTS biosolids, raw biosolid, and other 

feedstock are provided in Figure 7.1. Increasing the HTS reaction temperature (with 

constant 60 min. reaction time) produces a HTS biosolid that resembled peat (at 235°C), 

lignite (at 255-275°C), and bituminous coal (at 295°C) [13]. For the stabilized sewage 

sludge, the initial ratios of 1.57 (H/ C) and 0.44 (O/C) also decreased with the HTS, 

reaching values of 1.16 and 0.19, respectively for HTS 230. Other authors have reported 

values for digested sewage sludge subjected to pyrolysis (30 min at 300 °C) of 1.55 for 

H/C (initial value of 1.82; 14.8% decrease) and 0.46 for O/C (initial value of 0.57; 19.3% 

decrease) [15]. 
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Condition 

Carbon 

(%) 

Hydrogen 

(%) 

Oxygen 

(%) 

Nitrogen 

(%) 

Sulfur 

(%) 

Raw biosolid 42.5±0.5 5.5±0.1 25.2±0.2 5.1±0.05 2.1±0.02 

HTS 170 39.3±0.5 4.5±0.1 13.6±0.2 5.7±0.05 0.6±0.02 

HTS 230 38.3±0.5 3.7±0.1 9.6±0.2 4.7±0.05 0.5±0.02 

Table 7.2. Elemental composition of raw biosolid and HTS biosolid (dry basis) 

 

Figure 7.1. Van Krevelen diagram of raw biomass, biosolid, and their treated form 

These ratios are very similar to the ratios of this study. These results suggest that 

there is evidence of carbonization during HTS process. Based on this, a further 

carbonization of the biosolid might be possible either at increased HTS temperature or 

time.   
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7.3.3 Dewaterability of HTS process 

The dewaterability of sewage sludge is a core aspect in the pretreatment of 

incineration or usage as a fuel. Sewage sludge can be mechanically dewatered by several 

established technologies, attaining solid contents given in parentheses: belt presses 

(20−28%), decanting centrifuges (20−35%), and filter presses (28−45%) [3]. Table 7.3 

reflects the effect on moisture content during HTS. For raw sludge, it took more than 500 

min to gravity filter 500 ml of liquid filtrate using Whatman 40 filter paper. HTS 170, 

200, and 230 required 350, 20, and 5 min, respectively to filter 500 ml of liquid after 

HTS.  

Condition 

Time needed to filter 

500 ml liquid 

(min) 

Filterable liquid 

fraction (%) 

Solid in cake 

(%) 

Raw biosolid >500 10 9.3 

HTS 170 350 35 10.3 

HTS 200 20 60 13.5 

HTS 230 5 75 18.1 

 

Table 7.3. Dewaterability of HTS biosolid compare to raw sludge 

From Table 7.3., it can also be noticed that filtering concentrates the solids more 

than twice as much in HTS 230 compared to raw biosolid. Due to the separation of 

hydroxyl groups, HTS biosolid has lower H/C and O/C ratios, which was already 
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discussed in the previous section. As hydroxyl, carboxyl, and/or other functional groups 

decrease, in turn, the hydrophilic character of the feedstock decreases; therefore, the 

physical dewatering is facilitated. Escala et. al. (2012) reported that centrifugation and 

mechanical pressing of HTS 210 increased the solid concentration from 9% to 70% [3]. 

As a result, the dewatering cost was reduced about 90% compared to raw sludge drying 

thermally. Zili et. al (2010) reported about 20% increase of solid concentration during 

HTS 190 with centrifugation [10]. So, it is possible to increase the solid concentration in 

HTS biosolid with the introduction of mechanical pressing and/or centrifugation.   

7.4. Conclusions 

HTS is a promising treatment process, where raw waste biosolid converts into 

valuable products like bio-oil, and HTS biosolid. The production of bio-oil increases up 

to 9.5% with the increase of HTS temperature to 230 
o
C at the same reaction time of 1 h. 

