
ABSTRACT 

JOHNSON, SHELLY JONES. Synthesis and Materials Characterization of Hydrothermally 
Carbonized Nanofibrillated Cellulose (Under the direction of Dr. Marko Hakovirta and Dr. 
Richard Venditti). 
 

Hydrothermal carbonization (HTC) is a thermochemical process by which carbon-

based material is exposed to high temperature and autogenous pressure within an aqueous 

environment that results in the carbonization of organic material. The hydrolysis of water at 

its saturation temperature and pressure at set conditions leads to the hydrolysis, dehydration, 

fragmentation, polymerization and aromatization of the biomass feedstock to produce a 

higher elemental carbon product called hydrochar. This developing technology is 

advantageous compared to other carbonization processes because of its ability to synthesize 

wet biomass at lower process temperatures and without harsh chemicals. As a result, HTC 

produces hydrochar with a smaller environmental impact and fewer carbon emissions than 

chars produced through other thermochemical processes.  

Nanofibrillated cellulose (NFC) is a renewable and commercially available cellulose 

material that has at least one dimension in the nanometer scale range.  NFC adds strength and 

functionality to materials while replacing non-biomass-based materials. 

The purpose of this research was to characterize the morphology of the NFC 

hydrochar produced from HTC and to investigate how process conditions and vessel 

parameters influence the final product. In particular, this work evaluated if starting with a 

nano-scale cellulose feedstock leads to additional nano-scale structures and features in the 

final product compared to starting with macro-scale cellulose. Due to the nano structures of 

the NFC, the long nanofibers may influence the characteristics of the hydrochar; and, the 

increased surface area of the NFC could show more reactivity in HTC, creating a structured 



product with the ability to form nano-scale structures. The effects of temperature, time, 

stirring, and process reaction material on the hydrochars were evaluated using small scale 

laboratory batch reactors by looking at surface morphology, surface area, and elemental 

analysis.  

The Brunauer–Emmett–Teller (BET) analyses showed BET surface areas for the 

hydrochar products ranging from 6 to 23 m2/g; SEM images revealed an interconnected 

network of unique nano-scale structures with diameters ranging from 70 nanometers to 6 

micrometers; and, elemental analyses showed an increased carbon content from 40% carbon 

in the nanofibrillated cellulose to 65% to 70% carbon for the hydrochar products.  For the 

products to be carbonized, the experiment temperature needed to be 225°C or higher when 

reacted for 3 hours, as the experiments at 160°C and 200°C did not carbonize. Increased 

reaction times up to 7 hours had little to no effect at 250°C on the hydrochar products. The 

use of the stirred reactor provided much more uniform and consistent hydrochar products 

than the unstirred reactor. Hydrochars from unstirred reactors consisted of 1 to 5 micrometer 

diameter large spheres interconnected with nanometer diameter spheres, while hydrochar 

products from stirred reactors did not produce these observed large spheres.  

Hydrochar from 1% solids and 5% solids nanofibrillated cellulose did not vary in 

their results. The nanofibrillated cellulose compared to the macrocellulose hydrochars did not 

show significant difference in the BET analysis or the elemental analysis; however, the SEM 

images showed a difference in the topographies of the hydrochars. The macrocellulose 

hydrochar had nano-scale interconnected particles with a 2-dimensional base similar to a 

wood log, while the nanofibrillated cellulose hydrochar had nano-scale interconnected 

particles with a 3-dimensional structure similar to a fluffy cloud. Temperature and stirring 



had the most significant effect of all processing variables on the resulting hydrochar 

properties of the NFC.   

The hydrochars were activated in a horizontal tube furnace to determine if the 

hydrochar structure lead to a detailed and intricate activated structure. Steam activation at 

800°C of the NFC hydrochar greatly increased the BET surface area to about 500 m2/g, 

which was independent of the prior HTC process conditions. The activated carbon structure 

did create a structure within a structure, with the second structure consisting of a refined 

etching of the initial hydrochar structure. In summary, this research has described the effect 

of HTC and steam activation on NFC for the first time.  
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INTRODUCTION 

Hydrothermal carbonization (HTC) allows for the synthesis of nanostructured carbon 

materials without harsh process conditions (M. M. Titirici, Thomas, and Antonietti 2007). 

HTC uses mild operating conditions to synthesize biomass into a carbonaceous higher valued  

product, without the requirement of drying wet materials, an advantage relative to other 

carbonization processes such as pyrolysis or torrefaction (De et al. 2015; M.-M. Titirici and 

Antonietti 2010). The HTC process heats biomass or other feed product in water to 

temperatures between 180°C and 300°C (De et al. 2015; Hu et al. 2010). Currently, many 

researchers are using this process at lab-scale to convert simple biomass sugars into products 

(De et al. 2015; Li, Wang, and Shahbazi 2015; M.-M. Titirici and Antonietti 2010). The 

resulting product from HTC is a hydrochar that has potential for applications as biofuels, 

supercapacitors, catalyst supports, biofuels and adsorbents (Li, Wang, and Shahbazi 2015).  

 The purpose of this research is to evaluate the morphology and formation of the 

hydrochar produced from the treatment of nanofibrillated cellulose in the hydrothermal 

carbonization process. It is of interest to understand if starting with a nano-scale structure 

provides any special structural features of the final hydrochar product. As little research has 

been done on the HTC conversion of cellulose, in particular the nanofibrillated cellulose 

feedstock used in this research, the results of these experiments will provide insight on the 

HTC conversion of this special cellulose and hemicellulose.   

1. LITERATURE REVIEW 

Biomass feed stocks are in high demand to provide carbon neutral processes and 

products compared to petroleum- or chemical-based processes and products. Depending on 
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the production methods, carbon materials provide a sustainable material with the same or 

better qualities as competing products. Carbon-based bioproducts have much potential in 

renewable energy, biofuels, catalysis, energy storage, gas separation, water purification, and 

soil amendments (M.-M. Titirici et al. 2015). Research on fullerenes, carbon nanotubes, and 

graphene from biomaterials have received some of the highest scientific awards over the past 

two decades, reflecting the importance and potential for these materials (M.-M. Titirici et al. 

2015).  

The key to the successful production of carbon-based products is developing a 

process that creates a uniform and higher carbon content product compared to the starting 

biomass. There are options for thermochemical conversion pathways of biomass to a higher 

elemental carbon product, but the environmental implications (emissions and resource use) 

and economic costs allow for further research into developing better synthesis pathways. 

Hydrothermal carbonization is a thermochemical process for biomass conversion that uses 

lower temperatures, compared to pyrolysis or torrefaction, and no chemicals. This section 

introduces a review on important topics for understanding the research of hydrothermal 

carbonization of nanofibrillated cellulose described in the proceeding chapters. The literature 

review includes an introduction on hydrothermal carbonization, other carbonization 

technologies, nanofibrillated cellulose, and char products and their applications.  

1.1 Hydrothermal Carbonization 

Hydrothermal carbonization (HTC) is a thermochemical process biomass conversion 

method that operates in aqueous at subcritical temperatures, generally between 160°C and 

350°C, (Brun et al. 2013; Child 2014; Heidari et al. 2018; Lu et al. 2013; Sevilla and Fuertes 

2009; M.-M. Titirici, Thomas, and Antonietti 2007). The process mimics the natural 
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formation of coal with a controlled environment and timeline (M.-M. Titirici and Antonietti 

2010; M.-M. Titirici, Thomas, and Antonietti 2007).  

The history of experimental hydrothermal processes experimentally dates back to the 

1800s when scientists precluded that elevated temperatures and pressures naturally formed 

rocks and minerals. From this research, these early scientists developed experiments to form 

silicic acid, quartz, feldspar, and other crystals (History of Hydrothermal 2000). As work 

progressed, the vessel types improved allowing for higher temperatures and pressures to be 

reached.  

The historical beginning of HTC experiments have been attributed to Bergius starting 

in 1913. These first experiments treated cellulose under hydrothermal conditions to produce a 

coal-like material (Child 2014; Donar, Çaǧlar, and Sinaǧ 2016; Kambo and Dutta 2015; Li, 

Wang, and Shahbazi 2015; Sevilla and Fuertes 2009; M.-M. Titirici et al. 2015; M.-M. 

Titirici and Antonietti 2010; M.-M. Titirici, Thomas, and Antonietti 2007). Work was done 

to increase the carbon content, effectively reducing the hydrogen and oxygen contents, of 

biomass or lignite coal to improve the heating value (Funke, Ziegler, and Berlin 2010). This 

work was controversial over the decades due to the quality of the products, but research 

picked up steadily in the 1980s to refocus on this technique (Funke, Ziegler, and Berlin 2010; 

History of Hydrothermal 2000). 

While hydrothermal technologies can operate over a large temperature range, a 

general consensus from literature identifies hydrothermal carbonization at temperatures 

generally between 160°C and 350°C, hydrothermal liquefaction (main product is liquid) 

above 350°C, and hydrothermal gasification (main product is gas) as temperatures generally 

between 400-700°C (Heidari et al. 2018; Hu et al. 2010; Lachance et al. 2008; Sevilla and 
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Fuertes 2009; M.-M. Titirici et al. 2015; M.-M. Titirici, Thomas, and Antonietti 2007). This 

paper will focus on the hydrothermal carbonization, also known as wet carbonization, 

techniques, as the products are mostly solid, referred to as “hydrochar,” while it still 

produces liquid and gases (Hu et al. 2010; Lachance et al. 2008).  

The main operating parameters of importance for HTC include temperature, pressure, 

reaction time, catalysts, biomass feed, and process water recycling (Bargmann et al. 2014; 

Heidari et al. 2018; Hu et al. 2010). The influence of temperature has been studied by many 

researchers. Increasing the temperature increases the energy available for breaking 

intermolecular bonds of biomass feedstocks, which improves the conversion efficiency but 

deceases hydrochar yield (Heidari et al. 2018; Lu et al. 2013). The pressure for most 

experiments is autogenous, which correlates to the saturation pressure of water at the given 

temperature. Increased pressure creates more water in the liquid state. Experiments with 

increased pressure showed little difference in physical structure of the hydrochar, although 

the pore volume increased and the particle radius decreased (Heidari et al. 2018). Reaction 

time is important to HTC as it impacts the energy demands of the system and the hydrochar 

properties. HTC experiments ranging from a few minutes to days have been studied showing 

increased surface area, porosity, and pore volume with increased time (Heidari et al. 2018). 

Lu, et. al. showed that the conversion of cellulose during HTC occurs between 0.5 hours and 

4 hours, while there is little change in the solids recovery after this time (Lu et al. 2013). 

Catalysts are selected based on the application purposes of the hydrochar, as the catalysts are 

used to control the product structure and properties (Hu et al. 2010). Acids, bases, wafers, 

metals, and other materials have been used to produce hydrochar with varying properties for 

different applications (Heidari et al. 2018; M.-M. Titirici et al. 2015). Since every biomass 
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has a different compositional makeup, the feedstock very much dictates the final product. In 

addition, the amount of water in the feedstock influences the final product and the energy 

needs for the experiment (Heidari et al. 2018). Biomass is composed of hemicellulose, 

cellulose and lignin, and the degradation temperature increases from 180°C to 220°C, 

respectively (Donar, Çaǧlar, and Sinaǧ 2016; Heidari et al. 2018; Lachance et al. 2008). 

