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Abstract 

Biochar is a carbon-based material derived from biomass with unique physical 

and functional properties that are useful in various applications such as electrical storage 

devices, adsorbents, and catalysis.  Biochar is used in electrochemical devices due to its 

porosity, surface area, and functionality including N, P, or S heteroatoms covalently 

bound on the surface. Biochar as an electrode material improves power density and 

charge-discharge rates in supercapacitors. We have shown that a simple oxidation step on 

hardwood biochar allows for facile functionalization using a modified Hummer method; 

then functionalized with 3-chloropropyltrimethylsiloxane and converted 

trioctylphosphonium salt biochar using SN2 chemistry with trioctylphosphine. These 

functionalized biochars are characterized using FT-IR; 1H, 13C{1H}, 19F{1H}, 31P{1H} 

CPMAS solid-state NMR spectroscopy, surface contact measurements and 

electrochemical characterization, CV and GCD. 

 McKenna et al. of the National High Magnetic Field Laboratory (NHMFL) and 

Florida State University reported the complex mixtures of highly heterogeneous biochar 

using APPI-21T-FT-ICR and ESI-21T-FT-ICR MS to yield remarkable speciation of the 

compounds in biochar using solvent extrography. In this thesis, an investigation into the 

identification of polycyclic aromatic hydrocarbons (PAHs) in kelp, crab, and hardwood 

biochar will be reported using the specialized solvent method to yield a necessary 

processing step before the application of biochar to remove select PAHs. 
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General summary 

A supercapacitor is an energy storage device with high energy and power density 

containing materials for electrodes, that are commonly made up of carbon-based 

electrodes in devices. Biochar can be an alternative material as an electrode in 

supercapacitor applications when modified. The use of biochar in various applications 

helps reduce environmental impact by mitigating climate change and can add to the 

circular economy of materials. This work summarizes a modification method to make a 

phosphonium salt modified-ionic liquid (IL)-biochar to check its suitability for 

supercapacitors. This work also reports experiments on biochar from three different 

sources, hardwood, crab shell and sugar kelp to identify condensed polycyclic aromatic 

hydrocarbon between the range of C13-C34 by using Atmospheric Pressure 

Photoionization (APPI)-21 Telsa-Fourier Transform-Ion Cyclotron Resonance (FT-ICR).  
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CHAPTER 1: Introduction 

1.1 Green Chemistry 

In the 21st century, there is a rush to alleviate the causes of climate change and 

global warming by implementing more environmentally aware processes. This can be 

achieved by following the 12 principles of green chemistry, defined by John C. Warner 

and Paul T. Anastas in 1998.1 The principles are waste prevention; atom economy; less 

hazardous chemical synthesis; designing safer chemicals; safer solvents and auxiliaries; 

design for energy efficiency; use of renewable feedstock; reducing derivatives; catalysis; 

design for degradation; real-time pollution prevention and safer chemistry for accident 

prevention.1 

 
 

Chemists can produce new chemicals while reducing environmental impact by 

assessing how each of the 12 principles in Figure 1.1 applies to their process 

development. This creates awareness of the environmental impact and encourages 

Figure 1.1 The 12 principles of Green Chemistry 
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chemists to explore more environmentally friendly alternatives. Biochar’s application as 

functional materials can consistently follow 2 of the 12 principles of green chemistry; 

using renewable resources and waste prevention. 

1.2 Biochar 

Biochar is a carbon-based material obtained from the partial decomposition of 

biomass.2 The production of biochar can be through pyrolysis, which is the thermal 

degradation of biomass in a low oxygen atmosphere,3 and the conditions of pyrolysis can 

yield different amounts of three products: biochar, bio-oil, and syngas.4 Surface 

properties of resulting biochar vary based on functional groups, porosity, and surface 

area. This depends on the temperature and residence time of pyrolysis, and the source of 

biomass.5 

Biomass undergoing different types of pyrolysis can produce different biochar 

yields; slow or fast pyrolysis depends on slow or fast ramp rates and overall temperature 

maxima. Slow pyrolysis ranges between temperatures of 300–800 ℃ and lower ramp 

rates such as 1–100 ℃/min.6 The slower ramp rate allows volatile organic compounds 

(VOC) to evaporate and allows the higher carbonized fraction of biochar. This allows 

biomass processed by slow pyrolysis to yield the highest amounts of biochar (≥35%).7 

Fast pyrolysis temperatures range from 300–700 ℃, and ramp rates vary from 10–

200 ℃/s.8 During fast pyrolysis, the VOCs produced from the biomass are condensed to 

make significant amounts of bio-oil.  

The benefit of pyrolysis is the flexibility to optimize the parameters to tailor the 

biochar to suit applications such as environmental remediation for heavy metal 
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treatment.9 This can be done by increasing or decreasing the temperature and ramp rates 

during pyrolysis. The higher pyrolysis temperature can result in a high surface area and 

pore size, increased carbonized fractions, and loss of organic moieties.7 Ding et al.9 noted 

that the temperature of slow pyrolysis could significantly affect the surface properties of 

bagasse biochar. The biochar that has been pyrolyzed at temperatures between 250–

400 ℃ allows the retention of oxygen-containing functional groups but limits the char’s 

pore size and surface area. Biochar produced at higher temperatures, 500 and 600 ℃, 

have decreased functional groups on the surface, larger pore size, and surface area. 

Biochar pyrolyzed between 250–400 ℃ often contains a higher amount of oxygen-

containing functional groups, which are more desirable for biochar with increased heavy 

metal sorption capacity.9  

1.3 Waste valorization for the production of biochar 

A renewable resource can be defined as a raw material feedstock that is 

regenerated or abundant to avoid depletion of the feedstock.10 Biochar is commonly 

obtained from the pyrolysis of waste streams from various industries, making it a 

renewable resource. This leads into the next principle of green chemistry: waste 

prevention. Waste prevention can be enforced by developing efficient processes that 

produce little to no waste or by finding new solutions to avoid waste from industrial 

operations by converting waste materials into biochar. This is also achieved by trying to 

make the process less energy intensive than traditional pyrolysis methods by limiting the 

time and temperature of pyrolysis. 
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The most environmentally-impactful way to produce biochar is through the 

valorization of industrial waste streams; this prevents greenhouse gas emissions produced 

through the natural decomposition of large-scale waste streams made up of biomass.11 

Upcycling this waste contributes to the mitigation of climate change, and biochar has 

been shown to positively impact the environment by its use as a soil amendment and its 

use in environmental remediation.12, 13 

Biochar produced from different sources can have other physical properties of 

interest, such as pH, hydrophobicity/hydrophilicity, and water retention.14 An interesting 

contributing factor to different physical properties in biochar is the composition of each 

biomass source, including different amounts of organic material and inorganic salts.  

 

Hardwood biochar is commonly obtained from waste produced by the forestry 

industry. One of the largest industries in Newfoundland and Labrador (NL) is paper and 

wood production, causing an abundance of unusable leftover biomass and a huge 

opportunity to produce advanced materials (otherwise known as value-added materials).15 

Hardwood biochar comprises biopolymers known as hemicellulose, cellulose and 

lignin.16 The biopolymers comprise the following monomers in Figure 1.2: sinapyl 

alcohol, p-coumaryl alcohol, conifer alcohol, D-xylose, D-galactose and D-glucose.16 A 

biopolymer means the material is derived from biological sources (bio) and comprises 

many of the same repeating units (poly-). The biomass made up of these biopolymers is 

pyrolyzed to produce oxygen-rich biochar. Depending on the biopolymers’ degradation 

1.3.1 Hardwood biochar  
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mechanism, the functional groups that are retained on the biochar surface could be 

ketones, carboxylic acids, and alcohols.5 

 

For centuries, hardwood biochar has been used by farmers to increase the quality 

of soil by adding nutrients to the soil, increasing the pH and enhancing cation exchange 

capacity.17 In recent years, hardwood biochar has found value as a replacement for carbon 

black to increase the sustainability aspect of styrene-butadiene rubber composites 

reported by Peterson et al.18 This group prepared birchwood biochar by pyrolysis at 

550 ℃ for 2 h and prepared composites using 50/50 carbon black/biochar. When applied 

in the styrene-butadiene rubber composites expressed the same tensile strength, 

elongation and toughness properties as the regular carbon black rubber composite filler.18 

This could have been due to the high carbon content, low ash content and particle size of 

the birchwood biochar studied.18 
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hardwood biochar 
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Crab biochar is obtained and processed from crab shells 

produced by the fishing industry and is also a waste produced by the food industry to 

isolate crab meat. These are some of the top sectors in NFLD and Nova Scotia (NS) and 

the waste being produced is significant. Burke et al noted that in Canada, the annual catch 

of crustaceans is 330000 Mt, with 46% of the shells being wasted.27, 28, 21 The major crab 

shell components include protein, chitin, calcium carbonate, and hydroxyapatite, denoted 

in figure 1.3.22 The biochar produced from crab shells tends to have oxygen-containing as 

well as nitrogen-containing functional groups on the surface compared to hardwood 

biochar.23 This can be accredited to the pre-existing amide functionality on the surface of 

chitin and nitrogen within the backbone and functional groups on the protein.24 This 

added functionality of increased N-content offers interesting applications for crab 

biochar.  
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Crab biochar has been applied in environmental remediation by acting as superior 

adsorption towards dye removal, as reported by Dai et al.25 This group prepared crab 

shell biochar by pyrolysis at 800 ℃ for 2 h to treat dye-contaminated wastewater. It was 

noted that the high adsorption capacity was due to the pore-filling of the biochar. They 

defined potential sorption mechanisms through electrostatic attraction, hydrogen-

bonding, and 𝜋–𝜋 interactions.25 Crab biochar is highly efficient for cationic and anionic 

dye adsorption, which can be achieved in just 2 min. 

 

Sugar kelp is obtained by the fishing industry or from seaweed farms, and used in 

the food and cosmetic industries as a thickener. Like crab biochar, kelp biochar also tends 

to have both oxygen- and nitrogen-containing functional groups on the surface due to the 

intrinsic biopolymers such as proteins, carbohydrates and polysaccharides.26 Currently, 

kelp biochar is used for environmental remediation as a heterogeneous catalyst with 

oxygen-, nitrogen-, and sulphur-containing functional groups on the surface.27 Wang et 

al. prepared kelp biochar by pyrolysis at 600 ℃ for 3 h under N2. A base and acid-

activated biochar is synthesized using KOH: biochar (2:1) and annealed at 600 ℃ for 1 h 

or 1.0 M H2SO4 at 80 ℃ for 1 h.28 The kelp biochar was investigated for the catalytic 

ozonation processes for Imazapic (IMZC) degradation, an environmentally persistent 

organic herbicide. Sugar kelp biochar is a promising photocatalyst that achieved 97% 

IMZC degradation in 30 min; the enhancement is due to active sites of graphitic N- and 

thiophene S-added functionality.28  

1.3.3 Sugar kelp biochar 
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1.4 Post-pyrolysis modification on biochars 

Modification of biochar allows for varying reactivity by taking advantage of 

electrostatic interactions, surface complexation, Van der Waal forces, hydrophobicity and 

hydrogen bonding for functional materials.29 Most modified biochars from the literature 

are generated from woody biomass and found applications in a variety of sectors. For 

example, as a photocatalyst, where TiO2–doped hardwood biochar, was recently 

investigated by Kowalczyk et al.30 Photocatalysis is an emerging field for wastewater 

treatment, using TiO2–doped biochar is a sustainable way to treat water pollutants such as 

ß-blockers.30 Hardwood biochar was prepared through pyrolysis at 600 ℃ in an N2 

atmosphere, and hydrolysis occurred when biochar was mixed with titanium(IV) 

butanoate and tetraethoxysilane at 60 ℃ for 24 h, and yielded a TiO2–doped biochar.30 

The biochar modification introduced enhanced charge storage and charge separations for 

photocatalysis.30  

Another common modification is oxidation using HNO3-H2SO4 (figure 1.4). This 

was demonstrated using wheat straw biochar that was pyrolyzed at 450 ℃ by Iqbal et 

al.31 The reaction generated biochar with oxygen-rich functional groups such as –COOH 

and –NO2 groups that showed interesting application for Cd Adsorption.31 Naderi et al. 

reported this same oxidation method on microalgae biochar mixed with KOH and 

pyrolyzed at 700 ℃ for 2 h. After oxidation, biochar is enhanced with iron oxides to 

demonstrate excellent capacity and high energy density in supercapacitors.32 
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Primary amines were introduced on the surface of oxidized softwood biochar, 

pyrolyzed at 500 ℃, via the condensation of siloxanes by Bamdad et al. using 3-

aminopropyltriethoxysilane (APTES) (figure 1.5).33 They noted that the functionalized 

APTES-biochar (1) has superior adsorbent properties for CO2.33 Oxidized hardwood 

biochar was explored as a catalyst for producing cyclic carbonates using CO2 on 

propylene oxides by Vidal, Kerton & MacQuarrie et al.34 This hardwood biochar is 

prepared by aerobic digestion of birchwood and pyrolysis at 400 ℃ for 30 min. 

Hardwood biochar was oxidized using the oxidation route (1) in figure 1.5. 

 

 

Hummer’s oxidation method is commonly applied to biochar because of the 

generation of diols on the surface that occurs. Recently, MacQuarrie et al. reported using 
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Figure 1.5 Siloxane condensation of biochar using APTES. 
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softwood biochar pyrolyzed at 500 ℃ for 2 h and applied a Hummer oxidation to the 

biochar to install diols (2).35 The added APTES group to the surface was utilized as a 

green alternative for heparin recovery using this different oxidation method.35 

1.5 Characterization methods 

Biochar is challenging to characterize due to its extreme heterogeneity, large 

polydispersity, and insolubility. Characterization of the functional groups on the surface 

of biochar is not as streamlined as small molecule synthesis; it is commonly completed 

using Fourier transform infrared spectroscopy (FT-IR). FT-IR spectroscopy can be 

difficult to interpret if there are overlapping bands in regions of aromatic, aliphatic, or 

oxygen-containing functional groups. Thus, using various heteroatom selective solid-state 

nuclear magnetic resonance spectroscopy (NMR) (i.e. 1H, 13C, 31P, and 19F nuclei), much 

more descriptive characterization is possible. Solution-state NMR spectroscopy cannot be 

applied to characterize biochar due to its insolubility. In practice, solid-state NMR 

spectroscopy is usually used to characterize biochar by comparing the functional groups 

present in two different biomass sources of biochar. This is demonstrated by Brewer et al. 

using 13C solid-state NMR spectroscopy to identify the functional groups of switchgrass 

and wood biochar.36 This group investigated which biochar is more applicable to its use 

as a soil amendment. They compared aliphatic carbons between 0-50 ppm, ethers 

between 50-100 ppm, a broad peak around 125 ppm for the aromatic carbons, and –

COOH groups at 176 ppm.36 However, these 13C peaks are so broad that small changes to 

the surface are not easy to note, but the successful modification of biochar can be 

observed and confirmed.  
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Identifying changes in biochar’s physical properties can be as simple as testing its 

surface contact angle to determine its hydrophobicity. Where the surface contact angle is 

measured at the edge of a droplet on a flat pressed sample surface. This has been 

demonstrated by Zhang et al. in figure 1.6, with rice straw biochar that is pyrolyzed at 

500 ℃.37 The biochar was suspended in EtOH and H2O, pH was adjusted to 4, and the 

silane reagent, 3-methacryloxypropytrimethoxysilane (KH-570), was added and stirred 

for 2 h. The successful modification to produce hydrophobic biochar was identified with 

a surface contact angle of 131o and 141o.37 

 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) are used to analyze biochar to determine its surface morphology and 

characteristics. SEM creates an image by the deflection of electrons on the surface of a 

material, while TEM creates an image by electrons passing through a material. Some 

characteristics of biochar that can be identified using these methods are pore sizes only 

above certain sizes and distribution; and the determination of the presence of 

multilayered structures. 

The electrochemical properties of biochar can be identified using galvanostatic 

charge-discharge curves (GCD) and cyclic voltammetry (CV). GCD allows for 

determining capacitance for the material, and CV provides information on the 

electrochemical stability, redox chemistry and electrochemical window of the material.  

Si
OH

OH
O

O

KH-570
EtOH, H2O
60 ℃, 2 h

Figure 1.6 Surface contact angle measurement on hydrophobic biochar reported by 
Zhang et al.37 
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1.6 Biochar in electrochemical applications 

The application of biochar in electrochemical devices has been heavily reported in 

the past ten years, emphasizing its exploration in energy storage devices.38 The intrinsic 

properties of biochar that make it suitable to be used as an electrode material include its 

conductivity and high thermal stability.39 Supercapacitors have an electric double layer 

(EDL) that stores electric charge that is formed at the electrode/electrolyte interface; 

charge storage is influenced by surface area and pore size distribution.40 The EDL 

comprises two electrodes, the cathode, and the anode, which are negatively and positively 

charged. The charge on the electrode governs the attraction of cations and anions from 

the electrolyte system to the surface of the electrode. Biochar’s high surface area plays an 

essential role in charging the electrical double layer and determines the capacitance. The 

mesopores on the biochar surface can allow good electrolyte penetration, providing high 

power density.40 Su et al. stated that biochar containing or functionalized with functional 

groups N, P, and O heteroatoms on the surface could improve the wettability and improve 

capacitance of the electrode material.39  

Reports of biochar without physical or chemical modification before, during or 

after pyrolysis are limited because biochar’s resistive qualities cause it to be undesirable 

for electrochemical devices.41 Some modification methods can improve these biochar 

properties like electrochemical stability, conductivity, and ability to store charge. Li et al. 

reported N-doping of bamboo biochar chips pyrolyzed at 700 ℃ for 2 h under an NH3 

atmosphere.42 This modification is called ammonization, this occurs during pyrolysis to 
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produce an N-rich biochar with higher capacitance from increased material 

conductivity.42  

Ding et al.43 reported an apricot shell biochar pyrolyzed at 600 ℃ for 2 h. It is 

activated with KOH to be very porous and increases its surface area, making it suitable 

for supercapacitor applications.43 Ionic salts are commonly added to biomass pre-

pyrolysis to activate biochar. Gao et al.44 reported highly porous biochar pyrolyzed at 

800 ℃ for 2 h, stating how higher surface area produced by slow pyrolysis improved 

energy storage performances. This was completed using a mixture of marine biomass to 

impose self-activation methods by not removing the mineral salts from the starting 

biomass.44 

Another way biochar can be prepared for supercapacitors is by integrating 

transition metal oxides throughout their porous surface. This is reported by Norouzi et 

al.45 with Co-modified biochar producing increased capacitance, energy and power 

density from a green macroalgae source. The biochar is prepared through an activation 

step with NaOH, pyrolysis at 700 ℃ for 2 h, and oxidization using HNO3 and H2SO4. 

Co(NO3)2•6H2O is suspended with the oxidized biochar and heated at 150 ℃ for 15 h.45 

The cobalt hydroxides are desirable to be integrated into the biochar due to their low cost, 

reversibility, high conductivity, multiple oxidation states and high specific capacitance.45 

However, the incorporation of metals onto the surface of biochar diminishes the 

sustainability aspect of biochar for supercapacitor applications. 
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1.7 Specialized characterization by 21 tesla Fourier transform ion 
cyclotron resonance mass spectrometry 

Characterizing biochar is very difficult due to the polydispersity and 

polyfunctionality in composition that challenges all other mass spectral interpretations 

due to the ultrahigh resolving power requirement inherent in biochar. Mass spectrometry 

studies molecular compounds by measuring the mass-to-charge (m/z) ratio of tens of 

thousands of compounds in a sample that can be used as qualitative and quantitative data. 