Bio-oil has a fuel value of 34.9 MJ/kg and it is free of ash. In the HTS temperature range 

from 170-230 
o
C, biosolid undergoes some carbonization reaction. The solid 

concentration increases more than twice in HTS 230 biosolid than in raw biosolid. Thus, 

the dewaterability or hydrophobicity increases with the increase of HTS for biosolid.    
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Chapter 8 

Conclusions and Recommendations for Future Research  

8.1 Conclusions 

In this section, conclusions are drawn regarding the work reported in previous 

chapters. 

8.1.1 Hydrothermal carbonization 

Hydrothermal carbonization, or wet torrefaction, is a promising pretreatment 

process that converts low density lignocellulosic biomass into a solid product with higher 

mass and energy density known as HTC biochar. Moreover, this process makes HTC 

biochar more hydrophobic, friable, and uniform, regardless of biomass used. Temperature 

is the only significant variable of hydrothermal carbonization when the reaction time is 

fixed. Mass yield of the different types of lignocellulosic biomass decreases with 

increasing HTC reaction temperatures, while the energy densification ratio increases 

significantly. Hemicellulose and aqueous solubles are more reactive than cellulose, and 

lignin is the most inert. Ultimate analysis indicates that the pretreated solid product has 

significantly reduced atomic oxygen and increased carbon content.  Thus, from 

lignocellulosic biomass, wet torrefaction can produce a solid product similar to low rank 

coal.     

8.1.2 HTC reaction chemistry 

Hydrothermal carbonization (HTC), or wet torrefaction, is a promising process for 

synthetic coalification of lignocellulosic biomass. Subcritical liquid water at its highest 
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active state attacks β-1-4 glycosidic bonds to hydrolyze hemicellulose and cellulose. 

Hemicellulose degrades completely at 200
o
C under hydrothermal conditions and 

cellulose degrades partially, while lignin shows little degradation in the 200-260
o
C 

temperature range. Various types of C-5 and C-6 sugar monomers, aldehydes, furfurals, 

along with other active intermediates, are the main products of hydrolysis. These 

products are further degraded or converted into cross-linked polymers through a series of 

simultaneous reactions like dehydration, decarboxylation, condensation-polymerization, 

and aromatization. Polymers made from cellulose degraded intermediates like 5-HMF, 

are carbon rich, hydrophobic, and have characteristics similar to lignin. In fact, they 

probably make bonds with the existing lignin, and thus are hard to distinguish from lignin. 

Reactions in the liquid phase are dominant at longer reaction times, while solid phase 

reactions reach equilibrium within minutes in the HTC temperature range of 200-260 °C.  

8.1.3 Fate of inorganics 

Hydrothermal carbonization (HTC) is a pretreatment process for making a 

homogenized, carbon rich, and energy dense solid fuel, called HTC biochar, from 

underutilized lignocellulosic biomass. Biomass with relatively higher ash content like 

corn stover, miscanthus, switch grass, and rice hulls were analyzed for inorganic content 

of HTC. The percentage removals of Ca, Mg, P, K, and S were 80-90% for miscanthus, 

65-83% for corn stover, 70-79% for switch grass, and 50-90% for rice hulls with a HTC 

treatment temperature of 200
 o
C. At a HTC temperature of 260

o
C, structural Si was 

removed, but an increase in other inorganics was found. Except for Pb and As, every 

heavy metal was removed by HTC treatment at 200
 o
C. The slagging index increased for 

HTC at 200
 o
C for every biomass, but decreased with higher temperatures. Fouling index 
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was at a medium level for raw corn stover and switch grass derived and HTC 200, but it 

decreased up to 90% for corn stover derived HTC 230. Cl content was high only for raw 

and HTC 200 switch grass, but it was reduced to a low slagging range for HTC 230 and 

HTC 260. Alkali index was medium for raw biomass but low for HTC biochar. 

8.1.4 Chemical demineralization 

Although HTC biochar has favorable combustion characteristics, the remaining 

ash can act as an inhibitor in both thermochemical and biochemical conversion processes. 

