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cluster), while higher-temperature gasification char was much more condensed (~17 

rings per cluster).   

Keywords: switchgrass, corn stover, char quality, solid-state 13C NMR 

 
3.1 Introduction 

Thermochemical processing of biomass has received significant recent attention 

as a platform for economically producing energy and chemicals from biorenewable 

resources.1, 2 Product composition from these processes varies with reaction 

conditions and includes non-condensable gases (syn or producer gas), condensable 

vapors/liquids (bio-oil, tar), and solids (char, ash). In fast pyrolysis systems, dry 

biomass is heated very rapidly (up to 1000°C/sec) in the absence of oxygen and the 

products quickly removed and quenched to maximize production of bio-oils. 

Traditional charcoal-making typically employs slow pyrolysis conditions: slow heating 

rates (1-20°C/min) in the absence of oxygen and long char residence times (hours to 

days). Gasification uses higher temperatures and some oxygen (less than the 

stoichiometric ratio) to produce a non-condensable gas rich in hydrogen and carbon 

dioxide. Both fast pyrolysis and gasification yield some amount of char, typically 15-

20% and 5-10% of the feedstock mass, respectively. How to best use this co-

product depends on the local economic circumstances and the char properties. 

Combusting the char to supply process heat is common,3, 4 while a few chars may 

be suitable for further activation to be used in higher-value adsorption applications.5, 

6  

Use of co-product chars as biochars, i.e. chars from biomass applied to soil as a 

soil amendment and/or a carbon sequestration agent, is another option.2 While 

biochars have been used for millennia in some cultures’ agricultural practices, 

current interest in biochars stems from the investigation of terra preta soils in the 

central Amazon. These dark, incredibly fertile soils have been shown to contain 

man-made charcoal which functions as soil organic matter.7-9 The link between char 

properties and their efficacy in soils, however, is not well understood, much less how 

to engineer the process conditions to produce desired biochar properties. This is 
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especially true for chars from gasification and fast pyrolysis; most research in this 

area has focused on product yields and char combustion properties.4, 10-12 

The purpose of this research was to provide a thorough characterization of chars 

produced under typical fast pyrolysis and gasification conditions using locally-

common feedstocks: switchgrass and corn stover. This characterization serves as 

the initial step in an overall engineered biochar production scheme. The next steps 

would include soil incubation and crop growth studies using chars from these 

processes, the formulation of desired biochar properties based on soil tests, and 

finally, the engineered production of chars with these properties.  

A key aspect of determining char quality for biochar (and other) applications is 

the ability to quantitatively characterize the forms of carbon present, as the type of 

carbon is believed to be related to char’s reactivity and recalcitrance in soil.8, 13-17 

Concern has been expressed about “incompletely” pyrolyzed biomass as it may 

provide too much bio-available carbon to the soil without enough simultaneous 

nitrogen, resulting in nitrogen immobilization and therefore, negative short-term 

effects on plant yield.15 Previous studies have used proximate analysis to 

differentiate between “volatile” and “fixed” carbon,18 x-ray diffraction (XRD) to 

measure carbon crystallinity,3 FTIR spectroscopy to identify char carbon 

functionality,19, 20 and various solid-state 13C NMR techniques such as cross-

polarization / magic angle spinning (CP/MAS) to measure carbon functionality and 

aromaticity,14, 19, 21-23 and other highly aromatic materials.24, 25 The difficulty with all of 

these methods is the semi-quantitative nature of the information they provide.  CP 

NMR, for example, tends to underestimate the non-protonated fraction of black 

carbons due to the slow transfer of hydrogen magnetization to carbons in the middle 

of large aromatic structures and is sensitive to signal loss by interaction with 

unpaired electrons, rendering up to 70% of carbon “invisible.” 26, 27 The direct-

polarization (DP) or Bloch-decay MAS NMR approach is superior in most respects26, 

28, 29 since it is inherently quantitative and detects most carbon.26 Further, DP/MAS 

NMR can be combined with dipolar dephasing to quantify the fraction of non-

protonated aromatic C.30 This study explores the application of these quantitative 
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4 µs 1H 90° pulse length and 1 ms CP contact time. Quantitative biochar spectra 

were obtained using 13C direct polarization (Bloch decay) magic angle spinning 

(DP/MAS) NMR in 4-mm MAS rotors at a spinning speed of 14 kHz with 75 s recycle 

delay, 4.5 µs 90° 13C pulse length, and a Hahn echo to avoid baseline distortions.21 

A spectrum with a longer recycle delay (280 s) showed no meaningful intensity 

increase for any of the main peaks, proving that the magnetization was fully relaxed 

after 75 s. To acquire the spectra of the non-protonated C fraction, DP/MAS with 

recoupled 1H-13C dipolar dephasing was used (68 µs dephasing time).21 

 

4.2.3 Soil Incubation 

The soil used was the A horizon of a Sparta (sandy, mixed, mesic Entic 

Hapludoll) loamy fine sand (87.6% sand, 8.7% silt, 3.7% clay), collected on 

September 10, 2009 from a hill (9-14% slope) near Ames, Iowa (41.994° N, 

93.558°W). The soil was passed through a 2 mm sieve and visible root biomass was 

removed by hand. Soil moisture was 4 wt % on an oven dry basis; soil moisture 

measured by pressure plate 22 at -33 kPa soil water matric potential was 7 wt %. 