An ion source typically ionizes analytes, that are mass selected prior to being detected by 

a mass analyzer for interpretation.  

All mass spectrometers (MS) can consists of an inlet, ion source, mass 

analyzer(s), and detector. The inlet is where the sample is inserted into the MS, which can 

be direct or indirect. Direct injection is where a sample is placed directly into the 

instrument, while indirect injection is where the instrument uses another separation 

technique before each component enters the MS, such as liquid chromatography (LC) or 

gas chromatography (GC). In LC, the molecules are separated based on affinity to other 

molecules in the sample and stationary phase (column), while a mobile phase elutes 

separated compounds based on polarizability. Biochar cannot be separated using LC due 

to its insolubility. In GC samples are heated and converted to a vapor and passed through 

a chromatography column to separate them into their components so that the mass 

spectrometer can analyze them. Biochar is difficult to analyze using GC-MS due to its 

non-volatility. Therefore, solvent extrography can be applied to separate dissolved 

organic matter (DOM) and select ionization methods can be used to identify different 

components. 
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FT-ICR is a mass analyzer and detector that provides ultra-high resolution, ultra-

high mass accuracy, and a very efficient ion-trapping form of mass spectrometry.46 For 

this instrument, mass analysis and detection occur in the same place; the ions are 

contained in the trap by using strong magnetic and electric fields. When the ion is placed 

in a uniform magnetic field, it oscillates at the same frequency characteristic to its m/z. 

An excitation pulse induces this; the frequency produced from the ions depends on the 

size of the ions and the vibrational frequencies produced to create a spectrum. This 

method has been predominantly used to analyze bio-oil produced from pyrolysis; the 

investigations for biochar characterization utilizing this type of mass spectroscopy have 

been an exciting and emerging field. 

An advance in characterizing biochar with mass spectrometry was explored by 

Aubriet et al. using laser desorption ionization (LDI) on wood surfaces.47 The laser (266 

and 355 nm) mimicked pyrolysis to help identify woody biochar components. This was 

achieved through mass analysis by 9.4 Tesla (T)-FT-ICR, and this group reported that 

hydrocarbon ions were produced using a 355 nm laser.47 This can demonstrate the 

unwanted reactions during ionization leading to more thermal decomposition occurring 

when biochar is analyzed by this method.  

Lee et al.48 characterized peanut shell, chicken litter and pine wood biochar 

pyrolyzed at 411, 424, and 450 ℃, respectively, using ESI-12 T-FT-ICR. Each biochar 

was water extracted and separated using electrodialysis, the three fractions produced 

included anode isolated, center chamber retained, and cathode isolated substances.48 The 

substances isolated were identified to inhibit aquatic photosynthetic microorganisms’ 

growth when released into the environment.48  
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Most recently, Kentucky bluegrass biochar pyrolyzed at 500 ℃ for 2 h and 

analyzed by 21T FT-ICR McKenna et al.49 This was the first ever reported biochar 

extraction using ESI-FT-ICR and APPI-FT-ICR using a solvent extrography method 

using acetone/cyclohexanone and toluene/tetrahydrofuran/methanol. 49 These solvents 

allowed selectivity of different polarity, ionizability, and stability through intermolecular 

interactions. McKenna first coupled 21-tesla FT-ICR MS to biochar with the first direct 

identification of biochar species with the same composition as coal and heavy oil 

asphaltenes corresponding to condensed peri-fused PAHs.49 

1.8 Objectives 

The objectives of this thesis are to modify and characterize biochar for application 

in a supercapacitor and to analyze data from FT-ICR MS experiments to evaluate its 

potential for characterizing biochar. The FT-ICR MS experiments use different biomass 

types and the potential of having different functional groups incorporated. 

In Chapter 2, the novel phosphonium-IL-modified hardwood biochar is reported. 

The quantification of phosphonium-added groups to exfoliated and non-exfoliated 

biochar is completed using 31P cross-polarization magic angle spinning (CPMAS) NMR 

spectroscopy. Here, the phosphonium-modified biochar is confirmed using 1H, 31P{1H} 

and 13C{1H} CPMAS NMR spectroscopy; and FT-IR spectroscopy methods. The indirect 

and direct modification methods were attempted on hydroxylated biochar: (1) siloxane 

condensations using 3-chloropropyltrimethoxysilane (CPTMS); and the SN2 reaction to 

form (C8H17)3P+ Cl- biochar and (2) the siloxane condensation using 3-(trioctyl 

phosphonium chloride) trimethoxylsilane (TOPPTMS Cl). To highlight a significant 
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change in the physical properties, the phosphonium-modified biochar was characterized 

by surface contact angle to demonstrate hydrophobicity.  

In Chapter 3, unmodified and modified-IL-hardwood biochars were investigated 

and compared to activated carbon to assess the potential for use in supercapacitors. 

Figure 1.7 highlights the experimental parameters varied for cell setups, including surface 

coating mixtures of IL inks made up of activated carbon, phosphonium-IL-modified 

biochar and pristine biochar characterized using CV and GCD.  

 

The phosphonium-IL-modified biochar prepared in Chapter 2 also underwent a 

salt metathesis from Cl- to -NTf2. The synthesis and characterization using 31P{1H} and 

19F{1H} CPMAS NMR spectroscopy and the significantly different electrochemical 
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results are discussed. The surface-modified electrodes are prepared using a glassy carbon 

electrode and carbon paper in a Teflon cup cell and H-cell.  

In Chapter 4, the molecular speciation of condensed PAHs for sugar kelp, crab 

shell and hardwood biochar is reported—the first application of solvent extrography on 

marine-sourced biochar. Comparing the hydrocarbon fraction obtained from each solvent 

fraction and source using APPI–21 T–FT–ICR is reported.  
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CHAPTER 2: New characterization approach for simple 
identification of modified biochar using solid-state NMR 
spectroscopy 

2.1 Introduction 

Biochar is a heterogeneous carbon-rich organic material that is obtained through 

the pyrolysis of biomass. By applying modifications on the surface of biochar, it can 

produce modified biochar with superior properties. This has been demonstrated with the 

sulfonated biochar’s enhanced use in catalysis due to increased acidity and 

hydrophobicity.50 Some routes to modified biochar rely on siloxane condensation 

reactions to achieve functionalization. One example of this reported by Mosaffa et al. is 

presented in Figure 2.1. This group demonstrated the reaction of oxidized biochar with 

3-chloropropyltrimethoxysilane (CPTMS) to install a primary chloride functional group 

and applied SN2 chemistry to install the amine-rich melamine functionalized biochar.51 
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Figure 2.1 Melamine-biochar reported by Mosaffe et al.51 
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The functional groups of melamine-modified biochar were characterized with 

Fourier Transform Infrared (FT-IR) spectroscopy. This group reported that additional 

Si--O and Si–C stretching bands were observed at 1155 and 1086 cm-1, respectively. 

They also identified the stretching vibrations for C–Cl bonds responsible for peaks in the 

850–695 cm-1 range.51 Biochar functional groups are known to be very difficult to 

characterize, and limited characterization methods can be used to prove the successful 

modification of biochar. Therefore, Mosaffa et al. confirmed this functionalization by 

identifying the mass degradation of the amine-rich melamine biochar between 520–

700 ℃ from thermal gravimetric analysis (TGA).51 TGA identifies the mass loss of 

organic moieties by the decomposition of material; thus, this range corresponds to the de-

amination process and decomposition of the remaining material.51 The challenge with 

conventional TGA is that alone it cannot identify the components based on the 

degradation of the material. However, it is a simple method to prove that functional 

groups are added to the material's surface by the change in mass lost.  

Another way to characterize biochar surface morphology is scanning electron 

microscopy (SEM) images. Images obtained from SEM analysis for biochar are 

commonly used to describe the appearance of the surface of unmodified or modified 

biochar material. An example of this is dye absorption; SEM observes this as the a porous 

surface of Melamine-biochar showed the pores filled post-adsorption. The melamine 

biochar adsorbed dyes due to the enhanced hydrogen bonding, electrostatic, and 𝜋–𝜋 

interactions through functionalization.51  
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The limitations of characterization by FT-IR spectroscopy, TGA and SEM are 

discussed by Zhou et al. reporting an iminodiacetic acid-biochar using a 4-step synthesis. 

The synthesis in Figure 2.2 involved a siloxane condensation by reacting oxidized 

biochar with 3-aminopropyltriethoxysilane (APTES). Next, the new primary amine was 

reacted with epichlorohydrin to introduce primary alkyl chloride functionality.52 Then, 

the SN2 reaction generates functional iminodiacetic acid-biochar by displacing the 

primary chloride. Each synthetic step was characterized by FT-IR spectroscopy, however, 

the interpretation is difficult due to the pre-existing –COOH functionality on the material. 

The one diagnostic band that verified successful functionalization was Si–O stretching 

vibration at 1098 cm-1.52 TGA was again used to confirm functionalization, however, 

Zhou et al. just noted that the functionalized iminodiacetic acid-biochar had higher 

thermal stability.52 

 
Figure 2.2 A longer synthetic route to chloride functionalized group biochar. 

Zhou et al. also noted that SEM imaging could be reliable in proving the 

modification of biochar by showing the change in surface roughness due to oxidation of 
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reactions, especially when converting the Cl–biochar into iminodiacetic acid–biochar.52 

This contradicts the successful functionalization reaction results. 

  Many examples of unmodified and modified biochar are characterized using FT-

IR spectroscopy, however, many researchers face challenges identifying new peaks from 

functionalization due to overlapping broad bands from the biochar surface. This was 

again demonstrated by another group. Tian et al.53 modified the surface of pristine 

biochar with phytic acid (PA). It was difficult to characterize the added P–O groups using 

FT-IR spectroscopy due to vibration bands at 1080 cm-1 at the same wavenumber of C–O 

bond stretches.53 

 
 

These unreliable results limit the characterization of PA-biochar in (Figure 2.3.) 

Tian et al. tried to compensate with the confirmation of –PO4 functional groups using 

X-ray photoelectron spectroscopy (XPS).53 XPS is a type of electron spectroscopy where 

X-ray photons are irradiated on the surface of a sample, and an electron beam is produced 

that is analyzed. This method provides information on the elements present on the surface 

of a material and what other elements it is bounded to.54 PA-biochar was analyzed by 

XPS, Tian et al. identified the P 2p are represented by two peaks at 133.1 and 134.6 eV 

could prove the P functional group that is pentavalently coordinated to biochar.53 
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However, this method is challenging to interpret, and instruments are costly, so many 

chemists do not have access to them.  

More recently, Xie et al. reported phosphorus-modified biochar when reacting 

biochar with phosphoric acid. This group could still not confirm by FT-IR spectroscopy 

phosphorus-added functional groups biochar and relied on XPS with a peak at 134.20 eV 

to prove the incorporation of P atoms in the carbon network. Xie et al.55 also reported the 

total phosphorus content of phosphoric acid–modified biochar with an inductively 

coupled plasma optical emission spectrometer (ICP-OES). They noted no significant 

difference in total P amount when varying the amount of phosphorous acid in the 

reaction.55 A more straightforward, descriptive phosphorus detection method is needed to 

provide qualitative and quantitative data to prove phosphorous modification.  

 

Biochar is composed of peri-fused carbon-based materials that are known to 

naturally aggregate due to the 𝜋–𝜋 stacking interactions between biochar molecules, 

causing biochar to be a layered material. Exfoliation using sonication is when ultrasonic 

waves are treating a system in which it destabilizes the Van der Waals interactions 

between layered biochar. Sonication is widely used to exfoliate biochar to improve its 

dispersity in solution and, in turn, produces mono-layered biochar.56 The monolayers 

produced from exfoliation should provide more accessible sites for modification and 

increase the surface area making it of interest to compare functionalization routes with 

different substituents.56 Exfoliation has been applied on oxidized biochar using polar 

2.1.2 Increasing the degree of functionalization by exfoliation  
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solvents such as ethyl acetate (EtOAc) with stabilizing hydrogen–bond accepting 

interactions producing monolayers of oxidized biochar.56  

This work reports the synthesis of phosphonium chloride-modified biochar is 

characterized via heteroatom-specific solid-state NMR spectroscopy to quantify 

phosphonium modification reactions. This is completed on exfoliated and non-exfoliated 

hydroxylated biochar to determine the %P added to the surface. Hydroxylated biochar is 

an excellent candidate for liquid phase exfoliation (LPE) due to the increased 

polarizability introduced through functionalization that is exfoliated by sonicating with 

EtOAc.  

The phosphonium-modified biochar is synthesized directly and indirectly using 2 

grafting methods. The direct phosphonium-modification biochar is synthesized by 

grafting 3-(trioctylphosphonium chloride)propyltrimethoxysilane (TOPPTMS Cl-) to the 

surface of exfoliated hydroxylated biochar. The indirect phosphonium-modified biochar 

is completed by a condensation reaction of CPTMS with exfoliated and non-exfoliated 

hydroxylated biochar, then is reacted with trioctylphosphine (TOP). Phosphonium-

modified biochar was characterized using 1H, 31P{1H} and 13C{1H} CPMAS NMR 

spectroscopy, surface contact measurements and FT-IR spectroscopy. TOPPTMS Cl- 

monomer was characterized using FT-IR spectroscopy, 1H, 13C and 31P decoupled 

solution-state NMR spectroscopy.  
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2.2 Results and discussion 

 

To prepare the phosphonium-modified biochar, pristine biochar is first treated 

using a modified Hummer’s method shown in Scheme 2.1.57,58 In this reaction, biochar is 

first dehydrated using H2SO4. The dehydrated biochar was treated with several oxidizing 

steps, including KMnO4 and H2O2, to introduce diols onto the surface of the biochar and 

produced an 83% recovery of hydroxylated biochar.  

 
Scheme 2.1 Reaction scheme of hydroxylated biochar. 
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2.2.1 Preparation and characterization of hydroxylated biochar  

Figure 2.4 FT-IR spectra of pristine hardwood biochar (pink, top) and hydroxylated 
biochar (purple, bottom).  
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The successful hydroxylation of biochar was confirmed using FT-IR analysis 

(figure SI. 1). The presence of alkene stretching and bending bands at 1585 and 873 cm-1, 

respectively, is characteristic of biochar. The other characteristic bands of biochar are the 

C–O stretching band at 1265 cm-1 and –OH stretching and bending bands around 3408 

and 1692 cm-1, respectively. In figure 2.4, the increased amount of –OH functional 

groups incorporated onto the biochar surface is confirmed by the drastic increase of the 

C–O stretching vibrational bands at 1200 and 1040 cm-1. This also included increased 

--OH stretching and bending bands at 1699 and 3419 cm-1, respectively, however this is 

not quantified.  

EtOAc was chosen to exfoliate hydroxylated biochar due to its hydrogen bond 

acceptor stabilizing effects.56 The –OH groups on the surface of the hydroxylated biochar 

are stabilized by EtOAc, producing stacked monolayers instead of highly aggregated 

hydroxylated biochar. This should increase the number of accessible sites for 

modification, improve biochar dispersity in solution and decrease overall surface area. 

 

 Without knowing the degree of hydroxylation of the surface of biochar, the 

optimizations of the CPTMS condensation were attempted by differing the amounts of 

CPTMS reagent added to the reactions to 3 eq, 7 eq and 9 eq (w/w) (scheme 2.2).  

2.2.2 Preparation and characterization of CPTMS-biochar 
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Scheme 2.2 Reaction scheme of CPTMS-biochar. 
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onto the biochar surface, the reaction filtrate is isolated, and the solvent is removed by 
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There was no significant difference in exfoliated and non-exfoliated biochar with 

each equivalence of CPTMS. Therefore, 9 eq of CPTMS was selected so that an excess 

could be used in the reaction (figure 2.5). The most significant change in the FT-IR 

spectrum is the added peaks at 696 cm-1 and 733 cm-1, representing the C–Cl and Si–C 

stretches, respectively (figure 2.6). The following siloxane bands are 1165 and 1011 cm-1 

Figure 2.5 FT-IR spectra of CPTMS-biochar optimization. 
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to confirm the successful condensation for CPTMS-biochar. The –OH functional groups 

were created during the condensation reaction of the CPTMS on the biochar. The 

hydrolysis of methoxyl groups resulted in residual –OH stretching at 3419 cm-1 and 

produced 3-mole equivalences of methanol per hydrolysis. 

 
Figure 2.6 FT-IR spectra of biochar (pink, top), hydroxylated biochar (purple, middle 1), 
and 9 eq exfoliated CPTMS-biochar (blue, middle 2) and 9 eq of non-exfoliated CPTMS-
biochar (green, bottom).  
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The biochar with added CPTMS functional groups was further characterized by 

13C{1H} CPMAS NMR spectroscopy, with the spectrum shown in figure 2.7. The peak 

centred at 127 ppm represents the aromatic regions for pristine biochar (figure 2.7, top) 

and CPTMS-biochar (figure 2.7, bottom). The aromatic sp2 carbons show a broad peak 

that ranges from 110–145 ppm, figure 2.7, Bonanomi et al. describes the 13C peaks from 

111-140 and 141-160 ppm of biochar to be aromatic and phenol sp2 regions.59 The 

lacking aliphatic carbon peaks at the present signal-to-noise (S/N) ratio for biochar 

(figure 2.7, top) is beneficial for confirming modification. 

Using 13C{1H} CPMAS NMR spectroscopy to confirm modification allows for 

direct identification of added –CH2–Cl and –CH2– sp3 carbons that are present at 52 and 

biochar

CPTMS-biochar

102030405060708090100110120130140150160
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127.21

Figure 2.7 13C{1H} CPMAS NMR spectra of biochar (top) and CPTMS-biochar 
(bottom). 
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22 ppm, respectively. These sp3 carbon peaks were also seen by Wiench et al. when 

CPTMS condensed on the surface of MEM-41 and characterized using NMR 

spectroscopy.60 MEM-41 is another mesoporous material, and Wiench et al. reported 

--CH2–Cl, –CH2–, and Si–CH2– peaks at 46.2, 26.7 and 9.6 ppm, which confirms 

successful grafting of CPTMS to the surface of their material.60 The Si–CH2–peak at 9.6 

ppm was not observed in the current example. This is likely due to the poor S/N ratio. 

The broadness of each peak is due to the biochar's heterogeneity and varying regions for 

functionalization on the surface of the biochar.  

 

 

The CPTMS reagent was converted into the TOPPTMS Cl- to be grafted on 

hydroxylated biochar. The synthesis of TOPPTMS Cl- was conducted using acetonitrile 

as the solvent to stabilizes the polarity of TOPPTMS Cl- to drive the successful 

functionalization using TOP.  

 

 

Scheme 2.3 Reaction scheme of TOPPTMS Cl-.  

The phosphonium modification (scheme 2.3) was successful, with a reaction yield 

of 84%. The modification was confirmed with FT-IR spectroscopy by bands of --CH2– 
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and –CH3 present at at 2924 and 2852 cm-1; Si–C bands at 1088 cm-1; and C–O bands at 

1035 cm-1. The P–CH2 stretching band is present at 722 cm-1.  