Therefore, the composition of the feedstock affects the hydrochar properties and the 

influence of the other parameters. The process water recycle can have positive impacts on the 

hydrochar yield and decreased water and energy needs (Heidari et al. 2018). 

The high temperatures and autogenous pressures reached in the HTC treatment lead 

to chemical changes in the feedstock. Some of the chemical changes include increased 

solubility, melting of crystalline structures, increased interaction between reagents and 

solvents, improved reactions between ions, acids and bases, and the formation of 

carbonaceous structures (Hu et al. 2010; Lu et al. 2013).  The mechanisms and pathways of 

biomass to hydrochar via HTC are not well known, and there are many proposed pathways 

(Heidari et al. 2018). This paper does not suggest a pathway for hydrochar production of 

NFC by HTC, yet acknowledges the overlapping ideas and pathways that are hypothesized 

by other researchers.  

The chemical transformation of cellulose to hydrochar through an HTC treatment is 

described through the following reactions, shown in Figure 1:  

1. Hydrolysis 

2. Dehydration fragmentation 

3. Intermolecular and intramolecular dehydration (polymerization or 

condensation) 
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4. Aldol condensation and keto-enol tautomerism  (aromatization) 

The autoionization of water leads to the hydrolysis of the carbohydrate polymers into 

smaller cellobiose units and/or simple sugars, glucose and fructose. The simple sugars then 

either (1) dehydrate and fragment resulting in open rings and broken carbon-carbon bonds 

that form 1,6-anhydroglucose, erythrose, 1,2,4-benzenetriol, aldehydes, and furfural 

compounds; or (2) decompose into organic acids, such as acetic, lactic, propenoic, levunilic 

and formic acids. The carbon chains and rings formed from the dehydration and 

fragmentation reactions will polymerize and aromatize through intra- and intermolecular 

dehydration or aldol condensation and keto-enol tautomerization. Once the critical saturation 

point of aromatic clusters is reached, a burst nucleation takes place resulting in the formation 

of the hydrochar particle with hydrophobic groups in the core and hydrophilic groups on the 

shell (Hu et al. 2010; Sevilla and Fuertes 2009). The formation of microspheres is the result 

of this nucleation, due to the hydrophobic aromatic core with a hydrophilic shell (Fuertes et 

al. 2010). Research shows that HTC at low temperature generates monodispersed colloidal 

carbonaceous spheres from the simple sugars produced (Hu et al. 2010).  
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Figure 1: Suggested chemical pathway for hydrochar formation from cellulose via HTC (Hu 
et al. 2010; Sevilla and Fuertes 2009). 

Solid, liquid and gas products are formed during HTC treatment. The solids are 

carbonaceous material with higher percent carbon than the original biomass solids. The 

liquid contains water-soluble organics. Bio-oil may be extracted from the liquid phase. The 

gases consist mostly of carbon dioxide (Hu et al. 2010; Puccini et al. 2017). The carbon, 

hydrogen and oxygen molecules are reduced from the solid phase, but the hydrogen and 

oxygen decrease in proportionally higher amounts compared to the carbon. These losses are 

favored at higher temperatures (Fuertes et al. 2010; Sevilla and Fuertes 2009). 

HTC is mostly discussed in lab scale, although some companies are claiming 

industrial HTC processes. HTC experiments introduce many different experiments, including 

vessel size, vessel type, and separation methods, mostly as batch processes; however, some 

experiments on continuous and semi-continuous studies exist. The batch HTC treatments are 
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easy to control the process parameters, but are not the most economical, efficient or 

sustainable in regards to energy and water. Experiments to produce continuous and semi-

continuous HTC processing include the use of twin-screw extruders, high pressure pumps, 

lock systems and parallel reactors; however, this research has not shown optimal hydrochar 

properties (Heidari et al. 2018).  

Industrial-scale HTC is claimed by a few European companies. Little information is 

available about their process details, emphasizing the confidentiality in this emerging 

technology. Companies that have created industrial-scale processes include Ingelia, SunCoal, 

AVA-CO2 (Avalon Industries), TFC Engineering, TerraNove Energy, Biokol, and Antaco. 

Most of these industrial processes claim to start with either raw biomass or waste sludge and 

produce a pelletizable coal-like product or soil amendment (Child 2014; Heidari et al. 2018). 

1.2 Nanofibrillated Cellulose 

Nanocellulose refers to cellulosic material with at least one dimension at a nanometer 

range. Three main types of nanocellulose are nanofibrillated cellulose (NFC), cellulose 

nanocrystal (CNC), and bacterial nanocellulose (BNC) (Abdul Khalil et al. 2014; Josset et al. 

2014; Thomas et al. 2018). Nanocellulose has gained consideration in the scientific 

community due to its low thermal expansion, high length to diameter aspect ratio, ability to 

improve strength, and mechanical and optical strength properties.  Fields of application for 

nanocellulose include the pulp and paper industry, food packaging, nanocomposites, coating 

additives, and gas barriers (Abdul Khalil et al. 2014; Josset et al. 2014; Thomas et al. 2018).  

NFC contains amorphous and crystalline cellulose regions with long, flexible and 

entangled cellulose nanofibers in the range of 1-100 nm. Typical production begins with a 

mechanical treatment stage of the biomass, then a chemical or enzymatic treatment stage, 
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followed by another mechanical treatment stage. Due to the mechanical stages, this process is 

very energy intensive, and some producers may choose a pretreatment option to reduce the 

mechanical energy demand (Abdul Khalil et al. 2014; Josset et al. 2014; Thomas et al. 2018). 

The mechanical stages may include high pressure homogenization, microfluidization, 

grinding, cryocrushing, or high intensity ultrasonification (Abdul Khalil et al. 2014). NFC is 

commercially produced and available (Abdul Khalil et al. 2014; Thomas et al. 2018).  

CNC contains just the crystalline regions of cellulose and is very rigid and rod-

shaped. Their diameter is usually 2-20 nm and the length 100 nm to several micrometers. 

CNC is composed of cellulose. BNC is synthesized from Gluconoacetobacter xylinius, a 

bacteria family that produces the nanocellulose from glucose (Abdul Khalil et al. 2014).  

1.3 Char and HTC products 

Carbonization is the process of forming solid residues with an increased elemental 

carbon content compared to the organic or starting material (Fitzer, E; K-H Kochling; 

Boehm, H P; Marsh 1995). The carbonized product formed from HTC is termed “hydrochar” 

(Kambo and Dutta 2015). While this term is specific to the solid residue formed during HTC, 

many other terms for higher elemental carbon products exist, shown in Table 1. These 

identifying and descriptive terms are important to understand for application purposes and 

relation to reaction mechanisms and processes.  

Char is “a solid decomposition product of a natural or synthetic organic material” 

(Fitzer, E; K-H Kochling; Boehm, H P; Marsh 1995). The solid product from HTC is referred 

to as “hydrochar”; however, other nomenclature exists for higher elemental carbon products, 

usually based on production and application. Hydrochar, biochar, charcoal, carbon black, and 

black carbon are terms used to name these carbonized products, and each term represents a 
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material with different physical and chemical properties compared to the others (Kambo and 

Dutta 2015; Long, Nascarella, and Valberg 2013). 

Table 1: List of terms and definitions for materials related to and containing elemental 
carbons important to HTC and potential applications. (Fitzer, E; K-H Kochling; Boehm, H P; 

Marsh 1995). 

Term Definition - cited from (Fitzer, E; K-H Kochling; Boehm, H P; 
Marsh 1995) unless cited. 

Activated carbon a porous carbon material, a char which has been subjected to reaction 

with gases, sometimes with the addition of chemicals, e.g. ZnCI,, 

before, during or after carbonization in order to increase its 

adsorptive properties 

Biochar solid material obtained from the thermochemical conversion of 

biomass in an oxygen-limited environment (Kambo and Dutta 2015) 

Black carbon a range of carbonaceous substances from partly charred plant 

residues to highly graphitized (i.e., highly ordered molecular carbon 

structures as found in graphite) soot that are generated as products of 

incomplete combustion (Long, Nascarella, and Valberg 2013) 

Carbon black industrially manufactured colloidal carbon material in the form of 

spheres and of their fused aggregates with sizes below 1000 nm 

Carbon fibers Fibres (filaments, tows, yarns, rovings) consisting of at least 92% 

(mass fraction) carbon, usually in the non-graphitic state 

Carbon material a solid high in content of the element carbon and structurally in a 

non-graphitic state 
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Table 1: (continued). 

Char solid decomposition product of a natural or synthetic organic material 

Charcoal traditional term for a CHAR obtained from wood, peat, coal or some 

related natural organic materials 

Colloidal carbon a particulate carbon with particle sizes below ca. 1000 nm in at least 

one dimension 

Graphene a single carbon layer of the graphite structure, describing its nature by 

analogy to a polycyclic aromatic hydrocarbon of quasi infinite size 

Graphite allotropic form of the element carbon consisting of layers of 

hexagonally arranged carbon atoms in a planar condensed ring 

system. The layers are stacked parallel to each other in a three-

dimensional crystalline long-range order. There are two allotropic 

forms with different stacking arrangements, hexagonal and 

rhombohedral. The chemical bonds within the layers are covalent 

with sp2 hybridization and with a C-C-distance of 141.7 pm. The 

weak bonds between the layers are metallic with a strength 

comparable to van der Waals bonding only 

Graphitic carbon all varieties of substances consisting of the element carbon in the 

allotropic form of graphite irrespective of the presence of structural 

defects 

Hydrochar solid product resulting from conversion of biomass into carbonized 

material by hydrothermal carbonization (Fuertes et al. 2010) 
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Table 1: (continued). 

Non-graphitic 

carbon 

all varieties of solids consisting mainly of the element carbon with 

two-dimensional long-range order of the carbon atoms in planar 

hexagonal networks, but without any measurable crystallographic 

order in the third direction (c-direction) apart from more or less 

parallel stacking 

Particulate carbon a carbon material consisting of separated monolithic particles 

Soot A randomly formed particulate carbon material and may be coarse, 

fine and/or colloidal in proportions depending on its origin. Soot 

consists of variable quantities of carbonaceous and inorganic solids 

together with absorbed and occluded tars and resins  

 

The application areas of higher carbon content materials are vast, from the products to 

the pricing. Carbon black has been synthesized for centuries and used in many areas 

including ink, pigments and biofuels, and hydrochars are applicable to the same industries 

(Hu et al. 2010). In addition, the HTC process is being sought as the means of production for 

sustainability and environmental purposes. 