Organic acid chelation is a new method for removal of ash from corn stover. Most of the 

structural ash is located in the cross-linked structure of lignin. Lignin is inert in acidic 

media at lower temperatures. But in a slightly more basic solution, cellulose and 

hemicellulose are inert and lignin is slightly reactive. Thus, sodium citrate proves more 

effective in inorganic removal than citric acid. More than 75% structural and 85% whole 

ash was reduced by 0.1g sodium citrate per gram of biomass. FTIR, fiber analysis, and 

chemical analysis show that cellulose and hemicellulose were unaffected by sodium 

citrate chelation, but lignin and aqueous extractives were reduced. ICP-AES (Induced 

Coupled Plasma-Atomic Emission Spectrophotometry) showed that with the increase of 

sodium citrate concentration, silica concentration was reduced and replaced by sodium.  

8.1.5 Engineered pellets 

Both dry torrefaction and HTC processes yield a solid residue called biochar of 

higher energy value and greater hydrophobicity. Lignin content (as determined by 

standard fiber analysis method) increases for dry torrefied biochar with increasing dry 

torrefaction temperatures. Dry torrefied biochar is chemically different than raw biomass 
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and HTC biochar. Unlike raw and HTC biochar, no glass transition behavior is apparent 

in any dry torrefied biochar lignin. Therefore, dry torrefied biochar pellets have lower 

durability and lower mass density. Dry torrefied 350 biochar pellets are only 9.8% 

durable and have a mass density of only 689 kg/m
3
. Despite the dry biochar's better 

energy value (e.g., 29.0 MJ/kg for Dry 350), the energy density of dry torrefied pellets is 

lower than raw pine pellets. HTC biochar is also hydrophobic, of moderate energy value, 

and has excellent binding capability. An addition of HTC 260 biochar to dry torrefied 

biochar can produce engineered pellets with better durability, mass density, and energy 

density than pure dry torrefied pellets. During pelletization, HTC 260 biochar can reduce 

the cracks by making solid bridges among the dry torrefied biochar particles. Engineered 

pellets are durable and have increased density. Energy density and durability values for 

engineered pellets indicate that dry torrefied biochar treated at torrefaction temperatures 

of more than 300°C require less HTC 260 binders than torrefied biochar treated at 

temperature below 300°C.                

8.1.6 Hydrothermal treatment of sludge (HTS) 

Subcritical water is not only effective for lignocellulosic biomass, but also effective 

for waste water sludge. Waste water sludge has 9% solids (91% water), and thus makes it 

a potential feed for hydrothermal treatment. Sludge was treated in subcritical water at 170 

˚C, 200 ˚C, and 230 ˚C for 1 h. As temperature increases, the mass yield is reduced to as 

low as 60%. Ash content in the solid increases significantly, from 27% for raw sludge to 

42% in heat-treated solid product; 95% of the inorganics remain with the solid. The solid 

product is easily filtered, reflecting the enhanced dewaterability of heat-treated sludge. 
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The liquid products from HTS have two layers: lower, (heavier) aqueous phase, and a 

lighter organic phase resting on top. The top phase is pale yellowish in color, has no 

detectable ash content, and has a higher heating value of 35 MJ/kg (15,500 BTU/lb), a 

value similar to that of biodiesel or oxygenated gasoline additives such as MTBE.  

8.2 Recommendations for future research 

Throughout this study, the only dominant variables are considered to be HTC 

reaction time and reaction temperature. Nevertheless, other variables, such as feed size, 

pressure, environment, and water to biomass ratio, are not negligible. To design the HTC 

process and commercialize it, all the variables need to be considered and optimized. 

From the previous results, HTC biochar pretreated at 260°C is by far the most promising, 

but the vapor pressure in that case was 5.5-5.7 MPa, a relatively high process pressure. 

The use of different salts or ionic liquids may be interesting, as salt added to a solution 

usually decreases vapor pressure. The HTC process requires extra heat to make HTC 

biochar, and it will be extremely useful to study the techno-economic analyses of the 

HTC process to prove the utility of this process.   

Reaction chemistry was studied for loblolly pine only, which is a softwood. The 

product yield and compositions from other biomass types like hardwoods, or grasses, 

might be different. Lignin content cannot be measured directly by the Van Soest fiber 

analysis. A process that can measure lignin directly and can distinguish the cross-linked 

polymer product from cellulose, is necessary for further understanding. FTIR is effective 

in detecting of classifying organic bonds; however, it is not a quantitative analysis. Solid 

state C-13 NMR with quantitative software would be useful to perform a complete 

reaction chemistry study. Throughout the dissertation, the gaseous products were ignored, 
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but the gaseous products might have some volatile organic components, which should be 

considered accordingly. In this work, the gaseous products were considered a waste, and 

were always vented. A detailed study on gaseous products should be conducted to reveal 

whether they contain high value products. 