 

The 1H NMR spectrum of TOPPTMS Cl- in CDCl3 (figure SI. 1.3) was performed 

and first, the proton signals on the propyl chain were identified as Si–CH2 protons having 

a shift of 0.70 ppm, –CH2– at 1.90 ppm and CH2–P at 3.56 ppm. The trioctyl groups have 

shifts of alkyl groups of P–CH2 at 2.38 ppm, and remaining alkyl protons at 1.71–1.62, 

1.58–1.48, 1.26 and 0.86 ppm. The broadness of the peaks is likely due to the impurities 

of the final product. The purification of quaternary salts is challenging due to the polarity 
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Figure 2.8 Stacked FT-IR spectra of CPTMS (blue, row 1), TOPPTMS Cl- (green, row 2) 
and TOP (yellow, row 3). 
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of the phosphonium salt products. The TOP reagent has shifts of alkyl groups: P–CH2 at 

2.38 ppm and, remaining alkyl protons at 1.71–1.62, 1.58–1.48, 1.26 and 0.86 ppm. 

The 31P NMR spectrum of TOPPTMS Cl- in CDCl3 (figure SI. 1.4) identified a 

downfield phosphonium peak at 32.13 ppm. During the preparation for analysis, the 

sample was exposed to the air leading to the oxidation of the remaining starting material 

TOP into TOPO around 48 ppm.11 The TOPPTMS Cl- substituent was applied onto the 

biochar surface for the direct synthesis of phosphonium-modified biochar.  

The first attempt to functionalize (C8H17)3P+Cl- biochar was performed using an 

indirect pathway on non-exfoliated CPTMS-biochar in scheme 2.4. The (C8H17)3P+Cl- 

biochar reaction conditions were optimized by applying 3, 6 and 9 eq (w/w) TOP reacted 

with exfoliated and non-exfoliated CPTMS-biochar. This is also directly compared to 

differing the reaction time from attempting a shorter 48 h to 96 h.  

 

Scheme 2.4 Reaction scheme of the indirect synthesis of (C8H17)3P+ Cl- biochar.  

In the first set of optimization reactions using 3 eq TOP in scheme 2.4 for 48 h, no 

reaction occurred, and increasing to 6–9 equivalents again produced no reaction. This can 
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be expected as functional group conversions into salts tend to require longer reaction 

times; therefore, reaction run-time was doubled to ensure functionalization was achieved. 

The optimized reaction is a 1:3 ratio (CPTMS-biochar: TOP) to obtain (C8H17)3P+ Cl- 

biochar after a 96 h reaction run-time. The second attempted procedure was by a direct 

synthesis that condensed the TOPPTMS Cl- monomer to the surface of hydroxylated 

biochar shown in scheme 2.5 with a 74% recovery for the product (C8H17)3P+ Cl- biochar.  

 

Scheme 2.5 Reaction scheme of the direct synthesis of (C8H17)3P+ Cl- biochar. 
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  To confirm functionalization, (C8H17)3P+ Cl- biochar was characterized using 1H, 

31P{1H} and 13C{1H} CPMAS NMR spectroscopy and FT-IR spectroscopy. These NMR 

spectroscopy investigations were completed to aid in identifying the specific functional 

groups of the newly synthesized (C8H17)3P+ Cl- biochar. This was conducted by 

comparing these signals to the NMR spectra of TOPPTMS Cl- in CDCl3 to identify 

similarities. In figure 2.9, the 31P{1H} CPMAS NMR spectrum contains a phosphonium 

salt peak at 31.8 ppm. This peak confirms functionalization and is a similar position 31P 

peak 32.1 ppm compared with TOPPTMS Cl.  
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(C8H17)3P+ Cl- biochar
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Figure 2.9 31P NMR spectra of TOPPTMS Cl- in CDCl3 (top) and indirect non-exfoliated 
(C8H17)3P+ Cl- biochar 31P{1H} CPMAS NMR spectra (bottom). Referenced to 
ammonium dihydrogenphosphate (ADP).  
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Figure 2.10 13C solution NMR spectrum of TOPPTMS Cl- in CDCl3 (top) and 
(C8H17)3P+Cl- biochar 13C{1H} CPMAS NMR spectrum (bottom). 

Figure 2.11 1H NMR spectra of TOPPTMS Cl- in CDCl3 (top) and (C8H17)3P+Cl- biochar 
1H solid-state NMR spectra (bottom). 
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In figure 2.10, the 13C{1H} CPMAS NMR spectrum confirmed the synthesis of 

(C8H17)3P+ Cl- biochar with new signals attributed to the aliphatic carbons appearing 

between 31.8 ppm and 14.07 ppm. These peaks have a low S/N, so identifying each peak 

is challenging. The 1H NMR spectrum of TOPPTMS Cl- in CDCl3 and 1(C8H17)3P+Cl- 

biochar (shown in figure 2.11) reports the expected aliphatic proton signal positions. The 

signals attributed to the propyl chain, including Si–CH2, –CH2– and –CH2–P appear at 

0.70, 1.90, and 3.56 ppm, respectively. The 0.70 ppm signal is absent in (C8H17)3P+Cl- 

biochar. The –CH2– signal at 1.90 ppm shifts to 2.12 ppm for (C8H17)3P+Cl- biochar. The 

–CH2–P signal is at 3.56 ppm and also shifts to 3.97 ppm for CH2–P for (C8H17)3P+Cl- 

biochar. The shifted peaks are also distinguishable for the –CH2– in TOPPTMS Cl- at 

1.26 ppm, which is present at 1.18 ppm for (C8H17)3P+Cl- biochar and 0.86 ppm for the 

methyl groups have a similar shift for (C8H17)3P+Cl- biochar at 0.77 ppm. The alkyl 

chains on the TOP reagent have similar shifts, but the broadness is likely due to the 

heterogeneity of biochar as a material and is also typical in a solid-state NMR spectra. 

The P–CH2 groups in the starting material are at 2.38 ppm but in (C8H17)3P+Cl- biochar, 

they appear at 2.68 ppm. Other alkyl protons appear at 1.71–1.62 ppm, and 1.58–

1.48 ppm in TOPPTMS Cl- are in similar positions in the (C8H17)3P+Cl- biochar.  
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In figure 2.12, the FT-IR spectra for each reaction step and functionalization 

demonstrate that reactions were successful by showing more noticeable –CH2 and CH3 

bands at 2918 and 2853 cm-1, respectively. Interestingly, the C–Cl band at 694 cm-1 was 

still present after quaternization regardless of the number of equivalences of TOP used in 

the reaction. These methyl and methylene bands could result from biochar being a 

heterogeneous material and could have been obscured in that region of the spectra 

previously by more intense –OH bands. Therefore, surface contact angle measurements 

were conducted to further prove differences in the biochars.  

Figure 2.12 Stacked FT-IR spectra of pristine biochar (pink, row 1), hydroxylated 
biochar (purple, row 2), CPTMS-biochar (blue, row 3,), and (C8H17)3P+ Cl- biochar 
(orange, row 4). 

2.2.5 Hydrophobicity of modified biochar 
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Surface contact angle measurements were performed on exfoliated (C8H17)3P+Cl- 

biochar to compare with hydroxylated biochar’s hydrophilic character. With the 

expectation that (C8H17)3P+Cl- biochar would be a hydrophobic material due to the non-

polar character of the long alkyl chains. The surface contact angle for (C8H17)3P+Cl- 

biochar was determined using a homemade setup consisting of a pressed pellet of 

biochar, adding a 10 µL drop to the modified biochar and measuring the angle of the 

water droplet on the surface depicted in figure 2.13. 

 
 
 

Table 2.1 Surface contact angle measurements. 

 

OR

Hydrophobic Hydrophilic

water droplet dissipates,
no surface contact angle

10 μL droplet on 
biochar surface

biochar with 
even particle 
size

surface contact angle measurement

biochar retains 
droplet on its surface

Figure 2.13 Identification of hydrophobicity of (C8H17)3P+Cl- biochar. 
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In Table 2.1 the surface contact angle of exfoliated (C8H17)3P+Cl- biochar ranged 

from 114o to 119o. The variance in angle can be attributed to changes in relative 

humidity. The hydroxylated biochar had a 0o measurement due to the droplet of water 

evenly dispersing onto the surface of the biochar.  

 

The products prepared by direct and indirect grafting methods are compared by 

FT-IR spectroscopy, Figure 2.14. Bands representing –CH2– and –CH3– surface groups 

at 2919 and 2849 cm-1 for the indirect synthesis and 2916 and 2852 cm-1 for the direct 

synthesis, respectively were observed. FT-IR spectroscopy cannot provide accurate 

quantitative data for identifying the degree of functionalization of the biochar in the solid-

state. 

  

2.2.6 Alternative direct synthetic route to phosphonium-modified biochar 

Figure 2.14 The FT-IR spectra of exfoliated (C8H17)3P+Cl- biochar using direct synthesis 
(orange, top) and indirect synthesis (yellow, bottom) routes.  
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To determine the number of phosphonium groups on the surface of biochar, a 

known amount of (C8H17)3P+Cl– biochar and triphenylphosphine (TPP) as an internal 

standard were analyzed by 31P{1H} CPMAS NMR spectroscopy. This allows 

measurement of the amount of phosphorus on the surface of the modified biochar shown 

in Table 2.2. 

Table 2.2. The comparison of the synthesis conditions and % phosphorous added to the 
surface of biochar for phosphorus quantification—sample calculations are provided in 
Appendix 2. 

 

The results obtained from the quantification of phosphorus (Table 2.2) 

determined that the exfoliation of the hydroxylated biochar allowed for the degree of 

functionalization to be increased on the biochar surface. When comparing the two 

indirect synthetic pathways, a ten-fold increase was observed in the %P that was added to 

the surface after exfoliation. This is the first report of a significant rise in 

2.2.7 Phosphorus quantification using 31P{1H} CPMAS NMR spectroscopy 
on exfoliated and non-exfoliated (C8H17)3P+Cl– biochar 
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functionalization through exfoliation.  

 

A 1.3–18% mass of phosphorus was seen across the phosphonium-added 

functionalized biochars, Table 2.2. The indirect synthesis applied on exfoliated 

hydroxylated biochar caused a 10.3% increase in mass of phosphorus atoms to the 

surface when compared with non-exfoliated hydroxylated biochar. The highest amount of 

phosphorus added to the surface of the exfoliated hydroxylated biochar was the 
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Figure 2.15 31P{1H} CPMAS NMR spectra of indirect synthesis on non-exfoliated 
(C8H17)3P+Cl- biochar (top), indirect synthesis on exfoliated (C8H17)3P+Cl- biochar 
(middle), and direct synthesis on exfoliated (C8H17)3P+Cl- biochar (bottom). 
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functionalization reaction via direct synthesis. The direct synthesis yielded a 6.4% 

increase in %P mass added to the surface compared to the indirect grafting route 

performed on exfoliated biochar.  

2.3 Conclusion 

Using a simple two-step synthesis, the first ever phosphonium-modified biochar is 

reported and characterized using FT-IR spectroscopy; 31P{1H}, 13C{1H}, 1H CPMAS 

NMR spectroscopy and surface contact angle measurements. Quantification of %P added 

to the surface was completed with 31P{1H} CPMAS NMR spectroscopy; this is the first 

report of a specific heteroatom elemental analysis result by solid-state NMR 

spectroscopy, while elemental analysis (combustion, ICP-MS) is commonly used in the 

literature. This methodology can be applied to other functionalized biochar’s that contain 

other heteroatom-specific functional groups that are continuously challenging to 

characterize using traditional methods. 

2.4 Experimental 

 

Unless stated otherwise, chemicals purchased for experimentation were obtained 

from Sigma Aldrich, Fisher Scientific and TGI Chemicals were used as received. Pristine 

biochar was obtained from Cape Breton University (MacQuarrie research group, Sydney, 

Nova Scotia), and commercially available solvents were used without purification, 

excluding deuterated chloroform (CDCl3) that was distilled to remove the TMS standard.  

2.4.1 General materials 

2.4.2 Characterization 
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FT-IR spectroscopy 

FT-IR spectra are obtained using a Bruker Alpha FTIR spectrometer. The samples 

were prepared in KBr with a ratio of 0.2:200 (Biochar: KBr by mass) and pressed into 

pellets. In transmission mode, the spectra were collected from 4000 to 400 cm-1, with 4 

cm-1 resolution and 24 scans for each collection. The spectra were corrected against a 

pure KBr pellet, and data were processed using OPUS data software.  

Solid-state NMR spectroscopy 

All 1H, 13C{1H} and 31P{1H} CPMAS SSNMR spectra were observed at 298 K 

using a Bruker Avance II 600 MHz NMR spectrometer, equipped with a SB Bruker 

3.2 mm magic angle spinning (MAS) triple-tuned probe operating at 600.29 MHz for 1H, 

150.93 MHz for 13C and 243.00 MHz for 31P nuclei. The samples were spun at 20 kHz 

for 13C, and 10 kHz for 31P. Cross-polarization (CPMAS) spectra were collected with a 

Hartmann-Hahn match at 62.5 kHz and 100 kHz 1H-decoupling, a contact time of 2 ms 

and a recycling time of 5s. 8k scans (7 h) were collected for 13C and 1k scans (1.5 h) for 

31P. Spectra were referenced externally to adamantane for 13C and ADP for 31P. A known 

mass of triphenylphosphine (TPP) was also added to the samples to estimate the %P on 

the surface of biochar.  

Solution-state NMR spectroscopy 

1H, 13C and 31P NMR spectra were obtained on a Bruker Avance 300 MHz 

spectrometer at 298 K, with samples prepared in distilled CDCl3. Chemical shifts are 
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reported as ppm values and referenced to the residual protons and 13C in CDCl3, and 

referenced to residual 31P from trioctylphosphine in CDCl3. 

 

Surface contact angle measurement 

The surface contact angle measurements were completed using a homemade setup 

following the same method reproduced by Zhang et al. with a hydrophobic biochar.37 

Samples were ground up to make a uniform particle size and pressed into a pellet using a 

pellet press with a 39.2–39.8 % RH. The relative humidity ranged from 39.2–39.8 %, and 

a 10 µL drop of deionized water was added to the smoothed surface; a picture was taken 

where the camera was level to the flat surface, and the contact angle was measured using 

J.js image processing software.61 

 
 

Each of the following reactions was completed in a Radley carousel 12 Plus 

reaction station unless otherwise specified.  

 

 

Procedure: Hydroxylated biochar was prepared by a modified Hummer’s method57,58 In a 

three-neck round bottom flask, pristine hardwood biochar (1.01 g) is suspended in H2SO4 

(10.0 mL) and is sonicated for 30 min. Next, the mixture is cooled in an ice bath until the 

temperature of the flask is below 10 ℃, and KMnO4 (1.00 g, 6.33 mmol) is added slowly. 

HO
OH

OH
HO OH

O

O

2.4.3 Methods 

2.4.4 Synthesis of hydroxylated biochar  
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Upon complete transfer, boric acid (1.6 mg, 0.03 mmol) is added, and suspension is 

stirred for 2 h. Deionized H2O (25.0 mL) is added dropwise, the ice bath is switched with 

a silicon oil bath, and the reaction mixture is refluxed for 30 min. The suspension is 

cooled to room temperature, and H2O2 (1.2 mL) is added dropwise to the mixture. The 

resulting mixture is suction filtered, and the black solid is washed with HCl (1M, 6 mL), 

H2O (5 mL) and EtOH (6 mL). The hydroxylated biochar (0.86 g, 85% mass recovered) 

is dried overnight in a vacuum oven at 50 ℃ to recover a black powdery solid. vmax/cm-1: 

3419br and 1699w (OH), 1597vs and 869w (C=C), 1200vs and 1040m (CO). 
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Procedure: In a 1000 mL round bottom flask, hydroxylated biochar (2.00 g) is suspended 

in ethyl acetate (500 mL); the mixture is sonicated for 30 min and the solids settle for 30 

min.6 The suspended exfoliated hydroxylated biochar was siphoned off and dried under 

reduced pressure. Additional ethyl acetate was added to the remaining hydroxylated 

biochar that had settled in the round bottom flask, and the procedure was repeated until 

all hydroxylated biochar was exfoliated.  

 

 

Procedure: Exfoliated and non-exfoliated hydroxylated hardwood biochar (200 mg) is 

suspended in anhydrous toluene (6.00 mL). Next, 3-chloropropyltrimethoxysilane, 

CPTMS, (0.62 g, 3.13 mmol) is added dropwise; the solution is refluxed and stirred for 

24 h under a N2 atmosphere. Finally, the reaction mixture was suction filtered, washed 

with toluene (3 × 20.0 mL), EtOH (1 × 10.0 mL) and solvent removed in vacuo. The 

resulting CPTMS-biochar (169 mg, 85% mass recovered) was a black powdery solid. 

vmax/cm-1: 3401br and 1700w (OH), 2894w (CH), 1597vs and 829w (C=C), 1237vs and 

1018m (C–O), 1165vs (C–Si), 729w (Si–O), 692 (C–Cl). δC (600 MHz, solid) 127.8 (6 

C, m, aromatic), 53.5 (2 C, s, CH2–Si or –O), 21.2 (1 C, s, CH2).  

O

O

O

O
Si ClOH

O

Si
ClOH

HO

Si

SiO OH

Cl

HO

Cl

HO
O

O

2.4.5 Exfoliation of hydroxylated biochar  

2.4.6 Synthesis of CPTMS biochar 
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Procedure: The following procedure is modified by using acetonitrile as the solvent 

instead of toluene.62 CPTMS (1.00 mL, 5.50 mmol) is suspended in anhydrous 

acetonitrile (8.00 mL), trioctylphosphine, TOP, (7.30 mL, 16.5 mmol) is added dropwise, 

and the reaction mixture is refluxed and stirred under N2 for 96 h. The organic layer is air 

dried under vacuum to yield TOPPTMS Cl- (2.62 g, 84%) as a clear colourless oil. 

vmax/cm-1: 2924vs (CH3), 2852vs (C–H), 1088vs (Si–C), 1035vs (CO) and 919w The P–

CH2 band at 919 cm-1.𝛅H (300 MHz, CDCl3) 3.56 (9 H, m, SiOMe), 2.38 (2 H, m, PCl–

CH2), 1.90 (2 H, m, Si–CH2), 1.71-1.62 (6 H, m, P–CH2),  1.58–1.48 (12 H, m, CH2), 

1.26 (24 H, m, CH2), 0.86 (9 H, t, J= 6.0 Hz, CH3), 0.70 (2 H, m, CH2). 𝛅P (300 MHz, 

CDCl3):𝛅 32.15 (1 P, s, R3´R´´P+).  

  

Si
OO

O
P(C8H17)3
Cl-

2.4.7 Synthesis of 3-(trioctylphosphonium chloride)propyltrimethoxysilane 
(TOPPTMS Cl-) 
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Procedure 1: CPTMS-biochar (308 mg) is suspended in anhydrous. toluene (8.00 mL). 

Next, TOP (1.40 mL, 3.14 mmol) is added slowly dropwise to the reaction mixture. This 

reaction mixture was refluxed and stirred under N2 for 96 h. Upon reaction completion, 

the mixture is suction filtered; the solid is washed with toluene (2	× 10.0 mL) and EtOH 

(2 × 10.0 mL). The black powdery solid is dried in vacuo and identified as the indirect 

synthesis of (C8H17)3P+Cl- biochar (253 mg, 82%).  

Procedure 2: TOPPTMS Cl- (885 mg, 1.55 mmol) is suspended in anhydrous toluene 

(4.00 mL). Next, exfoliated hydroxylated biochar (205 mg) is added; this mixture is 

refluxed and stirred under N2 for 24 h. Upon reaction completion, the mixture is the 

suction filtered; the solid is washed with toluene (2 × 20.0 mL) and EtOH (2 × 20.0 mL). 