Hydrochars offer advantages as the shapes, sizes and functionality of the products can 

be controlled and manipulated in their production environment. The HTC products are 

showing great potential in developing novel carbon and carbonaceous materials for many 

applications and industries. Other materials, noble metals and other inorganics, can be 

included in the production to form specialized products (Hu et al. 2010).  
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More valuable carbon products have been of focus for the past few decades. These more 

valuable carbon products include fullerenes, carbon nanotubes, and carbon fibers (Hu et al. 

2010). Applications for these higher value carbon materials include carbon fixation, catalyst 

supports, adsorbents, gas storage, electrode, carbon fuel cells and cell biology (Hu et al. 

2010).  

1.4 Process Methods for Char and Carbonized Materials Production 

More common thermochemical treatment processes for biomass carbonization 

include torrefaction, pyrolysis, gasification, and HTC. These treatments differ in the 

preparation of the feedstock, the temperatures and pressures, and the solid, liquid, gas yields 

(Child 2014; Kambo and Dutta 2015). HTC is discussed previously in this paper, while brief 

overviews of the others are provided in this section.  

Torrefaction involves heating biomass in an inert environment between 200-300°C 

with a residence time of 3 hours and less. This treatment is the thermochemical treatment 

prior to pyrolysis (Bergman et al. 2005; Child 2014; Kambo and Dutta 2015). The products 

of torrefaction have characteristics intermediate to the raw biomass and biochar (Kambo and 

Dutta 2015). There is usually around a 30% loss of solids from the biomass feed to the 

torrefaction product; however, the gases produced can be captured and used in combustion 

for heat needed for torrefaction. The solid products are usually a higher energy content 

biofuel, relative to raw biomass, or a pyrolysis feed (Bergman et al. 2005; Child 2014).  

Pyrolysis typically occurs between 300-650°C in the absence of oxygen creating a 

thermochemical decomposition of the biomass feedstock. This process can be fast, slow, 

intermediate, or flash depending on residence time (Kambo and Dutta 2015). The slow 

pyrolysis is usually the method used to produce biochar, as the carbon conversion and solids 
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yield is higher (Child 2014; Kambo and Dutta 2015). Fast and flash pyrolysis take place at 

much higher temperatures, 1,000°C and above, with rapid or flash heating, respectively. 

These processes devolatilize the starting biomass to form more volatile gas products that are 

then quenched into liquids and processed (Child 2014). Lower temperatures with slower 

heating and longer reaction times lead to the formation of higher solids yield (Child 2014; 

Kambo and Dutta 2015). 

Gasification take place at very high temperatures, 600 to 1,200°C, for a very short 

residence time, 10 to 20 seconds, in the presence of some oxygen. The main product of 

gasification is referred to as synthetic gas (syngas), which is a mixture of carbon monoxide, 

hydrogen and carbon dioxide. Ideally, no char is produced, and all product is gaseous or ash 

(Child 2014; Kambo and Dutta 2015).  

Relative to the above processes, HTC has desirable advantages. The starting product 

does not need to be dried prior to the treatment, requiring less process energy. In addition, the 

operating temperatures are much lower, also requiring less energy.  

1.5 Activation 

Activated carbon is produced by physical or chemical treatments (Alslaibi et al. 

2013). The purpose is to create a carbon product with high surface area that is very porous 

lending to good adsorptive properties (Hu et al. 2010). For physical activation, steam or 

carbon dioxide is used as an oxidizing agent in an inert environment at high temperatures, 

usually between 800°C and 900°C (Mestre et al. 2015; Puccini et al. 2017; S. Zhang et al. 

2018). For chemical activation, a chemical agent is used to thermally decompose the starting 

material, usually completing the carbonization and activation in a single step (Puccini et al. 

2017).  
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The more common chemicals used in chemical activation include zinc chloride 

(ZnCl2), potassium hydroxide (KOH), phosphoric acid (H3PO4), potassium carbonate 

(K2CO3), sodium hydroxide (NaOH), nitric acid (HNO3), hydrochloric acid (HCl), and 

sulfuric acid (H2SO4) (Alslaibi et al. 2013; Mestre et al. 2015; Puccini et al. 2017; Yan-juan 

Zhang et al. 2014).  

Many different starting materials have been activated, ranging from wastes to raw 

biomass to coal. Virpi, et. al. used phosphoric acid to chemically activated the hydrochars 

from hydrothermally carbonized willow and Scots Pine Bark to measure surface areas up to 

1,682 m2/g and 3,505 m2/g, respectively; however, with carbon dioxide physical activation of 

the same hydrochars, the resulting surface areas were 257 and 238 m2/g (Siipola et al. 2018).  

Mestre, et. al. experimented with the activation of hydrochars produced by HTC from 

sucrose to show that activation using potassium carbonate or steam produced spherical 

carbons with surface areas up to 1,200 and 814 m2/g, respectively, and using potassium 

hydroxide for activation of the hydrochars formed sponge-like morphologies with a surface 

area up to 2,431 m2/g (Mestre et al. 2015).  A review of activated carbon production from 

agriculture byproducts showed surface areas ranging from 652 m2/g to 3,000 m2/g. The lower 

surface area was obtained by chemical activation with sulfuric acid of rice bran at 700°C for 

one and a half hours, while the higher surface area was obtained by chemical activation with 

potassium hydroxide of olive-seed waste at 900°C for 4 hours (Alslaibi et al. 2013). 

 



 

16 
 

2. MATERIALS AND METHODS 

2.1 Feedstocks 

The feedstock for this experiment was a microdispersed cellulose provided by Stora 

Enso, Figure 2. The material will be referred to as nanofibrillated cellulose (NFC) for this 

thesis. The Stora Enso product batch numbers used for the materials in this research were 

160509 and 170578. As Stora Enso’s manufacturing process is proprietary, the wood type 

and processing details are not fully known. Compositional analysis and percent solids were 

performed on the cellulose starting product. The solids content was determined by a Mettler 

Toledo Moisture Analyzer HB43. The moisture analyzer calculates the dry content 

(moisture-free weight) as a percentage of the wet weight (initial weight). Therefore, the total 

dry weight of the NFC is the percent solids multiplied by the starting weight of the NFC. 
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Figure 2: The nanofibrillated cellulose feedstock provided from Stora Enso as received in the 
20L container (fig. 1a), and once mixed and compiled for experiment (fig. 1b). 

The softwood NFC material was received in 20 L buckets. The NFC bucket was well-

mixed before each use, a water collected at the top of the gel-like NFC mixture.  The starting 

material was a very white color and gel-like in texture. The solids content was 5%, and the 

moisture content was 95%. 

The National Renewable Energy Laboratory (NREL) Summative Mass Closer 

Laboratory Analytical Procedure (Sluiter and Nrel 2011) was followed using the same 

procedure as Geng (Geng et al. 2019) to determine the compositional analysis of the NFC . 

The NFC was freeze dried in the Labconco Bulk Tray Dryer, Figure 3. Following an 

acidification step, the lignin is analyzed by UV-vis absorbance and the sugar monomers by 

high performance liquid chromatography (HPLC) to determine the individual constituents.   

Table 2 shows the compositional analysis for this product.   
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Figure 3: Labconco freeze dryer with bulk tray dryer. 

Table 2: Compositional analysis for the Stora Enso NFC. 

Total Lignin 
[%] 

Glucan 
[%] 

Xylan 
[%] 

Galactan 
[%] 

Arabinan & 
Mannan [%] 

Mass balance 
[%] 

1.9 79.82 9.31 0.5 8.4 99.9 

 

In addition to the NFC, softwood market pulp fibers were used as reactor material. 

The market pulp was tested to confirm wood type composition. From research, the chemical 

composition of softwood bleached kraft pulp is about 86% cellulose, 7.4% glucomannan, and 

6.7% xylan, which is a similar compositional analysis to the NFC starting material (Arnoul-

jarriault et al. 2015). The Fiber Quality Analyzer (FQA) results, Table 3, show length 

weighted fiber lengths between 2.1 and 2.2 mm, which is consistent with softwood pulp 

analyses (Guay et al. 2005).  For the FQA testing, 3 samples of market pulp were analyzed. 

A one centimeter by 2 centimeter square of market pulp was disintegrated with deionized 
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water in the beater. Then, 200 mL of disintegrated fiber and 400 mL of deionized water were 

added to the FQA and the analysis started. 

Table 3: FQA softwood market pulp results. 
 

Units Sample 1 Sample 2 Sample 3 
Fiber count 

 
4000 4000 4000 

Fiber Frequency EPS 43.57  40.40  38.00  
Percent fines 

    

Arithmetic 
 

29.53 27.75 27.01 
Length Weighted % 

 
2.92 2.59 2.48 

Mean Length 
    

Arithmetic mm 1.318 
±0.032 

1.357 
±0.033 

1.376 
±0.033 

Length Weighted mm 2.128 2.181 2.197 
Weight Weighted mm 2.548 2.628 2.636 
Mean Width 

    

Arithmetic μm 27.1 ±0.328 27.1 ±0.325 27.0 ±0.324 
  

2.2 HTC Experiments 

The experiments were conducted in a series of batch experiments. The HTC was 

performed in either (1) a 1 L stirred Parr bench-top reactor or (2) a 1 L non-stirred Parr 

bench-top reactor, both rated at 2000 psi at 350°C, shown in Figure 4. Borosilicate glass 

liners, Parr Instruments part number 398HC, were used to keep the reactor vessels clean and 

contain the reaction products. The Parr reactors each had an electric heating jacket: one was 

controlled by a Parr 4848 PID controller (stirred), the other was controlled by a Watlow PID 

controller in a Parr 4843 (non-stirred). Each vessel had a Type J thermocouple inserted into 

the thermocouple well in the vessel lid. The controllers had steady feedback loops that 

minimized overshoot with a constant heat rate ramp. The temperature and pressure were 

recorded manually throughout the heating and constant time. 
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Figure 4: The stirred Parr 4848 reactor vessel, lid, heating element and controller are in (a) 
and (b), while the same components for the non-stirred vessel are in (c) and (d). 

Each experiment consisted of adding about 500 mL of NFC into the glass liner. The 

liner was placed in the reactor vessel and the lid securely fastened. Then, the controller was 

programed to the desired set point temperature. Once the reactor vessel has reached the set 

point, the reactor was kept at the reaction temperature for the set reaction time. The 

temperature and pressure profiles, Figure 5, for the reactor show a heating rate that takes just 

over one hour for the reaction to reach 250°C. At the end of the reaction, the vessel was taken 

directly out of the heating jacket and placed in a cold water bath to quench the experiment.  

a b 

c d 
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Figure 5: Temperature and pressure profiles for the 1 liter stirred Parr reactor at set 
temperature of 250°C with NFC at 5% solids in reactor vessel. 

To separate the solids and the liquid, the liner was removed from the reactor and the 

contents poured into a dried and Pyrex Brand 36060 pre-weighed fine frit (4-5.5 micron pore 

size) Buchner fritted disc funnel. The vacuum filtration was applied to capture the liquid in 

an Erlenmeyer vacuum flask. The liquid was removed to measure the pH. Then the liner was 

rinsed to remove any remaining solids, which were also added to the filter apparatus. Once 

filtered, the solids and the Buchner filtering funnel were placed in a 105°C oven overnight to 

dry. The solids were then placed into a glass container to store before completing analyses. 