Although many biomass feedstocks contain only a small amounts of inorganics, 

those scarce inorganics can play an important role in HTC. In this dissertation, the 

catalytic effects of individual metal ions on HTC product yields were not of concern. 

However, the mass yield and the production of water extractives were found to increase 

with increasing inorganics (see Chapter 4). Some specific inorganics might catalyze or 

enhance the production of extractives. So, the effect of individual inorganics on HTC, as 

well as a group of inorganics, might be an interesting study. The HTC conditions might 

be different with the presence of specific inorganics in the biomass. Again, the 

inorganic‟s presence in the biomass structure is still a mystery. Rigorous study on the 

individual inorganic bonds within the biomass constituents will be necessary to 

understand more about HTC. Moreover, recovery of the inorganics from the HTC 

products will be very interesting, as some inorganics (like P, Al, Ni) have their own 

market value. It would be an interesting study to recover them in their pure form. A study 

on the form of inorganics, especially N-P-K in the liquid HTC products, might reveal the 

use of this material as a liquid fertilizer for crops. 

Demineralization of biomass is important for many biochemical, as well as 

thermochemical processes. In this dissertation, a preliminary study on demineralization 

using organic acid chelation is reported. The process parameters, detailed reaction 

chemistry, and kinetics are still unknown. Only a few organic acids and their conjugate 
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bases were considered here in demineralization of corn stover. A more detailed study is 

required to understand the chelation process clearly. To make this a robust reaction model, 

demineralization of some other biomass using the same operating conditions will be 

needed. On a laboratory scale, the price of the chelators is usually ignored. But to 

commercialize this process, the price of inorganic acids will be a large factor, as the 

recovery of chelators was not considered in this dissertation. The recovery of chelating 

agents will also yield the recovery of inorganics automatically. The inorganics can then 

be used as a fertilizer for crops, or as catalysts.      

        The engineered pellets were prepared under only one set of operating conditions, 

which could be optimized by changing the pelletization pressure or temperature. The 

lignin content of woody biomass is usually higher than that of other lignocellulosic 

biomass. To make engineered pellets using other HTC biochar could be challenging. The 

amount of lignin in HTC biochar needed to make a durable pellet could be optimized. 

The effect of using an external binder on HTC biochar needs to be studied. The moisture 

content is crucial for pelletization, but it is also related to the HHV of the engineered 

pellets. As the purpose of the pellets is for fuel, a minimum amount of moisture would be 

most favorable. Again, co-firing with coal in existing coal power plants might cause this 

HTC process to be commercially advantageous. Still, the feeding and burning in a power 

plant boiler might need to be re-designed. Another option is to make pellets out of a 

blend of coal and HTC biochar. The percentage of coal blended with HTC biochar, along 

with the pelletization technique, would be extremely important. A hydraulic press is good 

for making pellets on a laboratory scale, but because of the lower throughput, it would 
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not be acceptable on an industrial scale. Use of a hydraulic press to predict the 

characteristics of pellets from a pellet mill might be very useful.    

 HTS is a very promising process, and this also proves the scope of hydrothermal 

treatment of other wastes like MSW, or black liquor from paper industries. Only 

preliminary results of HTS were presented in this dissertation. The process variables still 

need to be analyzed. The economic analysis will be very important in these kinds of 

analyses, and for that, finding the appropriate product and maximizing this product are 

necessary. A detailed analysis of the bio-oil produced from HTS is required. The heavy 

liquid product has a potential for N-P-K fertilizer, but better knowledge of the exact form 

of N, P, and K in the liquid is necessary. In Chapter 4, it is presented that most of the 

heavy metals can be found in the liquid phase after HTC treatment. So, it is possible that 

a major portion of the heavy metals from the sludge can be found in the liquid products. 

As a result, the liquid products might need some additional treatments before using them 

as fertilizer.      

 