The black powdery solid is dried under reduced pressure and identified as the direct 

synthesis of (C8H17)3P+Cl- biochar (152 mg, 74%). 

Characterization data: vmax/cm-1: 3435vb and 1700wb (OH); 2919w (CH3), 2846 (C–H), 

1577vs and 877w (C=C); 1226vs and 1052w (CO); 1165vs (C–Si), 729w (Si–O), 692w 

(C–Cl). δC (600 MHz, solid) 127.2 (6 C, m, aromatic), 73.8 (1C, m, CH2-PCl), 50.8 (1 

C, s, CH2–Si or –O), 31.0 (3 C, m, CH2-P), 29.1 (6 C, m, CH2), 27.2 (6 C, m, CH2), 23.2 

O
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(1 C, s, CH2), 14.8 (9 C, m, CH3). δH (600 MHz, solid) 5.2 (2 H, bs, C=CH2), 4.2 (H, bs), 

4.0 (H, bs), 2.7 (2 H, m, PCl–CH2), 2.1 (6 H, m, CH2), 1.9 (2 H, m, Si–CH2), 1.5 (12 H, 

m, CH2), 1.2 (24 H, m, CH2), 0.77 (9 H, bs, CH3).	𝛅P (600 MHz, solid): 31.5 (1 P, s, 

R3´R´´P+). 
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CHAPTER 3: Phosphonium-IL-modified biochar: 
electrochemical screening for suitability in supercapacitors 

3.1 Introduction 
A supercapacitor is an energy-storage device, that contains an electric double 

layer that can store a much larger capacity of energy and have fast charge/discharge rates 

compared with regular capacitors or batteries.63 In supercapacitors, the electrode can be 

comprised of carbon-based materials such as activated carbon, graphite, graphene or 

nanocarbon tubes that increase energy storage compared with regular capacitors.64, 65, 66 

These materials tend to have a high degree of conjugated species which contributes to 

high conductivity and capacitance that widely influences their application in energy 

storage devices.67, 68, 69 While carbon materials cannot be easily replaced in 

electrochemical storage applications, greener alternatives are being explored.70  

 

Biochar is a carbon-based material derived from renewable resources and is 

actively investigated as a green alternative for electrochemical applications such as 

batteries, sensors, and supercapacitors.22, 38 Biomass that has been pyrolyzed at higher 

temperatures (above 500 ℃) increases the porosity and the surface area of the biochar, 

which has the potential to contribute to a higher capacitance when used in supercapacitor 

devices.43 However, lower pyrolysis temperatures (under 500°C) have the added benefit 

of decreasing the energy expenditure needed to produce materials compared with 

activated carbon.71 Jisha et al. suggested that micropores (pore diameter = < 2 nm or 

< 20 Å) on biochar surface provide a high surface area that aids in the charging of 

3.1.1 Biochar in supercapacitors  
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biochar.40 While mesopores (pore diameter = 2 < 50 nm or 20 < 500 Å) allows good 

electrolyte wettability that increases the capacitance.40 Although, biochar that has been 

pyrolyzed at lower temperatures exhibits poor conductivity.72 Functionalizing biochar by 

introducing heteroatoms such as S, O, N, and P may be required to enhance the 

electrode/electrolyte interaction on the surface of biochar when it is used as an 

electrode.72 

 

Ionic liquids (ILs) are widely used in electrochemistry due to their tunable 

chemical properties such as excellent conductivity, wide electrochemical window, high 

viscosity, thermal stability, wide liquid range and tunable solvent properties.73 In 

electrochemical applications, ionic liquids have found uses as electrolytes and can 

increase the electron density at the surface of a carbon-based electrode.74, 75, 76, 77  

Ionic liquids are commonly cationic and anionic species with properties governed 

by their substituents. The cations can include alkyl ammonium, alkyl phosphonium and 

alkyl imidazolium species with counter ions such as Cl–, NTf2–, SO42– and CH3COO–.77 

Phosphonium ILs have been demonstrated to have a wider electrochemical window and 

higher conductivity in electrochemical applications than ammonium ILs noted by Chen et 

al., based on characteristics of IL and poly-IL.78 As an electrolyte, alkyl phosphonium 

ionic liquids can change specific capacitance by swapping the counter ion such as Cl–, 

NTf2– and MeO– as noted by Phillipi et al.79  

The electrochemical properties needed for a supercapacitor device was previously 

reported and discussed by Yiğit and coworkers using a conducting polymer-based 

3.1.2 Ionic liquids in supercapacitors 
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electrodes. This group applied cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) measurements on an assembled device with conducting polymer-based 

electrode using stainless steel plates and an electrolyte system soaked in filter paper.80 In 

this thesis, we used a similar approach to study the functionalized biochar. 

 

The electrochemical properties of functionalized biochar for electrodes are 

assessed with CV and GCD measurements to understand its electrochemical stability, and 

capacitance.81 The CV provides information on the stability of the material by reporting 

any oxidation or reduction reactions occurring on the surface of the modified biochar 

electrode and to identify its electrochemical potential window.82 To define the 

capacitance of functionalized biochar using GCD, the area under the discharge curve is 

assessed as a function of time using the non-linear capacitance equation defined recently 

in a review by Mathius et al. for a pseudocapacitor (equation 1).81  

𝐶(𝐹𝑔!") = 𝐼 ∫ 			 /
"

$(&)
0 𝑑𝑡  Equation (1) 

Where I is the applied constant-current density, t is the discharge time, and V(t) is the 
potential as a function of t.81  

The identification of the electrochemical window and capacitance determines the 

suitability of biochar electrodes for use in supercapacitors. The factors that influence this 

for carbon-based electrodes are the particle size of the material, the electrolyte system 

and the surface interactions.83 Lyu et al. reported a biochar surface-modified glassy 

carbon electrode using a decreased particle size biochar that was processed using a ball 

3.1.3 Electrochemical characterization 
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mill. This 3-electrode cell was analyzed by CV in 5.00 mM K3Fe(CN)6 and 0.10 M KCl 

electrolyte systems, they compared the ball-milled biochar to pristine biochar. This group 

reported an increased electrical conductivity to the milled biochar when testing the redox 

reduction of K3Fe(CN)6.84 The electrolyte systems are responsible for the electron 

exchange that occurs on the surface of the electrode. Thus, surface-modified biochar 

electrodes have also been made using functionalized biochar reported by Stephanie et 

al.85 The sulfonated and aminated biochar was used for water desalination, demonstrating 

an increase in capacitance and a decrease in the resistive behaviour of biochar. The 

system's effectiveness was tested by CV and GCD in a 3-electrode cell with a 100 mM 

NaCl electrolyte solution.  The sulfonated and aminated functionalized biochar had a 

specific capacitance of 24.29 and 17.75 F/g at scan rates of 5 and 10 mV/s, respectively.85 

The influence of varying scan rates and covalent functionalization on biochar surface 

demonstrates an increase in the capacitance of biochar. In this work, the electrochemical 

properties of pristine hardwood biochar and covalently bound phosphonium ionic liquids 

on the surface of hydroxylated hardwood biochar are reported for supercapacitor 

applications. 

 

The synthesis of phosphonium-IL-modified biochar in figure 3.1 is completed in 3 

or 4 synthetic steps, consisting of hydroxylation, siloxane condensation and phosphonium 

modification. Steps 1, 2 and 3 are described in detail in Chapter 2. 

3.1.4 Synthesis of phosphonium salt-IL-modified biochar 
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The fourth step is a salt metathesis reaction between LiNTf2 and (C8H17)3P+ Cl- 

biochar to exchange the counter-ion for the production of (C8H17)3P+ NTf2- biochar. This 

will allow the counter-ion effects of the functionalized biochars to be evaluated.86 

Counter-ion effects can result in differing energy storage properties, such as diffusivity 

and electron transport, that contribute to an increased capacitance.86 The phosphonium 

salt-IL-modifications are confirmed using heteroatom-specific solid-state NMR 

spectroscopy, (31P{1H} and 19F{1H} CPMAS). In addition, the surface morphology of 

phosphonium salt-IL-modified biochar is assessed by transmission electron microscopy 

(TEM), surface area determined by Brunaur-Emmet-Teller (BET) analysis, and 

crystallinity by powder X-ray diffraction (pXRD). 

 

To screen biochar’s electrochemical properties, the 3-electrode cells (Cell I and 

Cell II) with an experimental set-up consisting of a Pt/C wire auxiliary electrode, a 

saturated KCl Ag/AgCl reference electrode and a surface-modified working electrode 

Glassy Carbon 
Electrode

Biochar surface coating

Surface coating preparation:
Biochar, ionic liquid and/or activated
carbon samples are suspended in a volatile
solvent and sonicated for 1 hr. Samples
are dried onto the surface of the glassy
carbon electrode using 10 μL droplets.

Glassy carbon = Ideal surface
- Little interference
- Easy to use
- Cheap

Figure 3.2 Surface coating preparation method and electrochemical cell using Teflon cup 
using Ag/AgCl reference electrode, Pt(s) counter electrode and functionalized biochar 
surface modified working electrode. 
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were used. The first set-up, Cell I, shown in figure 3.2, used a surface-modified glassy 

carbon working electrode fitted into a Teflon cup and filled with an aqueous electrolyte 

solution to submerse the electrodes. The second setup, Cell II, used a H-cell with surface-

modified carbon paper for the working electrode to control the cell's atmosphere. For 

each of these cells, the supporting electrolyte systems were first 1.00 M NaCl, then 

switched to 100 mM Na2SO4 and 10 mM LiNTf2 due to solubility and stability 

challenges.87  

The surface coating ink was prepared by adding ionic liquids, 

trihexyltetradecylphosphonium bromide (P6,6,6,14Br) or trihexyltetradecylphosphonium 

bis(trifluoromethyl sulfonyl)imide (P6,6,6,14NTf2) to the biochar. The ionic liquid selection 

corresponded to the counter ion being either the same or similar to the modified biochar 

to make the surface coating ink.88 In figure 3.2, the surface coating preparation method is 

noted, and 7 surface coatings were prepared and analyzed by CV and GCD.  

Table 3.1 Electrode composition summary 
Electrode Cell IL Biochar and/or carbon 
A I P6,6,6,14Br (C8H17)3P+ Cl- biochar 
B I P6,6,6,14NTf2 (C8H17)3P+ NTf2- biochar 
C II P6,6,6,14Br (C8H17)3P+ Cl- biochar 
D II P6,6,6,14NTf2 (C8H17)3P+ NTf2- biochar 
E I P6,6,6,14Br (C8H17)3P+ Cl- biochar and activated carbon 
F I P6,6,6,14Br Activated carbon 
G I P6,6,6,14NTf2 Pristine biochar 

In table 3.1, the phosphonium-IL-modified biochar surface coating was a mixture 

of (C8H17)3P+ Cl- biochar with P6,6,6,14Br for electrodes A and C in Cell I and Cell II. The 

(C8H17)3P+ NTf2- biochar with P6,6,6,14 NTf2 for electrodes B and D in Cell I and II. Many 
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literature procedures mix activated carbon, graphene and/or graphite when preparing their 

biochar surface coatings. Thus, a direct comparison of (C8H17)3P+ biochar, P6,6,6,14Br and 

activated carbon of electrode E is reported to compare activated carbon with the ionic 

liquid in this system of electrode F. Next, pristine biochar with P6,6,6,14Br for electrode G 

is used to compare and confirm the modification of biochar to phosphonium-IL-modified 

biochar. Other routes to achieve phosphonium-IL-modification ball-milling with TOP can 

be applied to limit the use of solvent during the reaction step. 

3.2 Results and Discussion 

Phosphonium-IL-modified biochar was synthesized using the non-exfoliated 

indirect phosphonium-modified biochar method reported in Chapter 2. The added 

synthetic step in scheme 3.1 is a salt metathesis reaction that had a mass recovery of 70% 

that displaces the chloride counterion and replaces it with a bis(trifluoromethyl 

sulfonyl)imide (NTf2–) salt.

Scheme 3.1 Salt metathesis reaction of phosphonium bistrifimide-IL-modified biochar. 
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The salt metathesis reaction was difficult to characterize by FT-IR spectroscopy, 

figure 3.3, because, as expected, it did not result in significant differences in functional 

groups after the metathesis reaction. Therefore, characterization was completed using 

solid-state NMR spectroscopy. The phosphonium signal of both phosphonium salt-IL-

modified biochars reported had the same 31P shift regardless of the counterion 

(figure 3.4), at 31.8 ppm for the chloride salt biochar and 32.0 ppm for 

bis(trifluoromethyl sulfonyl)imide salt biochar. The (C8H17)3P+NTf2- biochar is an 

excellent candidate for more heteroatom-specific solid-state NMR spectroscopy, so the 

19F CPMAS NMR spectrum of this biochar is reported in figure 3.5. The trifluoromethyl 

functional group in the modified biochar had a chemical shift of -77.8 ppm, which has the 

similar shift that related NTf2- ILs that have a 19F resonance at -78 ppm.89  

 

Scanning electron micrographs of the biochar showed rod-like structures in figure 3.6. 

 

3.2.2 Surface morphology study of functionalized biochar 

Figure 3.6 SEM images of (C8H17)3P+Cl- biochar showing rod-like formations. Scale 
bars: (a) 10 µm and (b) 1 µm. The Orange arrow is showing rough spherical surface of 
biochar. 

B A 
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Vidal et al. reported oxidized hardwood biochar34 SEM images to have a rough 

surface with rounded spheres that was confirmed using SEM electron dispersive X-ray 

(SEM-EDX) spectroscopy to have the elemental composition of mainly carbon-oxygen. 

In figure 3.6 B, the (C8H17)3P+Cl- biochar has components of smooth rod-like materials 

and as well as some rod-like materials having rougher spherical surfaces (figure 3.6 A, 

orange arrow), larger ions may be visible by AFM but not by SEM images.  

Surface area surface and pore diameter values were determined gas-isotherm 

experiments following Brunauner-Emmet-Teller (BET) theory of exfoliated and non-

exfoliated (C8H17)3P+Cl- biochar, in table 3.2. The two phosphonium chloride-IL-

modified biochars exhibited similar surface areas of 2.0 and 2.3 m2/g, respectively, and 

pore diameters of 69 and 65 Å, respectively. The surface area reported previously for the 

hardwood biochar by Vidal et al reported a surface area of 231 m2/g and a pore diameter 

of 29 Å.34 The significantly lower surface area can be expected for post modified 

biochars, the larger pore diameters can also confirm the change in the surface and 

confirm post-modification.  

Table 3.2 BET measurements of exfoliated and non-exfoliated phosphonium chloride 
biochar. 

(C8H17)3P+Cl- biochar Surface area (m2/g) Pore diameter (Å) 

Indirect exfoliated 2.0 69 

Indirect non-exfoliated 2.3 65 
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Figure 3.7 TEM images of (C8H17)3P+Cl- biochar (left, A and C) and (C8H17)3P+NTf2- 

biochar (right, B and D). Scale bars: 500 nm (top) and 200 nm (bottom)  

In figure 3.7 the TEM images of (C8H17)3P+ Cl- and (C8H17)3P+ NTf2- biochar 

displays smoother surfaces and rougher surface, respectively. The (C8H17)3P+ Cl- biochar 

contains rod-like structures with smooth edges in figure 3.7 A while (C8H17)3P+ NTf2-

biochar has rougher rod-like structures with tiny round pores shown in figure 3.7 B. In 

the TEM images at higher magnifications comparing figure 3.7 C and 3.7 D, (C8H17)3P+ 

(C8H17)3P+ -NTf2 Biochar(C8H17)3P+Cl - Biochar

(C8H17)3P+ Cl- Biochar (C8H17)3P+ -NTf2 Biochar

A B 

C D 
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Cl- biochar does not look as smooth, whilst (C8H17)3P+ NTf2- biochar is much smoother at 

a higher magnification. These surface qualities were then compared to a well-studied 

material such as activated carbon that has demonstrated high conductivity/capacitance.  

 

Phosphonium-IL-modified biochar is an amorphous material shown in figure 3.8 

A and B by the small rounded edges on the surface. The (C8H17)3P+ Cl- biochar 

demonstrated a lower resistance than (C8H17)3P+ NTf2- biochar, where the roughness on 

the surface could have provided more surface area for electrolytic ions to coat. Activated 

carbon (figure 3.8 C) seems to be more ordered and shows layering which is desirable for 

electrochemical devices. 

Figure 3.8 TEM images of (C8H17)3P+ Cl- biochar (left, A) and (C8H17)3P+ NTf2- biochar 
(middle, B) and activated carbon (right, C). Scale bars: 200 nm. 

A B C 
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To identify the crystallinity of carbon-based materials, powder XRD (figure 3.9) 

is used. For activated carbon, pristine biochar, (C8H17)3P+ Cl- and (C8H17)3P+cNTf2- 

biochar diffractograms show each material being amorphous. However, each contain a 

peak at 26o that has been reported to indicate the presence of silica, with is in agreement 

with Kim et al. results for quartz peaks.90 The broad peak from 15o to 30o indicate the 

presence of small crystals on the surface of that is perpendicular to the aromatic layers 

reported by Yea et al.91 
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Figure 3.9 pXRD diffractograms of activated carbon, pristine biochar and phosphonium 
salt-IL-modified biochar. Diffractograms off-set on the y-axis for clarity. 
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The effect of phosphonium modification on the electrochemical properties of 

biochar is shown in figure 3.10 by the GCD curve characteristics. The modified and non-

modified biochar demonstrated pseudocapacitive behaviour evidenced by the non-

linearity of the discharge curve (GCD, electrode A), as described by Mathius et al.81 The 

GCD for pseudocapacitors can be identified by three features, as labelled in figure 3.10 i:  

(1) IR drop is the uncompensated resistance across the interface which leads to a 

sudden voltage change once the applied current is removed. During the initial 

charging step, the potential gradually increases until the constant applied current 

is stopped, in this case at 20 s (Figure 3.10i), at which point a rapid decrease in 

the potential-time plot was observed; this segment of the GCD curve is referred to 

as the IR drop. 

(2) One pseudocapacitive discharge region.  

(3) Second discharge region and approach to complete discharge of electrolytes 

from the surface of each material.81 

 The specific capacitance of the electrodes is determined by the area under the 

curve from regions (2) to (3).81 IR is the decrease in effective potential applied to the 

EDL, IR drop is often the result on charging the electrode surface beyond its capacitive 

limit along with parasitic electrolyte redox reactions or even resistances from instrument 

cabling.92 This follows Ohm’s law (equation 2),   

3.2.3 Electrochemical study of functionalized biochar, pristine biochar and 
activated carbon with ionic liquid surface coating 
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𝑉 = 𝐼𝑅	𝑜𝑟	𝑅 = $
(
	𝑎𝑛𝑑	𝐺 = (

$
     Equation (2) 

This describes the surface interaction to charge being resistive (R) or conductive 

(G) and describes susceptibility to charge transfer. In equation (2), V is the potential flow 

across the interface, and I is the current. Factors that affect conductivity are the 

concentration of ions, types of ions, the electroactive surface area of the electrode, and 

the temperature of the solution. Herein, the electrode surface areas were modified, the 

concentration and type of supporting electrolyte ions were investigated.  
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Cyclic voltammograms recorded using the phosphonium-IL-modified biochar 

surface coatings used in the Teflon cup (Cell-I) are shown in figures 3.10 A and B, using 

electrodes A and B, respectively. These electrodes (A and B) show relatively wide 

potential windows made possible with IL-modified carbon-based biochars. Electrode A 

and electrode B had potential windows of 2.57 V and 1.20 V, respectively. A cathodic 

peak at -1.45 V in figure 3.10 A is likely N2 reduction. The GCD of electrode A under an 

applied current of 150 µA was determined to have a capacitance of 3.52 F/g via 

integration of regions 2 and 3 of the GCD curve. The IR drop region is present from 

20.0 s to 20.62 s and was excluded from capacitance calculations. For electrode B in 

figure 3.10 B, the GCD measurement was completed under an applied current of 0.6 µA 

with a calculated capacitance of 0.08 F/g. Among the two phosphonium-IL-modified 

biochar samples, the (C8H17)3P+Cl- biochar produced higher capacitance and a larger 

potential window (electrode A). This demonstrated the significance of the counter-ion 

effects for the two functionalized biochar.  