The total solids of the NFC starting material and the dried hydrochar solids produced 

were used to calculate the yield. The dry content of the NFC was known to be 5% from the 

Mettler Toledo Moisture Analyzer HB43. The percent solids was used to determine the total 

mass of solids at the start of the reaction and the solids yield, Equation 1. 
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Equation 1: Calculation to determine percent solids yield. 

Solids Yield % =  
Weight of oven-dried hydrochar solids

Weight of wet NFC ∗ Percent solids of NFC
∗ 100% 

2.2.1 Experimental Plan 

From the literature, research has shown the effect of time, temperature, process water, 

and concentration on glucose, cellulose, lignin, wood and other feed stocks (Antonietti et al. 

2009; Fuertes et al. 2010; Hu et al. 2010; Kruse, Funke, and Titirici 2013; Lu, Flora, and 

Berge 2014; Sevilla and Fuertes 2009; M.-M. Titirici, Thomas, and Antonietti 2007; M. M. 

Titirici, Antonietti, and Baccile 2008; M. M. Titirici, Thomas, and Antonietti 2007; Ying 

Zhang et al. 2019). The experimental plan for this research was based on the parameters that 

were shown in other’s research to have an effect on the other similar feed materials 

(lignocellulosic-based). Similar conditions were run to determine if the NFC resulted in or 

could suggest further research to produce a hydrochar with different morphological 

characteristics. Based on research from others, the experimental plan for this research was 

focused on determining the effects time, temperature, stirring, and concentration on NFC 

(Antonietti et al. 2009; Fuertes et al. 2010; Hu et al. 2010; Kruse, Funke, and Titirici 2013; 

Lu, Flora, and Berge 2014; Sevilla and Fuertes 2009; M.-M. Titirici, Thomas, and Antonietti 

2007; M. M. Titirici, Antonietti, and Baccile 2008; M. M. Titirici, Thomas, and Antonietti 

2007; Ying Zhang et al. 2019). In addition, an experiment to compare market pulp with NFC 

was completed. The details of the parameters tested are listed below: 

 To determine the effect of temperature on the hydrochar product, HTC experiments 

with the NFC were conducted at 160°C, 200°C, 225°C, and 250°C. Each run 

consisted of approximately 600 grams of NFC reacted for three hours once the stirred 

Parr reactor vessel reached the desired temperature.  
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 To determine the effect of reaction time on the hydrochar product, HTC experiments 

with the NFC were reacted for 1 hour, 3 hours, 5 hours, and 7 hours.  Each run 

consisted of approximately 600 grams of NFC reacted for the desired reaction time 

once the stirred Parr reactor vessel reached 250°C.  

 To determine the influence of the NFC concentration and fiber type on the hydrochar 

product, NFC at 5% solids (the same NFC for all other experiments and as-provided 

by Stora Enso), NFC at 1% solids, and softwood market pulp fibers at 5% solids were 

reacted. Each run consisted of approximately 600 grams of feed material, with the 

exception of the 1% NFC, reacted for the three hours once the stirred Parr reactor 

vessel reached 250°C.  

 To determine the effects of stirring on the hydrochar product, NFC reactions were run 

on the 1 L stirred Parr reactor and the 1 L non-stirred Parr reactor. Four runs total 

were completed. Two runs in each vessel with approximately 600 grams of NFC 

reacted at 250°C for 30 minutes for one run and 3 hours for the other run.  

2.3 Hydrochar Activation Experiments  

Activation was carried out in an MTI Corporation horizontal tube furnace model 

OTF-1200X with a quartz tube, Figure 6. A steady feed of nitrogen from a tank flowed into 

the reactor system as a nitrogen purge to create an inert environment. The nitrogen flow rate 

was maintained at 1.2 L/min, measured and controlled by an in-line Omega FMA5400/5500 

mass flow controller. A bubbler filled with deionized water led from the nitrogen mass flow 

controller to the tube furnace. The water entrained in the nitrogen was carried into the reactor 

and expanded into steam when brought into the reactor temperatures. The bubbler was 
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weighed before and after to determine the amount of water that evaporated to steam for the 

activation experiments, Table 4. All furnace flue gas was exhausted into a fume hood.  

 

Figure 6: Activation experiment set up with nitrogen gas flowing from nitrogen tank through 
the flow contoller into the bubbler filled with deionized water before entering the tube 

furnace and exhausting into the fume hood. 

Each reaction was completed at 800°C. The temperature ramp rate was 5°C/min. The 

furnace remained at the max temperature for 1 hour for the activation reaction to occur. At 

the completion of 1 hour, the heat input to the system was turned off. There was no cooling 

system, so the system cooled slowly, usually over 4 hours. The nitrogen purge was consistent 

throughout the heating and cooling time. The bubbler providing the entrained water for 

creating steam was removed from the nitrogen flow line after the reaction time was met and 

cooling began.  
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Table 4: Experimental data for DI water used in steam activation experiments to activate the 
hydrochar. The time for the experiment was 2.5 hours for heating and 1 hour at activation 

temperature for which the humid gas was passed through the tube furnace.   

Hydrochar Details Bubbler + 
DI weight 
before, g 

Bubbler + 
DI weight 

after, g 

DI water 
used, g 

DI water mass 
flow rate, 

lb/hr 

NFC, 3 h 1627.4 1620.3 7.1 2.37 

NFC, 7 h 1670.8 1663.1 7.7 2.57 

Market pulp, 3 h 1651.6 1643.9 7.7 2.57 
 

Activation experiments were completed on select hydrochar products from the HTC 

experiments. The 3 hour NFC, the 1 hour NFC, the 7 hour NFC, and the softwood market 

pulp fiber hydrochars from HTC conditions consisting of 250°C reaction temperature in the 1 

L stirred Parr reactor were activated. The hydrochar sample was placed in an alumina 

ceramic crucible boat, with tare weight and total weight recorded. The sample was then 

placed in the center of the tube furnace to ensure adequate heating, Figure 7. 
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Figure 7: Hydrochar sample in alumina crucible boat and placed in center of tube furnace 
before beginning steam activation. 

2.4 Analytical Techniques 

2.4.1 Scanning Electron Microscopy 

The FEI Verios 460L field-emission scanning electron microscope (SEM), Figure 8, 

captured nano-scale images of the freeze-dried NFC, the hydrochar, and the activation 

samples. This service was completed with the help and equipment from the Analytical 

Instrumentation Facility (AIF) at North Carolina State University. Most of the hydrochar 

samples are inherent insulators, as opposed to conductors. This Verios SEM allows for a low 

energy setting to produce ultra-high resolution imaging on these insulating materials without 

the need for a conductive coating. In some instances, these samples did require conductive 

coating, and a thin layer (4 to 8 nm) of gold plating was used to coat the samples. 

The same method was used to prepare the freeze-dried, hydrochar, and activated 

carbon samples. The only difference in the samples (even among the same type of sample) 

was the size of the particles (mostly related to how powdered the hydrochar or activated 
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product innately resulted) of each sample. For the sample preparation, carbon tape was 

applied to the labeled SEM pegs, then a small amount (~20 mg) of solid sample was placed 

on carbon tape on the SEM peg. Compressed nitrogen was used to remove any loose char 

particles to prevent damage to the SEM equipment.  

    

Figure 8: Photos of (a) the FEI Verios 460L SEM, (b) the sputter coating of hydrochar 
samples, and (c) the microsystems sputter coater. 

2.4.2 Elemental Analysis 

The elemental analyses for the freeze-dried NFC, the hydrochar, and the activated 

carbon samples were performed in a 2400 CHNS/O Series II System. This work was 

performed in part at the Environmental and Agricultural Testing Service laboratory (EATS), 

Department of Crop and Soil Sciences, at North Carolina State University. For each sample 

analysis, about 2-6 mg were needed. The results showed the carbon, hydrogen and nitrogen 

amounts as a mass percent. The CHN analysis combusts a known quantity of sample in pure 

oxygen. Then, the combustion gases are cleaned and converted to carbon dioxide (CO2), 

water (H2O), and nitrogen (N2), containing the carbon, hydrogen and nitrogen in the sample, 

respectively. The gases are separated through a resin column and passed through a detector 

a b c 
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that reads the concentration. Equipment algorithms then calculate the elemental analysis of 

the carbon, hydrogen and nitrogen relative to the initial mass of the starting sample. The 

results from the elemental analysis did not total 100%, because the analysis procedure did not 

calculate percent oxygen. The percent oxygen was determined by subtracting the percent 

carbon, hydrogen and nitrogen from 100%. 

From the elemental analysis results, the higher heating values (HHV) of the freeze-

dried NFC, the hydrochar, and the activated carbons were calculated using Dulong’s equation 

(Simsir, Eltugral, and Karagoz 2017). In addition, the oxygen to carbon ratios (O/C) and the 

hydrogen to carbon ratios (H/C) were calculated. Materials with lower O/C and H/C ratios 

have higher aromaticity. 

Equation 2: Dulong's formula to calculate the higher heating value of the material from the 
elemental analysis (Simsir, Eltugral, and Karagoz 2017). 

HHV = (0.338 ∗  C) + 1.428 ∗ H −  
O

8
+ (0.095 ∗ S) 

In this equation, HHV is the higher heating value being calculated; C is the 

percentage carbon; H is the percentage hydrogen; O is the percentage oxygen; and, S is the 

percentage sulfur. 

2.4.3 Surface Area 

The micromeritics® Gemini VII 2390 Series instrument was used to conduct the 

Brunauer-Emmett-Teller (BET) specific surface area analyses, Figure 9. This analysis 

technique uses nitrogen as the adsorbate gas at an isotherm at 77 Kelvin, the boiling point of 

nitrogen. The theory assumes that nitrogen molecules adsorb on a solid with a homogenous 

surface, the adsorbent, in multiple layers. The theory expands the Langmuir theory, a single 

layer theory, to a multilayer theory by assuming the uppermost layer is in equilibrium with 
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the vapor phase. The outer adsorbed layer and the first adsorbed layer relate the heats of 

condensation and adsorption, respectively. The volume of adsorbate gas at these  

Equation 3: Equation for the volume-based method to describe specific surface area for the 
BET method (Gemini VII 2390 Windows 2010). 

1

v[(p /p) − 1]
=  

c − 1

v

p

p
+  

1

v c
 

In this equation, v is the molar volume of adsorbate gas; po is the saturation pressure 

of the adsorbate gas; p is the equilibrium pressure of the adsorbate gas, vm is the volume of 

monolayer adsorbate gas; and, c is the BET constant (Gemini VII 2390 Windows 2010). 

The analysis for each sample was completed with the same conditions. A quantity 

close to 200 mg of each freeze-dried NFC, hydrochar, and activated sample was placed into 

the micromeritics® ¾ inch outer diameter bulb by 6.1 inch length sample tube. The samples 

were degassed at a temperature of 200°C with a nitrogen purge for two hours. Then, the 

samples were evacuated at a set evacuation rate of 1,000 mmHg/min and evacuation time of 

5 minutes. Weights were recorded to know the tare weight of the sample tube, the weight of 

the sample tube with the sample before degassing, and the weight of the cooled sample tube 

after degassing. These measurements were entered into the Gemini software for the analysis 

of the sample surface areas.  
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Figure 9: The micromeritics® Gemini VII 2390 Series analyzer. Equipment includes the (a) 
degasser and (b) the surface area analyzer with the nitrogen supply tanks. 

3. RESULTS AND DISCUSSION 

It was expected that the hydrothermal carbonization of NFC would result in a 

material that reflected the nano-scale structure of the starting material and that the activation 

of the HTC hydrochars would show a structure within a structure.   The expectation was that 

using NFC might provide a unique material with regards to structure, surface area and purity 

that would be advantageous for high value applications. This uniqueness was expected to be 

detectable in the analysis of the surface area and higher carbon content in the final product. 

In addition, the images from the SEM were expected to provide high resolution images and 

details of the product.  

This chapter is written such that the results displaying the effects of temperature, 

time, starting material, stirring and activation are described separately, but with parallel 

analysis and structure. Each experimental effect is described in a section that details the 

following results: 

 Elemental analysis results 

 Images 

a b 
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 Atomic ratios 

 SEM images 

 BET 
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3.1 Effects of Temperature 

From the literature review, hydrothermal carbonization takes place between 160 to 

350°C (Lu et al. 2013; Sevilla and Fuertes 2009). Experiments evaluating the effect of 

temperature on the formation of the NFC hydrochar were run at three hours based on 

research from Lu et. al. which evaluated the influence of time and temperature on 

microcrystalline cellulose. They evaluated total carbon by determining the percentages in the 

gas, liquid and solid phases at 225°C, 250°C and 275°C over 120 hours (Lu et al. 2013). 

Several journal articles suggest that the hydrochar formation from glucose/cellulose showed 

that the percent of carbon in the solid phase reached equilibrium around 2 hours into the 

reaction (Lu et al. 2013; Sevilla and Fuertes 2009; Simsir, Eltugral, and Karagoz 2017).  It 

was expected that the amount of carbon in the solids would increase with the increased 

temperature, that the solids yield would decrease with increased temperature, and that there 

should not be a significantly carbonized product at temperatures less than 200°C.  

The experimental plan focused on a range of temperatures used for a three hour 

reaction time at the target temperature. Each of these experiments was completed in the 

stirred Parr reactor, Figure 4.  The elemental analysis results of the HTC experiments for 

different temperatures are shown in Figure 10.  The oxygen percentage for elemental analysis 

is determined by difference, assuming carbon, hydrogen and oxygen (CHO) are the only 

elements in the product. Nitrogen was considered to be negligible, as the measurement were 

below or not significantly different from the non-detect value. The CHO content of unreacted 

NFC was determined to be 41% carbon, 7% hydrogen, and 52% oxygen.   At 160°C, the 

percent carbon is similar to the starting NFC, at 43% carbon. At 160°C and 200°C 
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treatments, the carbon content was measured to be 43% and 41%, respectively, not 

significantly different from that of NFC at 41%.  

Yields were recorded for the 200°C and 250°C experiments, which showed a 

significant decrease between the two, in agreement with other studies.  Results evaluating  

the solids yield of hydrochar produced from cellulose after 6 hours of HTC at 200°C showed 

a yield of 64.6% (Simsir, Eltugral, and Karagoz 2017). The yields from cellulose and D-

xylose reacted for 20 hours between 225-265°C showed yields of 49-53% and 48-50%, 

respectively (Kang et al. 2012). A study reacting microcrystalline cellulose at 250°C for 3 

hours in a Parr reactor HTC experiment revealed a 44.3% mass yield (Reza et al. 2015). 

Figure 10: Elemental analysis and carbon solids yield of NFC hydrochar produced by HTC at 
160°C, 200°C, 225°C, and 250°C for 3 hours in a stirred Parr reactor. Yields were calculated 

for 200°C and 250°C. 

Photographs of the hydrochar product from after the temperature experiments are 

shown in Figure 11.  From the reaction at 160°C, the reacted product looks more similar to 

the NFC, in color and structure/bulk, than to a carbonized hydrochar. At 200°C, the product 
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shows a darker colored product, but still maintains gel-like characteristics as did the NFC. 

For the reaction products at 225°C and 250°C, there is visible oil residue and a dark 

homogenous color to the liquid that is produced from the hydrochar solids dispersed 

throughout the liquid. In agreement with the elemental analysis, there is a distinct carbonized 

product from the HTC reaction at these temperatures.  

   

  

Figure 11: Reacted NFC from stirred Parr reactor after 3 hours at the experimental 
temperatures: (a) 160°C, (b) 200°C, (c) 225°C, (d) 250°C. 

Many HTC hydrochar experiments from the literature (Child 2014) evaluated the 

heating value of the final product, as their feed product was a waste stream or low-cost feed 

and the product was expected to have fuel value or soil amendment potential applications. To 

compare the NFC hydrochar in this research with other hydrochars from literature the higher 

heating value calculated from Du’long’s equation is shown in Table 5. The hydrogen to 

carbon (H/C) and oxygen to carbon (O/C) molar ratios are calculated in this process. These 

ratios can indicate the chemical changes within the molecules, including polarity and 

a b 

c d 
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adsorption ability.  The HHV value remains constant up to 200°C and then approximately 

doubles at 225°C and 250°C, in line with the elemental analysis trends, which is expected 

since the HHV prediction is based on the elemental analysis.   

Other biomass HTC experiments show H/C and O/C ratios of the same magnitude 

indicating the aromaticity of the NFC hydrochar is similar to that or cellulose  (Mäkelä, 

Benavente, and Fullana 2015). A study on the HTC of lignocellulosic sludge from a pulp and 

paper mill found carbon percentages of hydrochar solids to be approximately 40%, 50%, 

65% and 75% when the feed was reacted at <180°C, 200°C, 225°C, and 250°C, respectively 

(Mäkelä, Benavente, and Fullana 2015). In addition their O/C ratios were approximately 1.0, 

0.8, 0.4, and 0.2 when the feed was reacted at <180°C, 200°C, 225°C, and 250°C, 

respectively (Mäkelä, Benavente, and Fullana 2015). Another study of cellulose at 3% solids 

that was hydrothermally treated for 2 hours and 4 hours at 250°C produced hydrochars with 

carbon percent 71.5-72.5%, O/C 0.24-0.25, and H/C 0.72 (Sevilla and Fuertes 2009).  

An additional study modelling the kinetics of HTC of cellulose over time and 

temperature variants reports a sharp slope change for the time at a given temperature when 

the carbonization reaction occurs for cellulose (Álvarez-Murillo et al. 2016). The H/C and 

O/C ratios theorized for 245°C are 0.69-0.72 and 0.28-0.30 after 3 hours of reaction time 

(Álvarez-Murillo et al. 2016). In addition, HHV values were 26-27 MJ/kg for HTC 

experiments at 230°C-250°C (Álvarez-Murillo et al. 2016). Another study on the HTC of 

microcrystalline cellulose for 4 hours, including heating time to reaction temperature, 

resulted in about 50% solids recovery with an elemental composition of about 40% carbon, 

3% hydrogen and 7% oxygen, with H/C and O/C ratios of 0.7 and 0.3, respectively (Lu et al. 
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2013). The H/C and O/C ratios for the HTC product just an hour into the reaction (before 

carbonization took place) at 250°C were 1.5 and 0.8, respectively ((Lu et al. 2013).  

These results are consistent with the trends in the data presented in this report. As 

dehydration and decarboxylation reactions occur during HTC, the H/C and O/C ratios change 

significantly, especially while the reaction of cellulose to hydrochar is occurring at the fastest 

rate. It is suggested that the dehydration mechanism is the dominant pathway for 

carbonization until a point where decarboxylation is the predominant pathway, resulting in 

stable H/C ratios (Lu et al. 2013). 

Table 5: Elemental analysis, molar ratios and higher heating value of hydrochars produced 
from HTC of nanofibrillated cellulose for 3 hours at the specified temperatures in a stirred 

Parr reactor. Percent oxygen is calculated by balance from the carbon, hydrogen and oxygen 
percentages subtracted from 100%. 

Temperature C% H% N% O%  H/C O/C 
HHV, 
MJ/kg 

NFC 40.8 6.4 0.0 52.8 1.9 1.1 13.5 

160°C 43.3 5.4 0.0 51.3 1.5 1.0 13.1 

200°C 40.8 5.1 0.0 54.1 1.5 1.1 11.4 

225°C 65.4 4.2 0.0 31.4 0.8 0.4 22.7 

250°C 69.4 4.3 0.0 26.3 0.7 0.3 24.9 
 

The SEM images of the original freeze-dried NFC and the HTC products are shown 

in Figure 12 and Figure 13, respectively.  The original freeze dried NFC displays flat 

surfaces with sharp edges in Figure 12a. At a higher magnification, many little fibrils are 

apparent, Figure 12b.  
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Figure 12: SEM images of freeze-dried NFC from the batch NFC container at (a) 1,000x 
magnification and (b) 20,000x magnification. 

For the hydrochar images, at each of the reaction temperatures two different 

magnifications are displayed to provide insight on the uniformity and homogeneity or 

heterogeneity of the product surface. At 160°C, the images show smooth, fibril containing  

surfaces that do not show any signs of an HTC hydrochar product, which would be expected 

to manifest as spherical shapes (Sevilla and Fuertes 2009). At 200°C, the 5,000 times image 

does not show much difference from the 160°C image; however, at 20,000 times 

magnification there are visible changes revealing a transformed structure with microspheres. 

At 225°C, there is a visible uniformity to the hydrochar that resembles a coral-like 

appearance. Nodules in the 225°C and 250°C materials are in the range of 100 to 500 nm. 

Zooming in further on the image reveals small and large sphere formations throughout the 

visible depth of the particles. This is similar to research stating that HTC of carbohydrate 

sources will generate monodispersed colloidal carbonaceous spheres (Hu et al. 2010). At 

250°C, there is even more uniformity in the hydrochar. The structure still has a coral-like 

appearance, but there are fewer large spheres throughout.  These images showing a distinct 

structure difference between 200°C to 225°C treatment temperatures are in line with the 

elemental analysis results versus treatment temperature. This is consistent with other 

a b 
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literature stating that the hydrolysis of cellulose occurs in aqueous medium at temperatures 

above 220°C (Hu et al. 2010).   

Research on the HTC of corn stover at 220°C and 260°C for 4 hours of corn stover 

with a similar CHO analysis to NFC revealed more microsphere formation at the higher 

temperature (Yan-juan Zhang et al. 2014). The researchers suggested that the increased 

temperature accelerated the formation of the nanospheres, and that larger spheres formed due 

to growth of smaller nanospheres. Their rationale proposed that the sphere formation and 

growth was due to the destruction of the initial microstructure. (Yan-juan Zhang et al. 2014). 