 

 

Figure 3.10 A and B Cell I: Cyclic voltammograms of electrode A (green, top) and B 
(red, bottom) with a 50 mV/s scan rate. (first column). i. and ii. The GCD of electrodes A 
(green, top) and B (red, bottom) using an applied current of 150 µA and 0.6 µA, 
respectively. (second column) The electrolyte systems used for electrodes A and B are 
100 mM Na2SO4 and 10 mM LiNTf2 solutions, respectively.  
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To eliminate the error from oxidation that occurs in air, the phosphonium-IL-

modified biochar glassy carbon electrodes (Cell-I) were next tested using an H-cell (Cell-

II). The surface modification was applied by deposition of the ionic liquid/biochar 

mixture onto carbon fiber paper electrodes (Cell-II), in which the cells were bubbled for 

30 min with N2 gas, for the measurement to be under inert conditions. The potential 

window of electrode C was 1.70 V in figure 3.11 C. The cathodic peaks for (C8H17)3P+Cl- 

biochar was observed at -0.22 V, -0.53 V, and -0.84 V, which indicate other side 

reactions occurring on the material's surface that could affect the material's stability. For 

electrode C, GCD provided a measured capacitance of 1.22 F/g under an applied current 

of 132 µA, taken from the area under the curve from 20.06 s to 40.0 s. In this case, the IR 

drop is observed between points from 20.00 s to 20.06 s. Electrode D reports a potential 

window being 1.40 V in figure 3.11 D, which is close to the potential window of 

electrode B (1.20 V). For electrode D, the GCD measurement used an applied current of 
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Figure 3.11 A Cell II: Cyclic voltammogram of electrode C prepared on carbon paper 
with a scan rate of 50 mV/s. (green, left) iii. The GCD measurements of electrodes C and 
D using an applied current of -132 µA and -4 µA, respectively. (right) The electrolyte 
systems used for electrodes C and D are 100 mM Na2SO4 and 10 mM LiNTf2 solutions, 
respectively. 
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4.00 µA with a calculated capacitance of 0.05 F/g and demonstrated no notable IR drop. 

The capacitance for (C8H17)3P+Cl- biochar was superior to (C8H17)3P+ NTf2- biochar, 

where the modified (C8H17)3P+Cl- biochar’s surface has been demonstrated to have a 

slower discharge based on time in cell II than in cell I. By using carbon fibre paper (CFP) 

instead of a glassy carbon electrode (GCE), there is notably a wider potential for the 

(C8H17)3P+ Cl- biochar in the cell I (2.57 V) compared to cell II (1.70 V). However, in cell 

II there was an increased discharge time. The CFP has a high surface area, and many 

biochar electrodes have large amounts of activated carbon incorporated to give surface-

modified mixtures. Therefore, (C8H17)3P+Cl- biochar was studied further to improve 

capacitance with activated carbon and ionic liquid mixtures.  
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Most reported biochar electrodes are made up of combinations of activated 

carbon/ graphite/ graphene and binding materials to help increase the surface 

area/conductivity of the surface-modified electrode.32, 93, 94, 64 In figure 3.12, the electrode 

is (C8H17)3P+ Cl- biochar mixed with activated carbon and P6,6,6,14Br electrode (electrode 

E) and a blank electrode of activated carbon and P6,6,6,14Br (electrode F). Electrode E and 

F have potential windows of 1.89 V and 0.59 V, respectively, at a scan rate of 50 mV/s 

using 1.0 M NaCl. The GCD measurements of electrodes are in figure 3.12 iv with and 

without (C8H17)3P+ Cl- biochar with a capacitance determined to be 11.0 F/g and 29.3 F/g, 

respectively, under an applied current of 150 µA. The IR drop for the blank was excluded 

in calculations from 20.0 s to 20.8 s. The (C8H17)3P+ Cl- biochar demonstrates its 

resistance by its capacitance at 11.0 F/g, which lowers the capacity of the blend when 

compared to the blank 29.3 F/g. Adding activated carbon increased capacitance in 

comparison to electrode A (3.52 F/g in 100 mM Na2SO4) and electrode C (1.22 F/g ). The 

added porous activated carbon material increased the electrodes capacitance, however, 

the use of activated carbon is not environmentally sustainable.71 Therefore, a screening of 

pristine biochar was completed to get a direct comparison.  
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In figure 3.13 F and G, electrode G is pristine biochar mixed with the P6,6,6,14Br 

binder and gave a potential window of 1.82 V. This is a wider potential window than 

activated carbon (0.59 V), however, pristine biochar has a noticeably lower capacitance 

of 10.2 F/g when comparing to activated carbon (29.3 F/g) GCD measurements. The IR 

drop between 20.0 s and 20.5 s is excluded in determining the capacitance. The 

significant increase in the potential window of electrode A compared to electrode G can 

be attributed to the surface of (C8H17)3P+ Cl-  biochar. The added cationic functional group 
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Figure 3.13 Cell I: F, G Cyclic voltammogram with a scan rate of 50 mV/s and GCD 
measurements (v) of electrode F and G electrodes under the applied current of 150 µA for 
each electrode and with an electrolyte system is 1.0 M NaCl. Vi. is the voltammogram of 
electrode G and A with a scan rate of 50 mV/s in 100 mM Na2SO4. 
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to the surface increases the charge's retention and release based on the applied current. 

The (C8H17)3P+ Cl-  biochar is a resistive but stable material.   

3.3 Conclusion 

In this study, (C8H17)3P+ Cl-  biochar showed greater capacitance than the other 

(C8H17)3P+ NTf2- biochar. In Cell I, electrode A had a specific capacitance of 3.52 F/g; in 

Cell II, the specific capacitance lowered to 1.22 F/g for electrode C in 100 mM Na2SO4. 

Incorporating a higher surface area material, such as activated carbon, resulted in a higher 

specific capacitance of 11.0 F/g (electrode E). The effect of functionalization was 

demonstrated when comparing the capacitance of pristine biochar electrode G, with a 

specific capacitance of 10.2 F/g. Functionalization in these cases caused the material to 

have wide electrochemical windows, especially for electrode A, being 2.70 V, showing 

promise for further work in this area. The future work of this project will consist of 

decreasing biochar particle size by milling the particles and constructing a device. The 

device parameters include changing the electrolyte system to an ionic liquid and changing 

the solvent phase to limit the redox reactions occurring on the electrode surface or in the 

system. This (C8H17)3P+ Cl-  biochar continues to be studied for application as an 

electrocatalyst for water splitting process. 95 

3.4 Experimental 

 

Unless stated otherwise, chemicals purchased for experimentation were obtained 

from Sigma Aldrich, Fisher Scientific and TGI Chemicals were used as received. Pristine 

3.4.1 General materials 
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biochar was obtained from Cape Breton University (MacQuarrie research group, Sydney, 

Nova Scotia) and commercially available solvents unless otherwise stated. 

 
 

 

 

The (C8H17)3P+Cl- biochar used for these electrochemical measurements was by 

the indirect phosphonium modification of non-exfoliated CPTMS–biochar in Chapter 2 

on pages 66–69. 

 

 

 
Procedure: (C8H17)3P+Cl- biochar (108 mg) is suspended in a 1:1 H2O:CH2Cl2. Next, 

lithium bis(trifluoromethane sulfonyl)imide (119 mg, 0.41 mmol) is left to stir overnight 

at room temperature. The reaction mixture was filtered and washed with H2O (2 × 

10.0 mL) and CH2Cl2 (2 × 10.0 mL) to yield a black powdery solid (57.8 mg, 53%). 

𝛅P (600 MHz, solid, ppm): 32.03 (1 P, s, R3´R´´P+), and 𝛅F (600 MHz, solid, ppm): 

--77.81. 
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3.4.2 Methods  

3.4.3 Synthesis of (C8H17)3P+Cl- biochar 

3.4.4 Synthesis of (C8H17)3P+NTf2- biochar 
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Functional group analysis 

Functional group characterization on phosphonium-modified biochar were 

observed at 298 K using a Bruker Avance II 600 MHz SSNMR spectrometer, equipped 

with a SB Bruker 3.2 mm MAS triple-tuned probe operating at 243.00 MHz for 31P and 

564.77 MHz for 19F nuclei. The samples were spun at 10 kHz for 31P and 16 kHz 19F. The 

Cross-polarization (CPMAS) spectra were collected with a Hartmann-Hahn match at 

62.5 kHz and 100 kHz 1H-decoupling, a contact time of 2 ms and a recycling time of 5 s. 

1k scans were collected for both 31P and 19F nuclei; and spectra were referenced 

externally to ASP for 31P.  

FT-IR spectra were obtained using a Bruker Alpha FTIR spectrometer. The 

samples were prepared in KBr with a ratio of 0.2:200 (biochar: KBr) and pressed into 

pellets. In transmission mode, the spectra were collected from 4000 to 400 cm-1, using 

4 cm-1 spectra resolution and 24 scans for each collection. The spectra were corrected 

against pure KBr pellet and data was processed using OPUS data software.  

Surface measurements 

 Scanning electron microscopy (SEM) images of the surfaces of the activated 

carbon, (C8H17)3P+ Cl- and (C8H17)3P+ NTf2- biochar electrodes were obtained using an 

FEI Quanta 400 FEG under a high vacuum (10–6 torr). The voltage was 25 kV with an 

electron dispersive X-ray detector (EDX). Transmission electron microscopy (TEM) 

images were of activated carbon; (C8H17)3P+ Cl- and (C8H17)3P+ NTf2-biochar using a 

3.4.5 Characterization 
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Hitachi HT7700 Transmission Electron Microscope in high contract (HC) mode 

containing a tungsten filament at 80 kV at Cape Breton University.  

Brunauer-Emmett-Teller (BET) theory was applied to gas adsorption isotherms 

determine surface area measurements were obtained using a TriStar II PLUS surface area 

analyzer from micromeritics using N2 @ 77Kafter degassing samples at 110 °C for 6 h.  

Powder X-ray diffraction (pXRD) was performed using a Rigaku Ultima IV XRD 

for 10 °/min from a range of 3–100 °. 

Electrochemical measurements 

CV and GCD measurements were performed at room temperature on a Wave 

Now potentiostat (Pine Research Instrumentation). The working electrodes surfaces 

(GCE: A, B, E, and F; CFP: C and D) were modified and analyzed using a 3-electrode 

setup with a Pt/C auxiliary electrode and Ag(s)/AgCl in KCl (sat) reference electrode. For 

CV measurements, a scan rate of 50 mV/s was applied. The GCD measurements were 

performed by chronopotentiometry in 20 s intervals of charge-discharging with varied 

current densities. Sample calculations are located in SI 4. Each measurement was 

completed in aqueous electrolyte systems such as 1.0 M NaCl, 100 mM Na2SO4, or 

10 mM LiNTf2.  
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Cell I: Teflon cup  

A small plastic cup with an insert for a small GCE (5mm OD × 4mm thick glassy 

carbon, mirror polish) from Pine Research was connected as the working electrode using 

a folded brass sheet, the GCE was placed into the Teflon cup where the electrode surface 

was coated and air-dried. The electrolyte solution (23 mL) was added, and a septum was 

added to the cup.  This allowed the insertion of the Ag/AgCl reference electrode and Pt/C 

auxiliary electrode into the top of the system, and each electrode was connected to the 

potentiostat for measurements.  

Cell I: Preparation of surface-modified glassy carbon working electrodes. 

The biochar ink was prepared by suspending a combination of functionalized 

biochar, pristine biochar and/or activated carbon, and ionic liquid, P6,6,6,14Br or 

P6,6,6,14NTf2 (for electrodes A, B, E, or F) in ethyl acetate (1000 µL) and sonicating for 

1 h. The ink (20 µL) was then dried onto the GCE for Cell I setup and analysis was 

completed in 1.0 M NaCl, 100 mM Na2SO4 and 10 mM LiNTF2 electrolyte solution.  

Electrode A: A 2:1 (C8H17)3P+Cl- biochar: P6,6,6,14Br (32.4 mg) suspended in ethyl acetate 

(1000 µL), sonicate, and 20 µL was dried on the GCE surface (0.65 mg). 

Electrode B: A 2:1 mixture of (C8H17)3P+ -NTf2 biochar: P6,6,6,14NTf2 (33.9 mg) 

suspended in ethyl acetate (1000 µL), sonicate, and 20 µL was dried on the GCE surface 

(0.68 mg). 

3.4.6 Experimental set-up 
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Electrode E: A 1:1:1 mixture of (C8H17)3P+Cl- biochar: activated carbon: P6,6,6,14Br 

(31.5 mg) suspended in ethyl acetate (1000 µL), sonicate, and 20 µL was dried on the 

GCE surface (0.63 mg). 

Electrode F: A 1:1 mixture of activated carbon: P6,6,6,14Br (22.9 mg) suspended in ethyl 

acetate (1000 µL), sonicate, and 20 µL was dried on the GCE surface (0.46 mg). 

Electrode G: A 1:1 mixture of pristine biochar: P6,6,6,14Br (34.3 mg) suspended in ethyl 

acetate (2000 µL), sonicate, and 20 µL was then dried on the GCE surface (0.34 mg). 

Cell II: H-Cell 

A H-Type Sealed Electrochemical Cell (45 mL) was obtained from Dek Research, 

and used with a HYDRion™ N117 25cm² water electrolysis membrane from Ion Power 

Inc for optimal air-free conditions. 20.0 mL of electrolyte solutions (100 mM Na2SO4 or 

10 mM LiNTf2) was added to each side of the H-cell (2 ×	20.0 mL). The H-cell was 

degassed by bubbling N2 gas through the cell and then attaching the CFP blanks or 

electrodes C and D using a TiO2 rod.  

Cell II: Preparation of surface-modified carbon fiber paper working electrode. 

Biochar ink was prepared by suspending a combination of phosphonium-IL-

modified biochar, and ionic liquid (2:1), P6,6,6,14Br or P6,6,6,14NTf2 and these mixtures 

were sonicated for 1 h. CFP was coated on one side (1 cm × 1 cm) with biochar ink 

(200 µL) and left to dry overnight. These samples were connected to a TiO2 rod in cell II 

set up and analyzed in 100 mM Na2SO4 or 10 mM LiNTF2. 

Electrode C: A 2:1 (C8H17)3P+Cl- biochar: P6,6,6,14Br (32.4 mg) suspended in ethyl acetate 

(1000 µL), sonicate, and 200 µL was dried on CFP electrode surface. (6.5 mg) 
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Electrode D: A 2:1 mixture of (C8H17)3P+ -NTf2 biochar: P6,6,6,14NTf2 (33.9 mg) 

suspended in ethyl acetate (1000 µL), sonicate, and 200 µL was dried on CFP electrode 

surface (6.8 mg). 
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Chapter 4: Molecular speciation of hardwood, crab shell and 
sugar kelp biochar: solvent extrography using APPI-21T-FT-
ICR mass spectroscopy 

4.1 Introduction 

Biochar is produced from the thermal degradation of biomass and is composed of 

a convoluted mixture of condensed organic compounds such as arenes and/or more polar 

aromatics such as quinones (or phenolic) and/or pyridinic moieties built onto a carbon 

base.96 Lignocellulosic-derived biochar from hard and softwood materials is well 

understood and applied as a soil amendment or an adsorbent for the treatment of 

environmental toxins such as poly-fluoroalkyl substances (PFAS).14, 97, 98, 99 In 

comparison with other biochars, lignocellulosic biochar tends to contain high carbonized 

fractions, as noted by Bednik et al.100 This group stated this through the investigation of 6 

different feedstocks of biochar from the forestry and agriculture industries and household 

food waste to compare the elemental composition obtained from the elemental analysis of 

each.100 Thus, further investigations are needed to advance the molecular speciation of a 

well-understood source of biochar (i.e, hardwood biochar) using ultrahigh resolution 

mass spectrometry such as Fourier Transform Ion Cyclotron Resonance mass 

spectrometry (FT-ICR-MS). Then compare it to less understood aquatically sourced 

biochar (i.e, crab shell and sugar kelp) to allow a better understanding of the molecular 

speciation in biochars. This also has the potential to help optimize functionalized biochar 

reactions more efficiently to produce functionalized biochar for advanced applications 

such as heavy metal sorption, catalysis and electrochemical devices.101, 50, 102 
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In the past decade, there have been a few reports studying biochar materials and 

their complex molecular differences based on a variety of feedstocks using extraction 

methods, combined with FT-ICR-MS.49, 47, 103 Previous to that, bio-oil, which is also 

produced by pyrolysis, was heavily studied by petrol industries to gain an understanding 

of the molecular compositions for applications.16 The earlier characterization methods 

used with bio-oil include 2D gas chromatography-mass spectrometry (GC-MS) and 

pyrolysis-GC-MS.104, 105, 106, 107 A recent study of the characterized crab shell biochar 

using pyrolysis-GC-MS to identify the degradation mechanism of crab shell throughout 

pyrolysis, was completed by Sebestyén et al.23 This group identified specific bond 

cleavage reactions of chitin, such as dehydration, deacetylation and depolymerization 

reactions based on the retention time and abundance of volatiles at specific 

temperatures.23 FT-ICR MS is a remarkable tool for the separation and mass analysis of 

ionized biochar due to its ultra-high resolution and high mass accuracy. The mass 

analysis of biochar advanced to FT-ICR-MS, due to the success in identifying the 

molecular speciation of lipids (bio-oil) produced from pyrolysis.108  

Biochar characterization has limitations when it comes to mass spectrometric 

methods due to its high polydispersity, complexity, aggregation and low solubility 

characteristics. These characteristics cause hindrances in the effective separation and the 

ability to become ionized for mass analysis of biochar components by TOF and FT-

ICR.49 Therefore, solvent extrography is an extremely impactful method to separate 

various components of biochar. Solvent extrography methods were originally developed 

for carbon-based materials such as asphaltenes and coal-tar materials.109, 110 Tian et al. 

characterized biochar components using FT-ICR and solvent extrography with solvents 
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that increase in polarities such as dichloromethane (CH2Cl2), acetone (CH3COCH3), 

methanol (CH3OH), and distilled water (H2O).111 Each of the solvents selected 

demonstrated a manageable way to separate compounds based on solid-solvent 

interactions and stabilizing intermolecular forces.111  Their work reports that the greater 

solvent polarity leads to a higher extraction rate and the most abundant dissolved organic 

matter (DOM) was in the CH3OH fraction of soybean biochar. The CH3OH and H2O 

solvents act as nucleophiles to stabilize components through hydrogen bonding of the 

smaller molecules in oxygen- and nitrogen-containing functional groups. The CH2Cl2 

stabilized unsaturated aliphatic compounds, CH3OH and CH3COCH3 extracts higher 

molecular weight compounds in biochar with oxygen-containing functional groups.111 

Besides, intermolecular forces like hydrogen bonding that provide electron accepting or 

donating interactions, other solvents such as toluene can lead to stabilizing effects caused 

by similar polarizabilities.  