These images are consistent with HTC treatments on glucose, hydroxymethylfurfural (HMF), 

xylose, furfural, maltose and sucrose that were reacted at 180°C for 24 hours.  The images of 

HMF and sucrose show very similar images to those Figure 13 g and h with interconnected 

network. The network’s microstructure is made from small particles, generally less than 230 

nm, without a uniform shape. The SEM images of the xylose and furfural showed dispersed 

spheres throughout with diameters 100-3,000nm (Antonietti et al. 2009). The authors from 

the HTC work on the monosaccharides, disaccharides, HMF, and furfural concluded that all 

hexoses dehydrated to HMF, while xylose (a pentose) dehydrated to furfural, which 

prescribed the morphological features of the hydrochar (Antonietti et al. 2009). These 

conclusions are in agreement with the structures presented in this work, as these structures 

show small interconnected particle networks with some spherical objects dispersed 

throughout. 
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Figure 13: SEM images at (a, c, e, g) 5,000 times magnification and (b, d, f, h) 20,000 times 
magnification of HTC product after NFC was reacted for 3 hours in a stirred Parr reactor at 

(a, b) 160°C, (c, d) 200°C, (e, f) 225°C, and (g, h) 250°C. 

 

a b 

c d 

e f 

h g 
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In addition to the hydrochar SEM imaging, the filtrate from the 250°C experiment 

was filtered through smaller pore filter paper to determine if any nano-scale particles were 

passing through the fine frit disc funnel. Whatman cellulose nitrate 0.1 µm filter pieces with 

47 mm diameter were used to further filter the filtrate and then the filter paper was dried 

overnight in the 105°C oven. The SEM images of the structures on the filter paper,  

Figure 14, show small and intricate structures in the nano-scale range. One spherical 

diameter is about 500 nm, while a 3 µm structure contains pores less than 40 nm in diameter. 

There were too few structures on the filter paper to deem it important to continue the 

additional filtration for all experiments. 

  

Figure 14: SEM images of nano-particles from filtrate on 0.1 m porous filter paper. 

The BET analysis was performed to observe changes in specific surface area.  The 

range of the instrumentation was such that no analysis could be completed on the HTC 

hydrochar products from the 160°C or the 200°C experiments; the surface areas were too 

low. The equipment is able to read specific surface areas 0.01 m2/g and larger.  Specific 

surface areas for the 225°C and the 250°C reactions were 6.4 and 9.3 m2/g, with the 

differences between these two areas attributed to experimental noise.   
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Table 6: BET surface area measurements of HTC product after NFC was reacted for 3 hours 
in a stirred Parr reactor at 225°C and 250°C. Hydrochars produced at 160°C and 200°C were 

not able to be measured by BET analysis method. 

Product: Units Hydrochar Hydrochar 

Material:   NFC NFC 

Time: h 3 3 

Temperature: °C 225 250 

Stirring: 

 

yes yes 

Surface area 

   

Single point surface area 
partial pressure, P/Po: 

 

0.3 0.3 

Single point surface area at 
P/Po: 

m²/g 6.4 10 

BET Surface Area: m²/g 6.5 9.3 

t-Plot External Surface 
Area: 

m²/g 6.8 10 

BJH Adsorption cumulative 
surface area of pores 
between 10-3,000. Å width: 

m²/g 8.1 29 

Pore Volume 

   

BJH Adsorption cumulative 
volume of pores between 
10-3,000. Å width: 

cm³/g 0.12 0.91 

Pore Size 

   

Adsorption average pore 
width (4V/A by BET): 

Å  748   3,895  

BJH Adsorption average 
pore width (4V/A): 

Å  601   1,271  

 

Results of hydrochar surface area measurements from HTC of corn stover showed a 

multipoint BET surface area of 21.17 m2/g (Ying Zhang et al. 2019). Results from a different 

corn stover hydrochar report revealed a surface area of 4 m2/g (Fuertes et al. 2010). Results 
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from the HTC of hexoses and pentoses showed non-porous material surface areas less than 

10 m2/g (M. M. Titirici, Antonietti, and Baccile 2008).  

To summarize, elemental analysis, SEM analysis, and BET analysis are all in 

agreement, showing that there is a significant increase in transformation between the 200°C 

and 225°C treatment temperatures. At 225°C and 250°C a highly defined structure containing 

hydrochar with nodules interconnected particles that are nanometer-size in at least one 

dimension with the appearance of some spheres. 
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3.2 Effects of Time 

Research by Lu et al on the influence of reaction time for HTC experiments at 225°C, 

250°C, and 275°C on NFC showed the most migration of carbon between the solid, liquid 

and gas phases occurring under 8 hours of reaction time (Lu et al. 2013). Therefore, a series 

of experiments to evaluate the effect of reaction time on the NFC hydrochar production was 

run. Each experiment was run at for a set length of time after the temperature probe reached 

250°C in the stirred Parr reactor vessel.  

Figure 15: Elemental analysis and carbon solids yield of HTC hydrochar at 250°C for 1, 3, 5 
and 7 hours in a stirred Parr reactor. Yields at 3 hours and 7 hours were calculated. 

The elemental analysis for times between 1 and 7 hours revealed very consistent 

elemental percentages in each of the hydrochar products, right around 70% carbon, 27% 

hydrogen and 4% oxygen, Figure 15. The elemental analysis does not show significant 

difference in the elemental analyses; however, the yield does decrease between the times of 3 

and 7 hours. The yield for the percent solids at 3 hours was about 55%, while the yield after 7 
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hours was about 35%. This is in agreement with data 36.5% solids yield and elemental 

compositions of 72.5%, 4.36%, and 23.12% carbon, hydrogen and oxygen, respectively, after 

a 4 hour HTC treatment of cellulose at 250°C (Sevilla and Fuertes 2009). The theoretical 

yield values from a journal article modelling the HTC of cellulose shows the maximum 

solids yield of about 44% occurring between 3 and 4 hours of reaction time (Álvarez-Murillo 

et al. 2016). This is also in agreement with the other references discussed in the Effects of 

Temperature section above. 

The elemental analyses, the molar ratios, and higher heating values of the hydrochars 

are displayed in Table 7. The molar ratios and higher heating values are not significantly 

different for the different reaction times, although a very miniscule trend could be detected 

by the 0.1 MJ/kg increase between every 2 hour reaction time increment. The values 

presented are in agreement with values from the research, as discussed in the Effects of 

Temperature section. 

Table 7: Elemental analysis, molar ratios and higher heating value of hydrochars produced 
from HTC of nanofibrillated cellulose for 1, 3, 5 and 7 hours at 250°C in a stirred Parr 

reactor. Percent oxygen is calculated by balance from the carbon, hydrogen and oxygen 
percentages subtracted from 100%. 

Time, 
hours 

C% H% N% O%  H/C O/C 
HHV, 
MJ/kg 

NFC 40.8 6.4 0.0 52.8 1.9 1.1 13.5 

1 68.9 4.4 0.1 26.6 0.8 0.3 24.8 

3 69.4 4.3 0.0 26.3 0.7 0.3 24.9 

5 69.3 4.4 0.1 26.3 0.8 0.3 25.0 

7 69.8 4.3 0.1 25.9 0.7 0.3 25.1 
 

The SEM images of the hydrochar reveal nano-scale structures with irregular 

morphology, very similar at each of the times, Figure 16. Donar et. al. (2016) discuss that the 
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thermal degradation of the main biomass fractions occurs first for hemicelluloses, then 

cellulose, and finally lignin (Donar, Çaǧlar, and Sinaǧ 2016). Referring to Table 2, the NFC 

contains mostly cellulose and approximately 15 to 20 % hemicellulose, with essentially no 

lignin. The larger spherical formations observed in Figure 16b (about 500 nm) may then be 

the result of the hemicellulose fractions from the starting material.  These larger spheres are 

not apparent at the longer times. These SEM images show the presence of the hemicelluloses 

strongest in the 1 hour reaction time photos. These observations are in line with the reports 

that hemicellulose degrades faster than cellulose during HTC.   
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Figure 16: SEM images at (a, c, e, g) 5,000 times magnification and (b, d, f, h) 20,000 times 
magnification of HTC product after NFC was reacted at 250°C in a stirred Parr reactor for (a, 

b) 1 hour, (c, d) 3 hours, (e, f) 5 hours, and (g, h) 7 hours. 

a b 

c d 

e f 

g h 
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The SEM images show the charging effect on the hydrochar surface. This is expected, 

as the hydrochar is an insulator, offering dielectric characteristics. Each of the images shows 

nodule-filled surfaces constructed throughout and connecting continuously without a bulk 

surface as the base. Nodules dimensions range from 2-400 nm. Not much difference is 

apparent over the time with the exception of the spherical formations and the void spaces at 

the 7 hour time, in agreement with a decrease in yield observed.  

The measured BET surface areas, Table 8, do not appear to be a function of time for 

the range studied, nor are the values considered to be different (within the noise of the 

measurements) from the surface areas resulting in Table 6 for the 225°C and 250°C treatment 

for 3 hours. Similar to other hydrochar studies and the Effects of Temperature section results, 

the hydrochars from the time analysis reveal less porous properties (M. M. Titirici, 

Antonietti, and Baccile 2008). Some research suggests that as the experiment continues in 

time, the microspheres are produced by the growth of the nanospheres (Ying Zhang et al. 

2019); however, the results from these experiments do not confirm that theory. Instead, the 

structure morphology appears to be the same throughout the time intervals. 
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Table 8: BET surface area measurements of HTC product after NFC was reacted at 250°C in 
a stirred Parr reactor at 1 hour, 3 hours, 5 hours and 7 hours. 

Product: Units Hydrochar 

Material:   NFC NFC NFC NFC 

Time: h 1 3 5 7 

Temperature: °C 250 250 250 250 

Stirring: 
 

yes yes yes yes 

Surface area           

Single point surface area 
partial pressure, P/Po: 

  0.3 0.3 0.3 0.2 

Single point surface area at 
P/Po: 

m²/g 15 10 12 13 

BET Surface Area: m²/g 15 9.3 13 14 

t-Plot External Surface 
Area: 

m²/g 16 10 11 14 

BJH Adsorption 
cumulative surface area of 
pores between 10-3,000. Å 
width: 

m²/g 20 29 36 17 

Pore Volume           

BJH Adsorption 
cumulative volume of pores 
between 10-3,000. Å width: 

cm³/g 0.07 0.91 0.78 0.36 

Pore Size           

Adsorption average pore 
width (4V/A by BET): Å 

              
175  

           
3,895  

         
2,781  

         
1,074  

BJH Adsorption average 
pore width (4V/A): Å 

              
138  

           
1,271  

            
862  

            
874  

 

To summarize, elemental analysis, SEM analysis, and BET analysis show similar 

results for the hydrochar produced from NFC at reaction times ranging from 1 to 7 hours at 

250°C in the stirred Parr reactor. At all times a highly defined structure containing hydrochar 
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with nodules interconnected particles that are nanometer-size in at least one dimension with 

the appearance of some spheres. 
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3.3 Effects of Feed Material and Concentration 

Hydrothermal treatment at 250°C for 3 hours was performed on 5% solids NFC, 1% 

solids NFC, and 5% solids market pulp fibers, separately. The starting feeds and resultant 

hydrochar products were different for each material, Figure 17. The 5% solids (gel) and 1% 

solids (viscous liquid) NFC differ in the water available for hydrothermal processing which 

may have chemical and mixing/physical implications. The hydrochar differs in the amount of 

char produced, as was expected for the using the same total volume but with different solid 

percent. The softwood pulp fibers at 5% solids looked similar to the feed product as the 5% 

solids NFC, a fibrous structure.   
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Figure 17: Feed material (a, c, e) before and (b, d, f) after HTC at 250°C for 3 hours of (a, b) 
NFC at 5% solids, (c, d) NFC at 1% solids, and (e, f) softwood fibers at 5% solids. 

The elemental analysis for the hydrochars are shown in Figure 18. The hydrochars 

elemental compositions do not show significant difference between the carbon, hydrogen and 

oxygen percentage values.  

Other research evaluated the differences in the hydrochar produced from the HTC 

treatment of cellulose at 40 g/L and 160 g/L for 4 hours and 250°C. The results showed 

elemental analyses for carbon of 72.5% and 71.66%, for hydrogen of 4.36% and 4.55%, and 

a b 

c d 

e f 



 

52 
 

oxygen of 23.12% and 23.79%, respectively, which is in alignment with the findings from 

this research (Sevilla and Fuertes 2009). There is negligible difference in the elemental 

analysis between the hydrochars produced from NFC at two different percent solids and the 

market pulp. This supports the HTC mechanism degradation theory suggesting the cellulose 

chains, whether from NFC or market pulp fibers, are solubilized and broken down to 

monomeric forms before condensing, polymerizing and aromatizing.  

 

Figure 18: Elemental analysis and carbon solids yield of HTC feeds reacted at 250°C for 3 
hours in a stirred Parr reactor with NFC at 5% solids, NFC at 1% solids, and softwood pulp 

fibers at 5% solids. 

The results from the H/C and O/C atomic ratios are not different in their 

compositions, and similar to those reported in the Effects of Time section. Again the decrease 

of these ratios indicates elimination of the CH3 (demethanation) and CO2 (decarboxylation) 

groups. Higher O/C ratio values indicate low carbonization and the presence of polar 

functional groups.  
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Table 9: Elemental analysis, molar ratios and higher heating value of hydrochars produced 
from HTC of NFC at 5% solids, NFC at 1% solids, and market pulp at 5% solids treated for 3 

hours at 250°C in a stirred Parr reactor. Percent oxygen is calculated by balance from the 
carbon, hydrogen and oxygen percentages subtracted from 100%. 

Feedstock,  

% solids 
C% H% N% O%  H/C O/C 

HHV, 
MJ/kg 

NFC, unreacted 40.8 6.4 0.0 52.8 1.8 1.1 13.5 

NFC, 5 69.4 4.3 0.0 26.3 0.7 0.3 24.9 

NFC, 1 70.5 4.2 0.0 25.4 0.7 0.3 25.2 

Market pulp, 5 69.5 4.4 0.0 26.1 0.8 0.3 25.4 
 

 SEM images of the 5% solids NFC and the 5% solids market pulp hydrochars are 

shown in Figure 19 at lower magnification than most of the SEM images to show the 

difference in the bulk appearance. The NFC image shows structures with interconnected 

fluffy appearances, while the market pulp shows an image with structures maintaining a 

cylindrical, log-like appearance similar to the initial fiber structure. These images suggest 

that the initial starting structure does influence the final hydrochar structure.  

The SEM images of the hydrochars are shown in Figure 20. The SEM images results 

reveal much different looking hydrochars. The 5% solids NFC hydrochar shows a dense, yet 

uniform interconnected group of nanoscale nodules. Most of the formation is irregular-

shaped, however, there are some larger spherical formations throughout the structure. Some 

of the dispersed spheres have nodules attached to them, as well. The 1% solids NFC 

hydrochar shows an intricate interconnected structure matrix with nanoscale particles. The 

particles appear less dense than the 5% solids NFC hydrochar. This could indicate that the 

lower solids leads to higher solubilization and more reactions of the condensed material. The 

5% solids market pulp hydrochar appears to have a large smooth surface, possibly the initial 
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fiber shape, with the interconnected nodule particles displayed on the surface. It is not clear if 

the interconnected nodules are throughout the entire structure or only externally. At the 

higher magnification of the image, the structure appears uniform. 

  

Figure 19: SEM images of the (a) 5% solids NFC and (b) the 5% solids market pulp 
hydrochars at 1,000 times magnification. 

 

a b 
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Figure 20: SEM images at (a, c, e) 5,000 times magnification and (b, d, f) 20,000 times 
magnification of HTC product reacted at 250°C in a stirred Parr reactor for 3 hours with the 
following material feeds (a, b) 5% NFC solids, (c, d) 1% NFC solids, and softwood market 

pulp (e, f). 

  

 

 

 

a b 

e f 

c d 
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The BET surface area results are shown in Table 10.  

Table 10 : BET surface area measurements of HTC product after 5% solids NFC, 1% solids 
NFC and 5% solids market pulp were reacted at 250°C in a stirred Parr reactor. 

Product: Units Hydrochar Hydrochar Hydrochar 

Material:   NFC NFC_1% SW Pulp 

Time: h 3 3 3 

Temperature: °C 250 250 250 

Stirring:   yes yes yes 

Surface area 

    

Single point surface area partial 
pressure, P/Po: 

 

0.3 0.3 0.3 

Single point surface area at P/Po: m²/g 10 14 8.9 

BET Surface Area: m²/g 9.3 18 9.0 

t-Plot External Surface Area: m²/g 10 16 8.0 

BJH Adsorption cumulative 
surface area of pores between 10-
3,000. Å width: 

m²/g 29 19 11 

Pore Volume 

    

BJH Adsorption cumulative 
volume of pores between 10-
3,000. Å width: 

cm³/g 0.91 0.20 0.01 

Pore Size 

    

Adsorption average pore width 
(4V/A by BET): 

Å  3,895   143   54  

BJH Adsorption average pore 
width (4V/A): 

Å  1,271   436   45  

 

To summarize, elemental analysis, SEM analysis, and BET analysis show some 

minimal difference in the hydrochar formations with different material input concentrations 

and fiber types. The elemental analyses don’t show difference, but the SEM images may 

suggest the formation of the hydrochar dependent upon the variant parameters. Between the 
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1% and 5% solid NFC hydrochars, the additional water in the 1% solids shows more 

porosity. The market pulp fiber hydrochar relative to the NFC hydrochar showed a flatter, 

less dimensional hydrochar structure.  
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3.4 Effects of Stirring 

The effect of stirring was tested on the hydrochar product from NFC. From the 

literature, many different experimental conditions with and without stirring were completed, 

but were not compared in one research article (Álvarez-Murillo et al. 2016; Antonietti et al. 

2009; Donar, Çaǧlar, and Sinaǧ 2016; Fang et al. 2015; Fuertes et al. 2010; Kang et al. 2012; 

Lu et al. 2013; Mäkelä, Benavente, and Fullana 2015; Reza et al. 2015; Sevilla and Fuertes 

2009; Simsir, Eltugral, and Karagoz 2017; Wiedner et al. 2013; S. Zhang et al. 2018). The 

conditions were maintained at 250°C with the same NFC loaded into each vessel. One set, a 

stirred run and an unstirred run, of reactions was run at the set temperature for half an hour, 

and another set was run at the set temperature for 3 hours. 

The results from the elemental analysis of the hydrochar are presented in Figure 21. 

The results from the 0.5 hours runs show a difference in the composition of the product. 

There was less than 60% carbon in the unstirred reaction compared to about 65% in the 

stirred reactor; however, for the 3 hour reaction times, the elemental composition of the chars 

are not significantly different.  
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Figure 21: Elemental analysis of NFC reacted at 250°C for 0.5 and 3 hours in a stirred and 
unstirred Parr reactor. 

The images in Figure 22 capture the post-HTC treatment solid-liquid mixtures and 

hydrochars from each run. The solid-liquid mixtures are quite different between the stirred 

and the unstirred reactions. For the stirred reactions, the mixtures show a consistent dark 

colored liquid. The solid particles are dispersed throughout the liquid, indicating that the 

stirring creates energy to keep the particles suspended. For the unstirred reactions, the 

mixtures look much different. Most of the mixture is an orange color with larger dark-

colored solids floating or conglomerated at the bottom. There is already a decent amount of 

solid-liquid separation. The images from the each of the runs, except the half hour unstirred 

reaction show a hydrochar that appears to be carbonized. In Figure 22d, the HTC wet solids 

product still maintains some gel-like substance. It is lighter in color with some yellow and 

gray-brown intermixed throughout.  
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Figure 22: HTC (a, c, e, g) liquid-solid product out of Parr vessel reactor after cold water 
quench and (b, d, f, h) the hydrochar solids for NFC reacted at 250°C reacted in (a, b, e, f) a 
stirred reactor and (c, d, g, h) an unstirred reactor for (a, b, c, d) 0.5 hours and (e, f, g, h) 3 

hours. 

 

a b 

c d 

e f 

g h 
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The H/C and O/C molar ratios and higher heating values for the hydrochar products, 

Table 11, show variance in the results. The half hour experiments analysis exposed 59% 

carbon in the hydrochar of the unstirred reactor versus 64% carbon in the hydrochar of the 

stirred reactor. This can be explained because the stirring improves the heat transfer in the 

tank, which allows more of the NFC to react, creating the carbonized product sooner. Neither 

experiment for 3 hours was significantly different. There was a difference from each of the 

half hour hydrochars compared to the 3 hour hydrochars. The O/C ratio decreased in both 

instances indicating additional decarboxylation and demethanation. The H/C ratio increased 

slightly between the half hour stirred and the 3 hour stirred, but this cannot be determined 

significantly different due to the increased carbon content from half hour to 3 hours. It is not 

expected that the ration would decrease between. The decrease in the H/C ratio in the 

unstirred reactions is expected, as CH3 and CO2 are released. 

Table 11: Elemental analysis, molar ratios and higher heating value of hydrochars produced 
from HTC of NFC treated at 250°C in a stirred and unstirred Parr reactor for half an hour and 

3 hours. Percent oxygen is calculated by balance from the carbon, hydrogen and oxygen 
percentages subtracted from 100%. 