This report identifies the molecular speciation of hardwood biochar (bchw), crab 

shell biochar (bccs), and sugar kelp biochar (bcsk) that were pyrolyzed at temperatures of  

400–515 ºC underwent solvent extrography and fractions are characterized using APPI-

21 T-FT-ICR tandem mass spectroscopy. The tandem MS consists of a linear ion trap and 

a 21 T-FT-ICR-MS to separate complex mixtures of ions based on m/z.  
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The first solvent system used for the extrography is the whole extract (1:1:1:1 

CH3COCH3/CH3OH/Tol/ tetrahydrofuran (THF)) fraction that should obtain all 

extractable components of the materials under analysis. The whole extract is adsorbed 

onto SiO2 and is further extracted using solvent systems: CH3COCH3, Hep/Tol(1:1) and 

CH3OH/Tol/THF (1:1:1) to isolate peri condensed aromatic molecular species.112 The 

data visualization is completed by double bond equivalents (DBE) to carbon number 

isoabundant contour plots. 

Figure 4.1 Solvent extrography method by fractionation. 
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4.2 Discussion 

Heteroatom class distribution 

 The classes of molecules from bchw, bccs, and bcsk were identified through solvent 

extrography by using positive-ion APPI-21 T-FT-ICR MS, this analysis produced a 

copious amount of data for the wide range of classes (figure 4.2). The most abundant 

heteroatom class distributions of bchw, bccs, and bcsk that are discussed range from 

hydrocarbon (HC) to phenolic (O1) to pyrrolic or pyridinic (N1) classes based on relative 

abundance. Chacón-Patiño et al. report asphaltene fractionation using the same solvent 

extrography that facilitates the extraction of aromatic and peri-condensed structures.112 

The dipole-dipole interactions of acetone allow the extraction of alkyl-deficient 

aromatics, and the Hep/Tol fraction isolates the alkyl-aromatic compounds. The 

Tol/THF/MeOH mixture promotes the extraction of molecules based on hydrogen 

bonding which should be abundant in polar aromatic species. Tol is also used as a dopant 

for the transfer of the ionization energy to biochar extracted molecules to form ionized 

species using APPI.113 APPI allows for the identification of non-polar species as radical 

ion and protonated species are stabilized on tertiary sp3 carbons (C). APPI or ESI paired 

with FT-ICR allows for the complete identification of polar and non-polar molecular 

speciation in biochar. 

4.2.1 Positive mode APPI identification of aromatic species by solvent 

extrography 



 89 

 

Figures 4.2–4.4 show the relative abundances of the dominant class species of 

each bchw, bccs, and bcsk and its sub-fractions. The spectral complexity and various 

molecular species containing several heteroatoms and multi-heteroatom-containing 

compounds, from O1 – O12, S1 – O6S1 to NmOn, (m = 0 – 3, n = 1 – 9) were extracted and 

identified in the solvent extractions. In Figure 4.2, the most abundant class of compounds 

in the bchw extract is the HC in the acetone fraction. For the O1 class, the most abundant 

species is in the whole extract, and the N1 class the most abundant species based on % 

R.A. for the bchw species is in the Hep/Tol fraction.  

Figure 4.2 Heteroatom class distribution of bchw for each solvent extraction fraction from 
the whole extract, acetone, Hep/Tol, Tol/THF/MeOH. This plot and bchw data were 
obtained from NHMFL at FSU.   
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Figure 4.3 Heteroatom class distribution of bccs for each solvent extraction fraction from 
the whole extract, acetone, Hep/Tol, Tol/THF/MeOH. This plot and bccs data were 
obtained from NHMFL at FSU.   

 

Figure 4.4 Heteroatom class distribution of bcsk for each solvent extraction fraction from 
the whole extract, acetone, Hep/Tol, Tol/THF/MeOH. This plot and bcsk data were 
obtained from NHMFL at FSU.   

For bccs in figure 4.3, the highest overall % R. A. of extracted material was the 

HC and N1 classes in the Hep/Tol and whole extract, respectively. The O1 classes have 

the highest % R. A. extracted species in the Tol/THF/MeOH fraction. Based on these 

solvents, it is likely that compounds extracted have hydrogen bonding accepting qualities 
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such as species like 2-pyrenol. For bcsk in figure 4.4, the HC fraction had the highest % 

R. A. peak was the Hep/Tol fraction. The O1 class had the highest % R. A. species in the 

whole extract. The N1 class had the higher % R. A. in the Hep/Tol fraction.  

In the HC, O1 and N1 species consisted of both protonated and radical molecular 

ions, the protonated species are expected to have more aromatic structures and are 

stabilized by the presence of sp2 carbons (C), whereas and the radical species are 

stabilized by less conjugated systems. The O1 species represent molecular classes such as 

phenols, ketones, aldehydes, ethers and alcohols. N1 species represent the pyrolytic 5- 

and 6-membered rings, as previously reported by Purcell et al., who confirmed this using 

models of 5 and 6-ring systems of nitrogen-containing aromatics.114 Thus, we see the bcsk 

and bccs contain significantly more extracted nitrogen-containing species than bchw.  The 

increased R. A. of nitrogen-containing species likely is accounted for by the composition 

of proteins and chitosan in the biomass, causing the influx of nitrogen-containing species 

in the extracts. 

The DBE as a function of carbon number was plotted for the HC, N1 and O1 

classes of bchw, bccs, and bcsk using +APPI FT-ICR MS with solvent extrography data. 

These isoabundant maps allow easy comparison of data based on ionization mode since 

ionization can incur to identify thousands of molecular formulas in each of the solvent 

fractions. This allows the visualization of the most abundant core structures within 

classes of extracted material (i.e, HC, N1, and O1) are shown in colour-coded plots of 

DBE (double bond equivalents, the number of rings plus double bonds to carbons, 

4.2.2 DBE versus carbon number plots for the identification of core 
structures of hardwood, crab and sugar kelp biochar 
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𝐷𝐵𝐸 = 𝐶 − ℎ 2⁄ + 𝑛 2⁄ + 1) as a function of carbon number plots. Hot spots for the 

plots are identified by the closeness of the color to red and the most abundant species 

were found in the HC class, and can be expected to be condensed PAHs. The 

experimental summaries are found in SI 5, 6, and 7 in the thesis appendix. The following 

molecular formula are ranked according to the most relative abundant (R. A.) species in 

the protonated and radical forms.  

 

In figure 4.5, the hot spots of bchw from the whole extract have a DBE of 8, 13 

and 14. The representative peri-fused condensed structures could be identified as 1, 2, 3, 

4-tetrahydrophenanthrene (C14H14, 8.4 R. A.), olympicene (C19H12, 4.2 R. A.) and 

chrysene (C20H14, 2.4 R.A.). In DBE 8, the most abundant core structures contain C14, C16 

and C17 species, and are ranked based on R.A. These core structures could represent the 

Figure 4.5 Isoabundant maps of DBE as a function of carbon number for HC class 
species of the whole extract, acetone, Hept/ Tol, Tol/THF/MeOH solvent fractions of 
bchw extractions. Plots and data provided by NHMFL at FSU.  
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same base structure with an added/removed methene group (–CH2–). The whole extract 

solvent fraction also contains hotspots at DBE 13 and 14 containing C18 to C20 

hydrocarbon species that differ in ± 2H. We cannot assume them to be the same 

compounds with differing degrees of aromaticity as FT-ICR cannot separate structural 

isomers due to the complexity of data.  

The acetone fraction for bchw (figure 4.5) has hot spots at 9, 11 and 13 DBE. The 

species identified with DBE of 9 ranged from C14 to C16 (figure 4.5, row 2), the possible 

structures are identified by showing the added methyl groups contributing to highest R. 

A. fractions. The protonated species with a DBE 9 in the acetone fraction can be 

confirmed to demonstrate added methyl functional groups by reporting molecular species 

such as C14H12 (27.0 R. A.), C15H14 (12.9 R. A.), and C16H16 (4.38 R. A.). In comparing 

species with the highest abundance in DBE 11 of C17H14 to DBE 13 for C19H14 this can be 

indicative of another fused ring to the core structure with added degrees of aromaticity on 

the core structure. In conjunction with this, the molecular species that could be the most 

abundant in one fraction may not be in another. This is demonstrated in DBE 13 for 

acetone fraction to the whole extract fraction, where the C20 molecular species are not 

found to be the most abundant. The 11 DBE hydrocarbon species in the acetone fraction 

are composed of lower molecular weight compounds such as C14 and C15 hydrocarbons 

with significantly higher relative abundances to the whole fractions.  

The Hep/Tol solvent fractions for the HC class species are specific to aliphatic 

aromatic species that are not as abundant in the whole extract. This agrees with the fact 

that Hep is a non-polar aliphatic molecule, thus, will stabilize molecules that contain 

aliphatic functionality. Comparing this result to the acetone fraction, the Hep/Tol is 
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selective for condensed HC and aliphatic species due to non-polar properties of heptane 

and non-polar aromatic properties of toluene and its polarizability. In this fraction, the 

identification of C29 to C31 species in the lower DBE (8 and 9) hot spots. The 11 DBE hot 

spot extracted C17 and C18 molecules identified by protonated species while the lower 

DBE (8 and 9) identified and DBE 13 isolated C20 species. The Tol/THF/MeOH fractions 

contain several hot spots, including DBE 9, 11, and 13. These contain compounds that are 

between C17 – C21 (15.2 – 2.90 R. A.) and also contains the highest abundant species in 

acetone C17H14 that was most abundant. These trends continue in bccs and bcsk, however, 

some species are more abundant comparatively.  

 

Figure 4.6 Isoabundant maps of DBE as a function of carbon number for HC class 
species of the whole extract, acetone, Hept/ Tol, Tol/ THF/ MeOH solvent fractions of 
bccs extractions. Plots and data provided by NHMFL at FSU. 
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In figure 4.6, the hot spots of bccs from the whole extract are found at DBE 9, 11 

and 13. There is a range of C14 to C20 species in the whole extract, C17H14 (102 R. A.) and 

C14H12 (94.9 R. A.) are the most abundant protonated HC class species, while C17H18 is 

the most abundant radical species and one of the most abundant for the protonated 

species. The composition of the bccs extracts is similar to the composition of bchw, this 

demonstrates the solvent specificity for specific molecular species in biochar. The 

difference of the molecular species for bccs when looking at the DBE as a function of 

carbon number plots is the larger variation for DBE for specific carbon numbers. 

Comparatively, the bchw molecular species differs compositionally to the bccs more 

widely on DBE but overall, the trends are the same.  

 
Figure 4.7 Isoabundant maps of DBE as a function of carbon number for HC class 
species of the whole extract, acetone, Hep/Tol, Tol/THF/MeOH solvent fractions of bcsk 
extractions. Plots and data provided by NHMFL at FSU. 
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The bcsk differs from bchw and bccs due to the high relative abundance of C30H50 

(DBE 6) in the whole extract and the Hep/Tol fraction, this could be due to bcsk being 

produced from fast pyrolysis, while the bchw and bccs underwent slow pyrolysis. The 

comparison of biochar through different preparation methods using FT-ICR has been 

discussed by Cole et al. to compare switchgrass biochar produced by gasification, slow 

pyrolysis and fast pyrolysis.115 This group noted that during fast pyrolysis, the vapours 

produced could condense on the surface of the biochar producing a condensate depending 

on the isolation method and experimental setup.115 This might explain the low DBE (6) 

species that are more abundant as the bcsk was the only biochar analyzed produced by fast 

pyrolysis. Many of the same molecular species are found in the whole extract, acetone 

Hep/Tol of each species, this is shown in figure 4.7. Overall, the DBE for each of the HC 

compounds identified in each biochar ranges between 6 – 14 DBE with C14–C31. 
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Figure 4.8 Isoabundant maps of DBE as a function of carbon number for O1 class species 
of the whole extract, acetone, Hep/Tol, Tol/THF/MeOH solvent fractions of each biochar 
species. Plots and data provided by NHMFL at FSU. 

The isoabundant maps in figure 4.8 show for the whole extract of the bchw 

produces two hot spots for O1 materials around DBE 8 – 9; and another DBE 12. These 

hotspots can account for C14 and C17 O1 species for bchw with DBE of 8 and 9 having high 

R. A., 74.9 and 21.5, respectively. The hotspot with 12 DBE identifies the molecular 

species such as C24H20O (7.71 R. A.) and other C21 – C24 compounds in 12 DBE. There is 

a tail like region from C20 – C40 of very condensed materials, which increase in DBEs 

with carbon number in a linear pattern. The bccs follows the same trend with DBE 8 or 9 
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and identified the same abundant molecular species. The bcsk exhibited all the same 

compounds but did not present C14 molecular species instead presented C16 and C18 

species in the top abundant components extracted and contained hot spots at DBE 8 and 

11 as bchw. The acetone fractions in each biochar have a hot spot of 8 DBE composed of 

C14 – C15 molecular species for bchw, C17 – C24 for bccs with a hot spot ranging from DBE 

8 to 9 and for bcsk, C17-C24, a hot spot at DBE 8 to 11.  

Hep/Tol solvent extrography gave a hot spot at 9 DBE for each biochar and 

suggests that aliphatic compounds identified in HC class of species are the same for each 

biochar. The Tol/THF/MeOH extraction fractions for the O1 classes in each biochar had a 

hot spot at DBE 8 composed of C17H20O as the most abundant for bchw and this fraction is 

made up of C16 – C18. For bccs, the most abundant species is C18H22O and the fraction is 

abundant in C16 – C20 species. For bcsk, the most abundant species is C16H18O and the 

fraction is abundant in C17 – C25 oxygen-containing compounds. 
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The hotspot, in Figure 4.9, N1 classes in the whole extract (DBE 12) for bccs, it 

contains C16 – C18 species with DBE of 12 and bcsk follows the same trend. The acetone 

fraction reveals aromatic structures in the C15 – C19 range for bchw, the bccs extraction 

results in the identification of C13 – C17 range of species and bcsk gives a range of species 

between C19 – C22 for the N1 classes. The most abundant species in the Hep/Tol fractions 

are species that range from C21 – C37. The most abundant species in bchw, bccs, and bcsk is 

Figure 4.9 Isoabundant maps of DBE as a function of carbon number for N1 class species 
of the whole extract, acetone, Hept/ Tol, Tol/ THF/ MeOH solvent fractions of each 
biochar species. Plots and data provided by NHMFL at FSU. 



 100 

C30H47N with DBE 8 and R. A. of 100 (bchw), 103 (bccs) and 55.7 (bcsk). There is no N1 

species detected in the Tol/THF/MeOH fraction from each biochar. 

During visit to Florida State University, attempts were made to analyze 

phosphonium modified biochar using FT-ICR MS. However, due to the limited time 

available during the visit, experiments could not be optimized and good quality spectra 

were not obtained (i.e. poor S/N signals). 

4.3 Conclusion 

 Hardwood, crab shell and sugar kelp biochar have been analyzed using FT-ICR 

MS to report its differing molecular speciation that is caused by varying pyrolysis 

temperatures and biomass sources. When biochar is produced by pyrolysis using 

temperatures below 500 °C, the production of low molecular weight PAHs dominates. 

Biochar produced above temperatures 500 °C contains more dominant high molecular 

weight PAHs.116 The biochar investigated in this work are hardwood pyrolyzed at 400 °C 

(slow pyrolysis), crab shell at 515 °C (slow pyrolysis) and sugar kelp at 450 °C (fast 

pyrolysis), thus we expect an abundance of lower molecular weight PAHs. PAHs are 

peri-condensed hydrocarbons that can contaminate the environment.117 The extraction of 

these lower molecular weight PAHs prior to using biochar in soil amendment or other 

applications can limit negative environmental impacts. 

 From the heteroatom distribution graphs (figure 4.2--4.4) the varying fraction 

heteroatom classes that make up each biochar are showed and they highlight the most 

dominant species extracted being the HC class from each source. Using the calculation of 

DBE and analyzing the isoabundant maps allowed for comparison of the most abundant 
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extracted material. To summarize, the hot spots in the whole extract are consistently the 

DBE 8, 9 and 13 molecular species, and in the bcsk, the species with DBE of 6 for the 

HC, O1 and N1 classes. The acetone fraction consistently had hot spots of DBE 9, 11, and 

13 for the HC fraction for each source and for bchw the O1 fraction had 12 DBE, while 

bccs O1 fraction DBE ranges from 8–11. Uniquely, bccs has a hot spot predominantly at 

DBE 12 for N1 class which may result from the more nitrogen-containing nature of the 

biomass. The Hep/Tol fraction extracts species with DBE 9, 11, and 13 for each source, 

the HC classes for bccs and bcsk also isolated an abundance of species with DBE 6. For 

bchw and bcsk it also extracted DBE 8 and 10 species for O1 classes. For bccs, the most 

abundant species in the Hep/Tol fraction in the N1 class had a DBE of 8. For the 

Tol/THF/MeOH fraction from each source, consistently gave spectra containing species 

with DBE 9, 11, 12 and 13 in HC, O1 and N1 classes. Even though the pyrolysis 

temperatures and ramp rates are different for the hardwood, crab shell and sugar kelp 

biochar, there are molecular similaries for the temperature range from 400–515 °C. 

4.4 Experimental 

 

Preparation of hardwood, crab and kelp biochar 

All biochar was obtained from Cape Breton University (MacQuarrie research 

group, Sydney, Nova Scotia). The hardwood biochar was prepared by the anaerobic 

pyrolysis of debarked birch wood at 400 °C under an inert atmosphere.118 The crab 

biochar was prepared as follows; Louisbourg Seafoods Ltd provided the crab bodies. The 

crab was dehydrated and milled to a particle size of approximately 0.5 cm. Pyrolysis was 

4.4.1 Materials 
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then performed on dried and milled crab under the conditions of a ramp of 330 ℃/hr to a 

desired temperature of 515 ℃ and held for a dwell time of 150 minutes in an inert 

nitrogen atmosphere. The frozen sugar kelp was washed using hot water to remove ice 

and other surface contaminants and was patted dry; the kelp was cut up into smaller 

pieces to facilitate consistent drying at 100 ℃ for 3 h. Samples were rotated every 

90 min. The kelp was then ground into a fine powder, pyrolyzed at a ramp rate of 

450 ℃/hr, and held for a dwell time of 1 hour. 

 
21 tesla Fourier transform ion cyclotron resonance mass spectrometry 

Data provided for this work was conducted in 2021 with a custom-built 21 Tesla 

superconducting magnet FT-ICR mass spectrometer at the National High Magnetic Field 

Laboratory (NHMFL) in Tallahassee, Florida, USA. The excitation ranged from 

200--1500 m/z. Ions were produced using APPI positive mode and separated in a 9.4 T 

ion trap, then the FT-ICR.  

 

Solvent extrography 

  Solvent extrography was completed and refined by Martha L. Chacón-Patiño from 

Florida State University and High Magnetic Field Laboratory, 500 mg of biochar was 

extracted using a soxhlet extraction using a 1:1:1:1 acetonitrile: toluene: tetrahydrofuran: 

methanol. The biochar extract is dried under N2, redissolved into 1:1:1:1 acetonitrile: 

toluene: tetrahydrofuran: methanol (10.0 mg/mL) and adsorbed on SiO2 (10 mg sample/g 

SiO2. Subsequent extraction using acetone, heptane/toluene, 

4.4.2 Characterization 

4.4.3 Methods 
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toluene/tetrahydrofuran/methanol on the whole extracted biochar adsorbed SiO2 produced 

9 extract fractions. 