NFC HTC 
Stirring & Time 

C% H% N% O%  H/C O/C 
HHV, 
MJ/kg 

NFC 40.8 6.4 0.0 52.8 1.87 1.11 13.5 

Stirred, 0.5 h 64.0 3.6 0.0 32.4 0.67 0.43 21.0 

Unstirred, 0.5 h 58.5 4.6 0.0 36.9 0.93 0.54 19.7 

Stirred, 3 h 69.4 4.3 0.0 26.3 0.74 0.32 24.9 

Unstirred, 3 h 70.1 4.4 0.1 25.4 0.74 0.31 25.4 
 

The SEM images of the hydrochar are displayed in Figure 23. The morphology of the 

half hour stirred hydrochar has interconnected particles that appear spherical in nature and 

around 20-50 nm in measurement. The structure is very uniform throughout. The half hour 
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unstirred hydrochar shows a structure with 10 to 1,000 nm diameter spheres dispersed 

throughout with interconnected smaller sphere shapes. This hydrochar is not uniform 

throughout. The stirred 3 hour hydrochar shows a uniform interconnected nodule structure 

with some spheres about 500nm in diameter interconnected. The unstirred 3 hour hydrochar 

has many dispersed spheres with diameters up to 5,000 nm. There are interconnected 

particles in the <100nm range connected intermittently on the larger spheres. Other papers 

have suggested that the size of the spheres increases with increased time (Antonietti et al. 

2009). That conclusion can be supported by this work, especially for unstirred reactions, 

where the size of the spherical particle increased from few large particles with the largest less 

than 1,000nm at half an hour to many large spherical particles mostly with diameters 

between 2,000 and 5,000 nm.     
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Figure 23: SEM images at (a, c, e, g) 5,000 times magnification and (b, d, f, h) 20,000 times 
magnification of NFC reacted at 250°C in a (a, b, e, f) stirred and (c, d, g, h) unstirred Parr 

reactor for (a, b, c, d) half an hour and (e, f, g, h) 3 hours. 

a b 

g h 

c d 

e f 
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Table 12: BET surface area measurements of hydrochar products after NFC was reacted in 
stirred and unstirred Parr reactor vessels at 250°C for 0.5 hours and 3 hours. 

Product: Units Hydrochar 

Material:   NFC NFC NFC NFC 

Time: h 0.5 0.5 3 3 

Temperature: °C 250 250 250 250 

Stirring:   yes no yes no 

Surface area 

     

Single point surface area 
partial pressure, P/Po: 

 

0.3 0.3 0.3 0.3 

Single point surface area at 
P/Po: 

m²/g 23 24 10 17 

BET Surface Area: m²/g 23 22 9.3 18 

t-Plot External Surface 
Area: 

m²/g 24 

 

10 18 

BJH Adsorption 
cumulative surface area of 
pores between 10-3,000. Å 
width: 

m²/g 30 

 

29 43 

Pore Volume 

     

BJH Adsorption 
cumulative volume of pores 
between 10-3,000. Å 
width: 

cm³/
g 

0.42 

 

0.91 0.93 

Pore Size 

     

Adsorption average pore 
width (4V/A by BET): 

Å  749   27   3,895   1,872  

BJH Adsorption average 
pore width (4V/A): 

Å  571  

 

 1,271   853  

 

To summarize, elemental analysis and SEM analysis show change between reaction 

times and stirring conditions at half an hour and 3 hours, stirred and unstirred, respectively, at 

250°C. These reactions may provide further insight on the process parameters affecting the 
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hydrochar formation. For the unstirred reactions, the spherical particles were much larger 

compared to the stirred reactions, up to 5,000nm in diameter. These results show that the 

stirring conditions of the experiment greatly impact the morphology of the hydrochar 

produced.   
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3.5 Activation of Hydrochar 

Activation is the physical modification and thermal decomposition in a controlled 

atmosphere to create a finished product with large surface area and small pores, which leads 

to a more porous material with good adsorptive qualities. Steam activation was used to 

activate the hydrochar particles. The setup used is displayed in Figure 6. For each 

experiment, the hydrochar was loaded into the tube furnace and reacted at 800°C for 1 hour 

with nitrogen and steam. The elemental analysis results are in Figure 25. Relative to the 

hydrochars, in Figure 24, the material has a much higher carbon percentage, 90% as opposed 

to 70%. The hydrogen content is close to 0.5% and the oxygen contents between 5-10%. The 

activation was completed from hydrochars produced from all stirred HTC treatments at 

250°C from NFC at 1 hour, 3 hours, and 7 hours and from market pulp at 3 hours.  
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Figure 24: Elemental analysis of HTC hydrochar products reacted at 250°C for specified time 
in stirred Parr reactor. 

 

Figure 25: Elemental analysis of steam activated carbon material reacted at 800°C for 1 hour 
of hydrochar from HTC reactions at the given stirred reactor feed materials and reaction 

time.  
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The elemental compositions, molar ratios and higher heating values are shown in 

Table 13. The H/C and O/C ratios are drastically reduced from the hydrochar values, 

indicating much more carbonization.  

Table 13: Elemental analysis, molar ratios and higher heating value of activated carbons 
produced from hydrochars of nanofibrillated cellulose treated with steam activation for 1 
hour at 800°C in a tube furnace. Percent oxygen is calculated by balance from the carbon, 

hydrogen and oxygen percentages subtracted from 100%. 

Hydrochar 
Details 

C% H% N% O%  H/C O/C 
HHV, 
MJ/kg 

NFC, 1 h 89.3 0.5 0.0 10.2 0.07 0.10 29.1 

NFC, 3 h 93.6 0.5 0.0 5.9 0.06 0.05 31.3 

NFC, 7 h 90.9 0.6 0.4 8.1 0.08 0.08 30.1 

Market pulp, 3 h 92.1 0.5 0.1 7.3 0.06 0.07 30.4 
 

The SEM images of the activated hydrochars, Figure 26, show a difference in 

structure relative to the hydrochars. The activated carbon structures were much more stable 

in the SEM equipment, resulting in less insulating samples and better imaging. The activated 

samples from the NFC hydrochar show little difference in the morphology. The spherical and 

interconnected particles remain as a skeletal backbone. The activated sample from the pulp 

hydrochar shows a similar monolayer or less dimensional activated product than from the 

NFC-based activated products.  
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Figure 26: SEM images at (a, c, e, g) 5,000 times magnification and (b, d, f, h) 20,000 times 
magnification of activated carbons after (a, b) 1 hour, (c, d) 3 hour, and (e, f) 7 hour NFC 

hydrochars and (g, h) 3 hour pulp hydrochar were steam activated. 

a b 

c d 

e f 

g h 
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The BET surface area measurements, Table 14, show surface areas ranging from 435 

to 496 m2/g activated carbon products. The two NFC hydrochars reacted for the longer 

lengths of time show no difference in measured surface areas, while the 1 hour NFC 

hydrochar and the softwood market pulp hydrochar show no difference in the measured 

surfaced surface areas. Mestre, et. al. showed results from activated carbons prepared from 

sucrose-derived hydrochars with a BET surface area around 800 m2/g (Mestre et al. 2015). 
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Table 14 : BET surface area measurements of activated 1 hour, 3 hour and 7 hour NFC 
hydrochars and market pulp hydrochar after steam activation at 800°C for 1 hour in a tube 

furnace. 

Product: Units Activated hydrochar 

Starting material:   
NFC hydrochar SW pulp 

hydrochar 

NFC HTC time: h 3 1 7 3 

NFC HTC temperature: °C 250 250 250 250 

NFC HTC stirring:   yes yes yes Yes 

Surface area 

     

Single point surface area 
partial pressure, P/Po: 

 

0.3 0.3 0.3 0.3 

Single point surface area at 
P/Po: 

m²/g  568   461   523   462  

BET Surface Area: m²/g  494   437   496   435  

t-Plot External Surface 
Area: 

m²/g  91   62   64   18  

t-Plot Micropore Area: m²/g  402   375   432   418  

BJH Adsorption cumulative 
surface area of pores 
between 10-3,000. Å width: 

m²/g  125   82   94   89  

Pore Volume 

     

t-Plot micropore volume: cm³/g 0.2 0.2 0.2 0.2 

BJH Adsorption cumulative 
volume of pores between 
10-3,000. Å width: 

cm³/g 0.3 0.5 0.3 2.4 

Pore Size 

     

Adsorption average pore 
width (4V/A by BET): 

Å  41   41   44   240  

BJH Adsorption average 
pore width (4V/A): 

Å  88   241   139   1,086  

 

To summarize, the effects of the activation on hydrochars is an increased surface area 

relative to the hydrochars, by up to 100 times. The surface area is more crisp and porous in 
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the SEM images, resulting in the structure within a structure from the initial hydrochar 

morphology. In addition, the material has been carbonized by an additional 35-50% relative 

to the hydrochar products, resulting in structures with greater than 90% carbon and very little 

hydrogen and oxygen. 

CONCLUSIONS 

A series of NFC hydrochars were characterized and evaluated for the morphological 

and structural changes on the hydrochar. The impacts of process temperature, reaction time, 

concentration and fiber type, and stirring were evaluated through elemental analysis, SEM 

imaging and BET surface area. The results showed that temperature and stirring had a large 

impact on the hydrochars structures, while feed material shape and solids content had some 

impact, and time had less impact on the elemental composition and morphology. The NFC 

carbonized to hydrochar at 225°C and higher. From SEM images there appear to be an effect 

of time on the structure despite that face that the BET area was not affected. The fiber versus 

NFC showed differences in structure via the SEM images; whereas, there were was a three 

dimensional hydrochar product base for the NFC starting material and a two dimensional 

base hydrochar product for the market pulp fiber. The fiber type feed did not show significant 

differences in the compositional analyses or BET results. Activation with steam at 800°C 

significantly increased the BET surface areas between the starting hydrochar material and the 

final activated carbons, as all activated carbons showed surface areas about 18-20 times 

larger than the initial hydrochar. The initial hydrochar structure appeared to be further 

decomposed with the shape maintained, concluding that the production of hydrochar 

followed by the steam activation of that hydrochar will maintain the structure within a 

structure. 
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FUTURE WORK 

Future work: 

 Evaluate the financials---maybe the fibrillated nature of NFC would allow for much 

less reaction time and heat compared to market pulp…and a more consistent product. 

Any product with higher uniformity is a higher quality product and can be sourced 

into higher value applications. 

 Test the effect of different HTC process conditions (acid catalysts) on the final 

product of NFC hydrochar. 

 Analyze NFC hydrochar to determine the functional groups and sp2 hybridization 

(FTIR, XPS, etc.). If this product’s application will be different than a soil 

amendment and biofuel, more analyses need conducted that are used to determine 

how it compares to applications such as carbon nanotubes or in capacitors. 

 The activation carbon materials should be compared from different experimental 

approaches: (1) evaluate NFC to activated carbon materials in the tube furnace; (2) 

evaluate NFC hydrochar to the activated carbon material; (3) evaluated chemical 

activation. It would be important to consider environmental and sustainable aspects 

with the chemical activation, as HTC maintains an environmentally friendly nature.  

 Understanding the hydrochar formation with the increase in reaction time. The CHO 

content appears to remain the same, however, there are differences in the structures, 

and some research suggests that the spheres react with each other to grow into larger 

spheres. That is not supported by this research, so work should be done to understand 

the reactions further. Does the yield increase? Does the condensed hydrochar 

decompose further? Does the structure change functionally (FTIR, XPS)? 
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