 The phosphonium chloride-modified biochar was extracted in 1:1 cyclohexane 

and acetone via. Soxlet extraction. The biochar extract is dried under N2, and redissolved 

in toluene for analysis. 
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CHAPTER 5: Conclusion and future work 

 

Chapter 1 highlights the principles of green chemistry applied to biochar and the 

impact of upcycling biomass from industrial waste biomass to biochar. This provided an 

overview of biochar characteristics based on its preparation, activations, and physical and 

chemical modifications. However, the completed degradation mechanisms for each 

source need to be described due to the limitation of information in the literature. 

Identifying the thermal degradation (and decomplexation) of the vast organic and 

inorganic materials in biomass could provide a pathway for researchers to obtain 

‘designer biochar.’ This could be based on mixing biomass sources to achieve desired 

surface area, porosity, and functional groups necessary for applications. While also 

identifying ways to limit energy expenditure and decrease environmental impacts for 

processes to remain sustainable for producing biochar and tailoring it for applications. 

Chapter 2 reports the synthesis and characterization of phosphonium chloride-IL-

modified biochar. The quantification results achieved by 31P{1H} CPMAS SSNMR 

spectroscopy of each exfoliated and non-exfoliated phosphonium chloride-IL-modified 

biochar should be confirmed by elemental analysis (EA). EA can be completed at the 

University of Alberta because of the capability to identify halogens, sulfur and 

phosphorus-containing compounds. To do this, enough starting material must be made 

for the direct and indirect synthesis of the phosphonium IL-modified biochar on 

exfoliated and non-exfoliated biochar for the complete characterization. The siloxane 

condensation results using TOPPTMS Cl- on non-exfoliated hydroxylated biochar should 

5.1 Ideas for future work 
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be repeated for reporting; the quantification was affected by contamination with another 

sample and could not be reported. The surface contact angle measurements should also be 

completed on each exfoliated and non-exfoliated phosphonium chloride-IL-modified 

biochar to try to identify a correlation between the degree of phosphonium 

functionalization and biochar's hydrophobicity. 

Chapter 3 reports the synthesis and electrochemical behaviour of indirect 

synthesis of non-exfoliated phosphonium chloride and bistrifimide-IL-modified biochar. 

For more confirmation of the phosphonium bistrifimide-IL-modified biochar, a 

gravimetric titration should be completed using AgNO3 to precipitate AgCl salt and 

quantify to the displaced counter ion. This should be further confirmed with 19F and Si 

solid-state NMR spectroscopy, elemental analysis (C, N, O, H, Si, P, Cl, F and S), and 

surface contact angle measurements to identify hydrophobicity/hydrophilicity.  

 Overall, the electrochemical behaviour of the phosphonium-IL-modified biochar 

is highly resistant. Thus, future work will increase the material's conductivity by 

switching to a higher surface area biochar or adding sustainably derived conductive 

metals to the biochar frameworks. However, more characterization data, such as gas 

isotherm adsorption studies, are needed to identify and compare the surface area and pore 

sizes of the phosphonium salt-IL-modified biochar. The limited SA and large pore size 

could be contributing to phosphonium salt-IL-modified biochar limited specific capacity 

by affecting the material's capacitance through electrolyte storage. An interesting result 

was the high specific capacitance of pristine biochar (10.2 F/g) compared to the 

phosphonium salt-IL-modified (3.62 F/g) in the cell I, that could be influenced by the 

lower surface area.  
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The electrochemical behaviour of biochar in this thesis was studied with applied 

scan rates of 50 mV/s; however, Mathias et al. report that a scan rate between 2-5 mV/s 

can improve the material's capacitance. However, the opposite is shown in figure 5.1 

When increasing the scan rate from 5 mV/s to 100 mV/s, a slightly larger current can be 

extrapolated (Figure 5. 2., gray). Also, due to the workstation being located in a busier 

part of the lab and the potentiostat being vibration sensitive, the results weren’t always 

run in 5 mV/s or 10 mV/s, so they were excluded.  

 

Figure 5.1 The cyclic voltammogram of pristine biochar with P6,6,6,10Br (IL) on a GCE in 
100 mM Na2SO4.  
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Figure 5.2 displays the next step in experimentation for the phosphonium 

chloride-IL-modified biochar when made into a device. Biochar is first made into a putty 

mixture using polytetrafluoroethylene (PTFE) and flattened into sheets.80 This is 

completed by stacking biochar sheets between two stainless steel plates connected to the 

wire that connects the system to the potentiostat. The electrolyte system is a piece of filter 

paper soaked in ionic liquid with a solid supporting electrolyte mixed in between the two 

biochar PTFE sheets. This device will be vacuum sealed and electrochemically studied to 

represent a more realistic cell than the GCE and H-Cell setups. 

For Chapter 4, the future work is to analyze functionalized biochar using FT-ICR, 

this would be the first-ever sample of functionalized biochar characterized by + APPI-

FT-ICR to report the phosphonium chloride-IL-modified biochar. During preliminary 

attempts, a peak was produced at 382.4 m/z, which is 3 orders of magnitude higher 

signal-to-noise ratio (S/N) than the biochar analyte due to the ionization efficiency and 

Figure 5.2 Future device-making operation for phosphonium chloride-IL-modified 
biochar. 
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concentration of the unknown compound. Further experiments were halted due to the risk 

of long-term contamination in the ion source and front-end mass analyzer. Oxidized 

hardwood and softwood biochar and sulfonated hardwood biochar were also provided to 

the Florida State group and still need to be characterized; there were challenges in 

preparing the sample for ESI due to solubility issues after sonication.  

 

This thesis shows that hardwood biochar has been functionalized, 

spectroscopically characterized, electrochemically studied and characterized using APPI-

21T- FT-ICR. In Chapter 1 Introduction, the factors that contribute to biochar following 

the principles of Green Chemistry, a summary of pyrolysis conditions on the carbon base 

of biochar, applications of hardwood, crab shell and algae biochar composition and 

application were discussed. Additionally, the most recent reports of modified biochar and 

how modification enhanced applications were also discussed and the overarching 

challenge with characterization methods is impacting growth of proving post 

modification of biochar is briefly discussed. There is also a short discussion on the 

electrochemical surface interactions that occur with carbon-based materials in the 

electrochemical application and the desirable characteristics needed. There were also 

discussions on physical and chemical modification methods and how it influenced 

biochar application in electrochemistry.  

Chapter 2 described the synthesis of phosphonium-IL-modified biochar, the effect 

of exfoliation through ultrasonication and how it affects the functionalization of 

hydroxylated biochar and quantification by solid-state NMR spectroscopy. The synthetic 

steps were completed by indirect and direct grafting methods (condensation reactions); 

5.2 Conclusions 
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the indirect synthetic steps were on CPTMS, then TOP and the direct were the 

preparation of the substituent first, then condensing it onto the surface. The successful 

incorporation of phosphorus via exfoliated indirect synthesis and; the non-exfoliated and 

exfoliated direct synthesis were quantified using 31P{1H} CPMAS solid-state NMR 

spectroscopy. The phosphonium-IL-modified biochar was further characterized using 

surface contact angle measurements and electrochemical characterization. 

Chapter 3 reports the electrochemical behaviour of two phosphonium salt-IL-

modified biochar for use in supercapacitors by identifying the potential window and its 

specific capacitance. This is characterized by cyclic voltammetry and galvanostatic 

charge-discharge curves. The phosphonium chloride-IL-modified biochar demonstrated 

superior performance compared to the phosphonium bistriflimide-IL-modified biochar: a 

potential window of 2.57 V and specific capacitance of 3.52 F/g were measured. This 

chapter also summarizes the surface morphology characterization and compares 

phosphonium salt -IL-modified biochar to activated carbon. 

In Chapter 4, the characterization of hardwood, crab and kelp biochars was 

completed using solvent extrography and positive mode APPI-21T-FT-ICR to identify 

specificity for organic motifs. The compositional information of the non-polar species 

present in hardwood, crab and kelp biochars is described. 

 This thesis is an in-depth overview of newly synthesized phosphonium-IL-

modified biochar and new characterization methods for biochar to prove modification. 
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Appendix I: Additional optimized reactions 

 

 

Procedure: Hydroxylated non-exfoliated hardwood biochar (250 mg) is suspended in CH2Cl2 

(40.0 mL), and the reaction is cooled to 0℃ under N2. The suspension is successively treated 

with Et3N (9.30 mL) and TMSCl (7.00 mL) added dropwise. After complete transfer, the 

reaction mixture is warmed to r.t. and stirred for 96h days. The reaction mixture cooled on an ice 

bath and was quenched slowly with ice-cold H2O (30.0 mL). The cooled mixture is suction 

filtered and washed with CH2Cl2 (10.0 mL), acetone (10.0 mL), CH2Cl2 (10.0 mL), H2O 

(10.0 mL) and CH3CH2OH (10.0 mL). The solid was dried in a vacuum oven overnight, and the 

resulting product was a black powdery solid (216 mg, 86%).  

Discussion of TMS protection of Hydroxylated Biochar. 

The non-exfoliated hydroxylated biochar underwent protection group chemistry that allowed the 

successful installation of a TMS group on the surface of the biochar (scheme 2.6) in 86% 

recovery. The nucleophilic hydroxyl group on the surface of biochar becomes deprotonated by 

TEA. The electrophilic silicon on the TMSCl substituent causes the chloride to be replaced, and 

TMS is added to the surface. 

 

Synthesis of TMS-biochar 
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Scheme AI.1 Reaction scheme for TMS  biochar. 

The TMS-protecting group on the surface of the biochar was characterized by FT-IR 

(Figure AI.1.) The characteristic peaks were the less significant -OH stretching band at 3401 cm-

1 and the methyl stretching bands at 2894 cm-1. Another solid-state NMR characterization was 

completed by 13C CPMAS, identifying the methyl peak at 46.23 ppm.  

 

Figure AI.1 Stacked FT-IR spectra of TMS biochar and hydroxylated biochar. 
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  Figure AI.2 13C{1H} CPMAS NMR spectrum of TMS biochar. 
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Appendix II: Reaction optimization studies 

The optimization reaction studies for Chapter 2 CPTMS functionalization and phosphonium 

modification reaction.  

 

Figure AII.1 Stacked FT-IR spectra of biochar, hydroxylated biochar, and 3 eq CPTMS 
functionalized biochars.  
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Figure AII.2 Stacked FT-IR spectra of biochar, hydroxylated biochar, and 7 eq CPTMS 
functionalized biochars 
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Table AII.1 The data summary of the 3, 7 and 9 eq of CPTMS optimization reactions for CPTMS biochar.  

Eq of 
CPTMS Exfoliation Hydroxylated 

biochar  

Experimental 
mass of 
CPTMS 
Biochar 

Mass 
yield 

Amount of 
CPTMS used   

Mass of 
CPTMS 
recovered  

Mass of 
CPTMS 
applied 

Estimation of 
%CPTMS 
added to 
biochar 

3 yes✔ 202 mg 147 mg 73% 600 mg 294 mg 306 mg 51% 

3 no❌ 205 mg 170 mg  83% 600 mg 530 mg 70 mg 12% 

7 yes✔ 203 mg 159 mg 78% 1400 mg 790 mg 610 mg 44% 

7 no❌ 202 mg 176 mg 87% 1400 mg 750 mg 650 mg 46% 

9 yes✔ 201 mg 163 mg 81% 1800 mg 1120 mg 680 mg 38% 

9 no❌ 204 mg 169 mg 83% 1800 mg 1130 mg 670 mg  37% 
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Table AII.1 summarizes each optimization reaction condition; from this data, we 

can summarize that the most successful reaction was the most consistent for the 

subsequent synthesis step. 3 equivalents of CPTMS had the highest percent of CPTMS 

added to the surface of the hydroxylated biochar. Exfoliation seemed to have little effect 

on yield past 7 equlivalents of CPTMS added by difference in mass of CPTMS applied to 

the surface of the hydroxylated biochar (table 2, mass of CPTMS applied) and became 

the most consistent after 7 equivalents of CPTMS reagent. When considering the IR of 

the optimizations (Figure 2.2), there are no significant differences in the bands between 

samples to identify the most suitable reaction conditions. To ensure the product and 

filtrate mass is only one by-product, the CPTMS reagent, the reaction filtrate was used 

for the mass quantification only contained CPTMS, and no residual solvents 1H solution-

state NMR was applied. 

 

 Figure AII.3 1H NMR spectrum of the CPTMS reaction filtrate in CDCl3. 
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The 3.57 ppm singlet indicates the –OCH3 methyl peaks, the 3.52 ppm triplet 

represents the –CH2–Cl methylene protons, while the peaks at 1.88 ppm represent the 

Si--CH2– methylene protons, and 0.77 ppm is the –CH2– methylene peak in the middle of 

the propyl chain. This method for quantification to determine the mass of reagents is used 

for each synthetic step in this project.  

 

Figure AII.4 Stacked FT-IR spectra of 48 h phosphonium modification reaction on non-
exfoliated biochar. 
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Figure AII.5 Stacked FT-IR spectraof 3, 6 and 9 eq of TOP (w/w) applied to CPTMS-
biochar to synthesize (C8H17)3P+Cl- biochar over 96 h. 
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Table AII.2 The data summary of the 3, 6 and 9 eq of TOP optimization reactions for (C8H17)3P+Cl- biochar. 
Eq of trioctyl 
phosphine  

Exfoliation Amount of 
CPTMS 
Biochar 

Mass of 
(C8H17)3P+Cl- 
Biochar 

Mass 
yield 

Amount of trioctyl 
phosphine used 

Mass of trioctyl 
phosphine 
recovered 

Time 

3 Yes✔ 49.2 mg 26.0 mg 53% 150 mg 240 mg 96 h 

3 No❌ 49.2 mg 21.2 mg 43% 150 mg 390 mg 48 h 

6 Yes✔ 48.9 mg 28.5 mg 58% 300 mg 430 mg 96 h 

6 No❌ 49.1 mg 19.3 mg 39% 300 mg 510 mg 48 h 

9 Yes✔ 50.3 mg 31.1 mg 62% 450 mg 720 mg 96 h 

9 No❌ 52.4 mg 19.1 mg 36% 450 mg 730 mg 48 h 
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The mass of the recovered filtrate (table 2.2) was higher than the initial mass of 

the starting materials used in each reaction is further investigated. To guarantee that 

either TOP or TOPO was the only product in the filtrate, the filtrate was dried using a 

Schenk line for four days. When no weight change was observed between this time frame 

and in Figure AII.6, there were no residual solvent peaks in the NMR the product was 

sufficiently dried.  

  

Figure AII.6 1H NMR spectrum of TOP by-product from filtrate quantification in 
CDCl3. 
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SI 1. All biochar characterization: 1H NMR, 13C NMR, IR, and 31P 
data. 
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Figure SI 1.1 FT-IR spectra of hydroxylated biochar.  
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Table SI 1.1 Characterization summary of FT-IR spectroscopy assignments.  
assignment biochar hydroxylated 

biochar 

C=C stretching 1585 cm-1 1597 cm-1 

C=C bending 873 cm-1. 869 cm-1 

C-O stretching 1265 cm-1 1200 cm-1 

C-O stretching   1040 cm-1 

-OH stretching 3408 cm-1 3419 cm-1 

-OH bending 1692 cm-1 1699 cm-1 

 
Figure SI 1.2 FT-IR spectra of CPTMS-biochar.  
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Table SI 1.2 Comparison of functional group characterization by FT-IR spectroscopy of 
CPTMS-biochar 

assignment hydroxylated 
biochar 

CPTMS-
biochar 

C=C stretching 1597 cm-1 1597 cm-1 

C=C bending 869 cm-1 829 cm-1 

C-O stretching 1200 cm-1 1237 cm-1 

C-O stretching 1040 cm-1 1018 cm-1 

C-Si stretching  1165 cm-1 

Si-O stretch  729 cm-1 

-OH stretching 3419 cm-1 3401 cm-1 

-OH bending 1699 cm-1 1700 cm-1 

C-Cl stretch  692 cm-1 

C-H stretch  2894 cm-1 
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Figure SI. 1.3 1H NMR spectrum of TOPPTMS Cl- in CDCl3.  
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Figure SI. 1.4 31P decoupled NMR spectrum of TOPPTMS Cl- in CDCl3.  



 135 

 
 
 

Table SI 1.3 Comparison of functional group characterization by FT-IR spectroscopy of 
(C8H17)3P+ Cl- biochar. 
 

Assignment CPTMS-biochar  (C8H17)3P+Cl- biochar 

C=C stretching 1595 cm-1 1577 cm-1 

C=C bending 829 cm-1 877 cm-1 

C-O stretching 1237 cm-1 1226 cm-1 

C-O stretching 1018 cm-1 1052 cm-1 

C-Si stretching 1165 cm-1 1165 cm-1 

Si-O stretch 729 cm-1 729 cm-1 

-OH stretching 3401 cm-1 3435 cm-1 

-OH bending 1700 cm-1 1700 cm-1 
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Figure SI 1.5 FT-IR spectra of (C8H17)3P+ Cl- biochar. 
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C-Cl stretch 692 cm-1 692 cm-1 

C-H stretch 2894 cm-1 2849 cm-1 

CH3  2919 cm-1 
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Figure SI 1.6 13C{1H} CPMAS NMR spectrum of (C8H17)3P+Cl- biochar. 
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Figure SI 1.7 31P{1H} CPMAS NMR spectrum of non-exfoliated indirect synthesis of 
(C8H17)3P+Cl- biochar using ADP as the internal standard. 



 138 

SI 2. Surface contact angle measurement 

 
 
 

 

Above photos represent each of the pictures taken for each of the different samples of 
(C8H17)3P+Cl- biochar that was used to determine angle of hydrophobicity, text was added 
during sample analysis to stay organized. 
  

Figure SI 2.1 Surface contact angle experimental setup 

Figure SI 2.2 The contact surface angle measurements of exfoliated indirect synthesis of 
(C8H17)3P+ Cl- biochar. 
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SI 3. Quantification of Phosphorus on biochar 
Chapter 2: Calculations of the quantification of phosphorus on the surface of biochar. 
Non-exfoliated biochar is used for sample calculations.  

Calculation of nTPP 

nTPP=0.01919 g / 262.29 g/mol = 7.31 mmol = 7.31 mmol of phosphorus. 

 𝑛)** =
+,--	./	)**
0+	./	)**

= 1.1"3"34
565.4/+.8

= 7.31	𝑚𝑚𝑜𝑙	𝑝𝑒𝑟	𝑚𝑜𝑙	𝑜𝑓	𝑇𝑃𝑃 

𝑛*,:; = 𝑛)** •
0.16
1.00 = 7.31	𝑚𝑚𝑜𝑙 • 0.16 = 	11	𝜇𝑚𝑜𝑙	𝑜𝑓	𝑃	𝑖𝑛	26.77	𝑚𝑔	𝑠𝑎𝑚𝑝𝑙𝑒. 

𝑚*:; = 𝑛* • 𝑀𝑚*,,&.+<=	+,-- = 1.10 × 10>𝑚𝑜𝑙	 • 30.97	𝑔/𝑚𝑜𝑙 = 0.341	𝑚𝑔	𝑜𝑓	𝑃	 

𝑚%*,:; =
+,--	./	*	<?	-,+@8A-
&.&,8	+,--	./	*	B<.=C,D

• 100% = 1.EF"	+4
56.GG	+4	

• 100	% = 1.3	%	𝑃 
functionalization. 

Sample 2: 7.5e-05 mol (2.32 mg P) in 20 mg sample= 11.6 % P functionalization 

Sample 3: 1.19E-04 mol (3.69 mg P) in 20.5 mg sample 18.0 % P functionalization 
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SI 4. Capacitance and potential window calculations 
Chapter 3 Capacitance calculations: 

𝐶(𝐹𝑔!") = (𝐼 Y (1/𝑉(𝑡))𝑑𝑡)/𝑚 

Table SI. 4.1 Electrochemical data summary  
Electrode Cell Mass on 

surface of 
electrode (mg) 

Curre
nt (µA
) 

Ti (s) Potential 
window (V) 

Capacitanc
e (C) (F/g) 

A I 0.65 150 20.62 +1.70 to - 0.87 3.52 

B I 0.68 0.6 20.02 + 0.81 to - 0.43 0.08 

C II 6.5 132 20.06 +0.80 to - 0.86  1.22 

D II 6.5 4 20.00 + 1.0 to - 0.37 0.05 

E I 0.63 150 20.00 + 0.89 to - 1.0 11.0 

F I 0.46  150 20.8 + 0.78 to + 0.19 29.3 

G I 0.34 150 20.5 + 0.79 to - 1.0  10.2 
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SI 5. Data summaries of solvent extracts from hardwood biochar. 

Table SI 5.1 The data summary of the whole fraction is based on the highest relative 
abundance of HC, O1 and N1 classes in hardwood biochar extracted by solvent 
extrography. Values shaded represent the protonated HC (blue), radical HC (blue), 
protonated O1 species (green) and radical O1 species (orange). No N1 species are 
detected. 

Formula DBE Abundance 

C14H14 8 8.4307 

C16H18 8 5.3952 

C19H12 14 4.2339 

C24H26 12 3.231 

C17H20 8 3.0454 

C18H10 14 2.9977 

C15H16 86 2.8862 

C20H14 14 2.3957 

C22H22 12 1.1031 

C18H12 13 10.0601 

C19H14 13 5.9855 

C20H16 13 2.349 

C16H8 13 0.7487 

C17H18O 9 74.8734 

C17H20O 8 50.2643 

C14H14O 8 21.5608 

C16H18O 8 13.0365 

C15H14O 9 12.2155 

C18H20O 9 9.2489 
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C24H26O 12 7.7122 

C17H20O 8 38.6285 

C14H14O 8 4.4526 

C15H16O 8 2.5809 

C16H18O 8 1.2335 

C18H22O 8 0.9095 

C13H14O 7 0.908 

Table SI 5.2 The data summary of the acetone fraction of the most abundant HC, O1 and 
N1 classes in hardwood biochar was extracted by solvent extrography. Values shaded 
represent the protonated HC (blue), radical HC (blue), protonated N1 species (pink),  
radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Formula DBE Relative 
Abundance 

C17H14 11 86.4098 

C19H14 13 70.1522 

C14H10 10 53.4360 

C16H10 12 37.7557 

C17H10 13 32.1996 

C15H10 11 30.5984 

C14H12 9 27.0039 

C14H10 10 100.6311 

C16H10 12 54.1071 

C18H12 13 40.5808 

C16H12 11 32.6037 

C15H12 10 21.0562 
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Formula DBE Relative 
Abundance 

C14H8 11 16.5965 

C18H10 14 14.6591 

C17H13N 12 2.5359 

C15H13N 10 2.34 

C16H13N 11 2.3378 

C16H11N 12 2.25 

C19H15N 13 1.8825 

C17H15N 11 1.8134 

C19H17N 12 1.5753 

C18H15N 12 1.5493 

C16H11N 12 1.5846 

3C17H13N 12 1.1611 

C18H20O 9 19.0038 

C15H12O 10 15.9681 

C16H12O 11 13.3871 

C14H10O 10 11.2571 

C17H14O 11 11.1391 

C13H8O 10 10.4666 

C15H10O 11 10.3004 

C16H14O 10 9.8007 

C17H16O 10 7.8614 

C16H10O 12 7.7817 
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Formula DBE Relative 
Abundance 

C14H10O 10 7.9831 

C15H12O 10 7.0747 

C16H12O 11 5.5694 

C13H10O 9 5.5494 

C16H10O 12 4.7165 

C16H14O 10 4.3342 

C17H14O 11 3.8073 

C17H12O 12 3.5042 

C14H12O 9 2.8486 

C19H14O 13 2.3078 
 
Table S I 5.3 The data summary of the heptane/toluene fraction of the most abundant 
HC, O1 and N1 classes in hardwood biochar extracted by solvent extrography. Values 
shaded represent the protonated HC (blue), radical HC (blue), protonated N1 species 
(pink), radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Formula DBE Abundance 

C17H14 11 9.7915 

C18H16 11 6.7619 

C19H16 12 6.5067 

C18H14 12 6.2309 

C19H24 8 4.1155 

C17H18 9 4.0995 

C18H18 10 3.5527 
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Formula DBE Abundance 

C17H16 10 3.5499 

C20H16 13 3.0992 

C20H18 12 2.8341 

C31H46 9 2.7084 

C29H42 9 2.6761 

C31H48 8 2.5779 

C18H12 12 2.5775 

C30H44 9 2.454 

C32H48 9 2.3833 

C31H44 10 2.3458 

C32H50 8 2.3308 

C30H47N 8 100.5347 

C21H29N 8 19.6422 

C25H35N 9 17.1946 

C24H33N 9 16.2824 

C16H17N 9 0.1179 

C17H19N 9 0.0885 

C17H18O 9 9.3676 

C16H18O 8 7.9146 

C17H16O 10 6.3648 

C17H20O 8 5.7542 

C18H20O 9 4.1124 

C16H16O 9 2.9953 

C17H18O 9 1.6232 
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Formula DBE Abundance 

C17H16O 10 0.9218 

C17H10O 13 0.9129 

C17H14O 11 0.8424 

C18H16O 11 0.8104 

C17H12O 12 0.7985 

 
Table S I 5.4 The data summary of the Tol/THF/MeOH fractions of the most abundant 
HC, O1 and N1 classes in hardwood biochar extracted by solvent extrography. Values 
shaded represent the protonated HC (blue), radical HC (blue), protonated N1 species 
(pink),  radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Formula DBE Abundance 

C17H18 9 15.1673 

C17H14 11 9.4377 

C17H16 10 8.1528 

C19H14 13 5.2876 

C20H22 10 3.6296 

C21H22 11 3.5408 

C18H20 9 3.4496 

C17H20 8 3.0725 

C21H20 12 3.0634 

C20H20 11 2.9079 

C17H20O 8 40.7969 

C17H18O 9 31.9022 

C18H18O 10 12.8015 

C18H22O 8 11.1306 
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Formula DBE Abundance 

C16H18O 8 9.9809 

C17H16O 10 8.9627 

 
  



 148 

SI 6. Data summaries of solvent extracts from crab biochar. 

Table SI 6.1 The data summary of the whole fraction based on the highest relative 
abundant HC, O1 and N1 classes in crab biochar extracted by solvent extrography. Values 
shaded represent the protonated HC (blue), radical HC (blue), protonated N1 species 
(pink),  radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Formula DBE Abundance 

C17H14 11 102.0089 

C14H12 9 94.9107 

C17H18 9 64.4841 

C19H14 13 59.996 

C17H16 10 30.9926 

C16H14 10 28.4773 

C17H20 8 24.5038 

C15H14 9 24.0899 

C18H18 10 16.7431 

C14H10 10 15.041 

C17H18 9 44.4785 

C14H10 10 25.2893 

C16H12 11 14.3305 

C18H12 13 13.9813 

C16H10 12 12.2966 

C17H16 10 8.2149 

C15H14 9 8.1549 

C19H14 13 7.4066 

C14H12 9 5.956 
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Formula DBE Abundance 

C17H13N 12 1.3216 

C18H15N 12 0.7903 

C16H11N 12 0.7815 

C17H20O 8 85.3949 

C17H18O 9 68.9018 

C14H14O 8 45.2659 

C18H18O 10 36.3004 

C17H16O 10 25.2494 

C18H20O 9 23.3915 

C16H18O 8 20.7809 

C15H14O 9 20.2059 

C20H22O 10 18.9551 

C17H20O 8 43.6988 

C17H18O 9 11.8267 

C14H14O 8 9.5712 

C20H22O 10 5.9197 

C15H16O 8 4.8209 

C20H24O 9 4.5946 

C17H16O 10 4.3861 

C16H14O 10 3.3265 

C16H18O 8 2.4084 

C18H20O 9 2.2849 
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Table SI 6.2 The data summary of the acetone fraction of the most abundant HC, O1 and 
N1 classes in crab biochar extracted by solvent extrography. Values shaded represent the 
protonated HC (blue), radical HC (blue), protonated N1 species (pink),  radical N1 species 
(purple), protonated O1 species (green), and radical O1 species (orange). 

Formula DBE Abundance 

C14H12 9 59.1936 

C17H18 9 46.294 

C17H14 11 31.1256 

C19H14 13 17.2453 

C17H16 10 16.2988 

C18H18 10 10.4491 

C20H22 10 9.6018 

C17H20 8 8.6881 

C15H14 9 8.294 

C21H24 10 7.4974 

C14H10 10 9.3951 

C16H12 11 4.3624 

C16H10 12 3.6848 

C17H14 11 1.892 

C16H14 10 1.5524 

C15H12 10 1.4777 

C17H16 10  1.3407 

C17H12 12 1.1775 

C15H10 11 0.8586 

C18H18 10 0.7942 
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Formula DBE Abundance 

C14H12 9 59.1936 

C13H13N 8 2.9788 

C17H15N 11 2.1702 

C17H13N 12 2.1021 

C16H13N 11 2.1014 

C14H15N 8 1.9932 

C15H17N 8 1.2236 

C17H20O 8 100.0427 

C17H18O 9 60.488 

C18H18O 10 25.593 

C24H26O 12 17.7548 

C17H16O 10 16.701 

C20H22O 10 16.5279 

C18H20O 9 15.1383 

C20H24O 9 14.6529 

C16H18O 8 9.9019 

C21H26O 9 9.2185 

C17H20O 8 6.0086 

C17H18O 9 5.2217 

C20H24O 9 1.6386 
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Table SI 6.3 The data summary of the heptane/toluene fraction of the most abundant HC, 
O1 and N1 classes in crab biochar extracted by solvent extrography. Values shaded 
represent the protonated HC (blue), radical HC (blue), protonated N1 species (pink),  
radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Formula DBE Abundance 

C19H14 13 57.7668 

C17H14 11 43.2257 

C17H18 9 21.4507 

C17H16 10 11.0806 

C17H20 8 10.3114 

C18H18 10 8.32 

C18H16 11 7.6031 

C18H14 12 7.3366 

C18H12 13 6.7752 

C17H18 9 19.3347 

C18H12 13 12.5574 

C19H14 13 7.7344 

C30H50 6 7.5333 

C30H48 7 6.0016 

C30H47N 8 103.7248 

C21H29N 8 19.6579 

C25H35N 9 17.8742 

C24H33N 9 15.496 

C31H49N 8 13.9898 

C26H37N 9 10.3237 
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Formula DBE Abundance 

C30H47N 8 87.0181 

C31H49N 8 13.0048 

C17H20O 8 31.2722 

C17H18O 9 30.2829 

C16H18O 8 19.3104 

C18H18O 10 17.9701 

C17H160 10 15.8751 

C18H20O 9 10.621 

C16H16O 9 7.9977 

C20H22O 10 7.7787 

C17H14O 11 7.0118 

C19H26O 7 6.9434 

C17H20O 8 21.0599 

C17H18O 9 9.7379 

C17H16O 10 4.7814 

C20H22O 10 3.1157 

C20H24O 9 2.7579 

C16H14O 10 2.617 

C16H18O 8 2.1703 

C19H18O 11 1.8236 

C29H50O 5 1.7799 
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Table SI 6.4 The data summary of the Tol/THF/MeOH fractions of the most abundant 
HC, O1 and N1 classes in crab biochar extracted by solvent extrography. Values shaded 
represent the protonated HC (blue), radical HC (blue), protonated N1 species (pink),  
radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Formula DBE Abundance 

C17H14 11 9.1356 

C19H14 13 4.2076 

C18H20 9 3.719 

C17H20 8 3.5668 

C21H20 12 3.3656 

C17H18 9 3.3113 

C18H16 11 3.3102 

C18H22 8 2.6197 

C20H20 11 2.2253 

C16H18 8 2.1859 

C18H22O 8 10.4449 

C21H16O 14 8.404 

C17H20O 8 6.7356 

C18H18O 10 5.9071 

C18H24O 7 5.7582 

C17H18O 9 5.3526 

C20H20O 11 4.8497 

C20H22O 10 4.638 

C16H18O 8 4.5587 

  



 155 

SI 7. Data summaries of solvent extracts from kelp biochar. 

Table SI 7.1 The data summary of the whole fraction based on the highest relative 
abundance of HC, O1 and N1 classes in kelp biochar extracted by solvent extrography. 
Values shaded represent the protonated HC (blue), radical HC (blue), protonated N1 
species (pink),  radical N1 species (purple), protonated O1 species (green), and radical O1 
species (orange). 

Chemical Formula DBE Relative Abundance 

C19H14 13 32.2608 

C18H12 13 6.7024 

C18H14 12 5.9747 

C19H16 12 5.1005 

C18H16 11 5.1004 

C20H16 13 3.7794 

C19H18 11 3.4211 

C20H18 12 3.4211 

C18H18 10 3.675 

C19H20 14 3.1447 

C18H12 13 7.2897 

C19H14 13 4.49 

C30H50 6 3.5075 

C18H14 12 2.7273 

C20H18 12 2.7271 

C19H16 12 2.6692 

C20H16 13 2.1787 

C21H20 12 1.5832 
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Chemical Formula DBE Relative Abundance 

C17H18 9 1.4638 

C19H18 11 1.4476 

C19H17N 12 2.8543 

C17H13N 12 2.5827 

C18H19N 10 2.5567 

C18H15N 12 2.5096 

C18H21N 9 2.3478 

C17H15N 11 2.285 

C20H27N 8 2.2794 

C18H17N 11 2.2712 

C20H19N 12 2.2606 

C17H17N 10 2.0879 

C19H17N 12 1.348 

C18H15N 12 1.2337 

C20H19N 12 1.0246 

C17H13N 12 0.9264 

C20H17N 13 0.8594 

C18H21N 9 0.8361 

C18H19N 10 0.777 

C22H21N 13 0.7331 

C19H15N 13 0.724 

C16H18O 8 10.0761 

C18H16O 11 9.3206 

C17H20O 8 9.068 
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Chemical Formula DBE Relative Abundance 

C17H18O 9 8.3344 

C18H18O 10 8.0462 

C17H16O 10 7.0125 

C17H14O 11 5.7573 

C19H16O 12 5.6987 

C19H18O 11 5.2845 

C17H20O 8 2.6529 

C18H16O 11 2.1685 

C18H18O 10 2.0186 

C26H24O 15 1.8987 

C17H18O 9 1.8331 

C25H22O 15 1.786 

C26H22O 16 1.7786 

C19H16O 12 1.761 

C19H18O 11 1.7483 

Table SI 7.2 The data summary of the acetone fraction of the most abundant HC, O1 and 
N1 classes in kelp biochar was extracted by solvent extrography. Values shaded represent 
the protonated HC (blue), radical HC (blue), protonated N1 species (pink),  radical N1 
species (purple), protonated O1 species (green), and radical O1 species (Orange). 
 

Chemical Formula DBE Relative Abundance 

C17H14 11 79.3431 

C19H14 13 52.4048 

C17H18 9 48.258 

C17H16 10 20.1312 

C21H18 13 17.6187 
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Chemical Formula DBE Relative Abundance 

C16H14 10 16.8902 

C18H16 11 15.9654 

C18H12 13 15.3275 

C18H14 12 14.3475 

C20H16 13 13.9358 

C17H12 12 12.4455 

C18H12 13 15.2144 

C16H10 12 13.0802 

C16H12 11 11.0301 

C17H18 9 9.0193 

C20H18 12 7.8859 

C21H20 12 7.7545 

C19H14 13 7.572 

C18H14 12 6.7726 

C20H16 13 6.6099 

C23H18 15 6.3225 

C19H17N 12 46.685 

C20H19N 12 45.1906 

C21H21N 12 38.3812 

C18H21N 9 34.3071 

C19H23N 9 32.9155 

C21H19N 13 31.0876 

C22H21N 13 30.9591 
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Chemical Formula DBE Relative Abundance 

C19H21N 10 30.4766 

C19H19N 11 28.9291 

C20H17N 13 2.5386 

C17H20O 8 100.7995 

C17H18O 9 54.7816 

C20H18O 12 27.4767 

C18H18O 10 26.5489 

C21H20O 12 26.1731 

C17H16O 10 26.0938 

C17H20O 8 9.2723 

Table SI 7.3 The data summary of the Hept/Tol fraction of the most abundant HC, O1 
and N1 classes in kelp biochar was extracted by solvent extrography. Values shaded 
represent the protonated HC (blue), radical HC (blue), protonated N1 species (pink), 
radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Chemical Formula DBE Relative Abundance 

C19H14 13 103.4989 

C17H14 11 65.3818 

C18H12 13 15.2357 

C17H18 9 14.6527 

C18H14 12 14.6299 

C18H16 11 13.3092 

C19H16 12 11.5705 

C17H16 10 9.7553 

C19H12 14 9.2984 



 160 

Chemical Formula DBE Relative Abundance 

C16H14 10 7.649 

C17H18 9 27.8929 

C18H12 13 21.6312 

C30H50 6 15.9097 

C19H14 13 12.8978 

C30H47N 8 55.7096 

C25H35N 9 12.7365 

C21H29N 8 11.7221 

C24H33N 9 11.6921 

C30H47N 8 48.5353 

C37H53N 12 7.0725 

C31H49N 8 6.8621 

C16H18O 8 44.5183 

C17H18O 9 23.4939 

C17H20O 8 22.5721 

C18H18O 10 15.132 

C16H16O 9 10.5677 

C17H20O 8 32.3531 

C17H18O 9 8.0268 

C19H18O 11 4.429 

C16H18O 8 4.2241 

C21H20O 12 3.9261 
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Table SI 7.4 The data summary of the Tol/THF/MeOH fractions of the most abundant 
HC, O1 and N1 classes in kelp biochar extracted by solvent extrography. Values shaded 
represent the protonated HC (blue), radical HC (blue), protonated N1 species (pink),  
radical N1 species (purple), protonated O1 species (green), and radical O1 species 
(orange). 

Chemical Formula DBE Relative 
Abundance 

C17H14 11 26.5042 

C19H14 13 14.1705 

C21H20 12 13.0558 

C18H16 11 10.9711 

C22H22 12 9.6728 

C20H20 11 7.7671 

C16H12 11 3.5456 

C16H10 12 3.4757 

C17H14 11 1.5342 

C18H22O 8 34.9323 

C18H18O 10 27.1267 

C20H20O 11 19.259 

C21H18O 13 16.684 

C17H20O 8 16.2678 

C18H24O 7 16.0514 

C14H12O 9 13.9613 

C19H20O 10 15.4731 

C21H20O 12 1.0482 

C18H18O 10 0.9712 

C18H16O 11 0.9016 
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Chemical Formula DBE Relative 
Abundance 

C21H16O 14 0.8674 

 
 