  

Incubations were performed in glass, pint-size (0.47 L) canning jars with sealable 

lids. To each jar was added 100 g of 110°C dry-weight-equivalent soil, 0.5 g of oven 

dry (110°C) corn stover or biochar amendment (approximately 11 Mg ha-1). Sterile 

nutrient solution (6.0 mL) containing (NH4)2SO4 (5.5 x 10-4 mol L-1) and KH2PO4 (5.5 

x 10-5 mol L-1) was also added so as to achieve a soil moisture level of 10 wt % on 

an oven dry basis, a maximum C:N ratio of 30:1 (assuming <40% C content in the 

amendments) and an N:P ratio of 10:1. The control received the nutrient solution but 

no amendment. There were nine replicates for each of the five treatments (Biochar 

1, Biochar 2, Biochar 3, Stover and Control) and a total of 45 jars. Samples were 

incubated in the dark at 23°C for 24 weeks. At 8 weeks, three replicate jars from 

each treatment were destructively sampled for microbial population and soil property 

analyses; the incubation was then continued with the remaining 6 jars for each 

treatment. Evolved CO2 was trapped using a vial containing 30 mL of standardized 
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until the electrical conductivity of the supernatant decreased to approximately 30 µS  

cm-1, indicating most of the soluble salts had been removed. CEC was measured using 

a modified ammonium acetate compulsory displacement method.45 Rinsed soil samples 

were saturated with Na cations three times by addition of 10 mL of 0.5M sodium acetate 

(pH = 7.0), shaken for 5 minutes, and centrifuged at 66 Hz for 10 min, discarding the 

supernatant each time. Excess sodium cations were removed by addition of 10 mL of 

1:1 (v/v) solution of ethanol and water, shaken for 15 minutes, and centrifuged at 66 Hz 

for 10 min. Rinsing was repeated twice more using 200-proof ethanol after which 

samples were allowed to dry overnight. Na cations were displaced with three aliquots 

(10.00 mL) of 0.5M ammonium acetate (pH = 7.0), shaken for 5 min, and centrifuged at 

66 Hz for 10 min. The supernatant was decanted, filtered through a 0.45 µm, surfactant-

free cellulose acetate (SFCA) membrane syringe filter (Corning, Corning, NY), and the 

Na concentration determined by ICP-AES. 

 

5.2.5 Statistics 

Determining statistical differences between treatments for biochar-amended soil pH, 

EC and CEC was done at a 95% confidence level (p<0.05) using single factor ANOVA 

and Tukey’s honest significant difference test. 

 

5.3 Results 
5.3.1 Biochar Composition and Physical Properties 

Biochar surface area, proximate analysis and elemental composition results are 

listed in Table 15 and show considerable variation between biochars based on 

feedstock and reaction conditions. For switchgrass and corn stover biochars, ash 

contents were high (44-73 wt%) and carbon contents were low (22-43%). For wood 

biochars, ash contents were relatively low (4-23%) and carbon contents high (62-79%). 

Biochars from fast pyrolysis were generally higher in volatiles (12-30%) and lower in 

fixed carbon (25-65%) compared to biochars from slow pyrolysis and gasification, 

indicating a lower degree of carbonization. All BET surface areas were low (3.3-61.6 m2 

g-1) and generally increased with reaction residence time (fast pyrolysis < slow 

pyrolysis) and temperature (pyrolysis < gasification).   













138 
 

 
 

 

 

Figure 34. Quantitative 13C direct polarization (DP/MAS) and direct polarization with dipolar 
decoupling (DP/GADE) spectra of gasification biochars at a magic angle spinning (MAS) 
frequency of 14 kHz. (a) Corn stover gasification biochar produced at 732°C. (b) Switchgrass 
gasification biochar produced at 775°C. Thick line = all carbons, thin line = non-protonated 
carbons and methyl groups. 

 

Cross polarization 13C NMR spectra, which enhance the signals of protonated 

carbons, in particular the alkyl residues, are displayed for a series of fast-pyrolysis 

switchgrass biochars in Figure 35; they closely matched the corresponding spectra of a 

different group of fast pyrolysis switchgrass biochar in our previous work.25 
 
Table 16. Quantitative NMR spectral analysis of corn stover, switchgrass and red oak fast 
pyrolysis and slow pyrolysis chars from DP/MAS and DP/MAS/GADE spectra. All values are % 
of total 13C signal. CO0.75H0.5 moieties assume a 1:1 ratio of alcohols and ethers. CH1.5 moieties 
assume a 1:1 ratio of CH2 and CH groups. Cnon-pro, non-protonated aromatic carbon. Error 
margins: ± 2%. 
Biochar # Carbonyls Aromatics Alkyls 
Moieties: C=O COO CO0.75H0.5 Cnon-pro C-H HCO0.75H0.5 CH1.5 CH3 
ppm: 210-183 183-165 165-145 145-70 145-90 90-50 50-25 25-6 

1 3 5 12 44 26 2 4 4 
2 4 4 11 39 25 7 5 5 
3 4 6 11 27 23 21 6 5 
4 4 5 11 30 21 17 7 6 
5 2 4 6 69 10 4 4 2 
6 1 1 7 56 29 3 2 2 
7 4 5 13 45 21 5 4 4 
8 3 4 10 55 21 2 2 3 
9 2 3 9 53 25 3 2 3 

11 2 5 7 68 9 4 4 2 
13 1 1 7 53 34 1 2 1 
14 2 2 11 52 22 3 3 4 
15 2 3 9 57 22 2 2 3 
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Table 17. NMR C observabilities, aromaticities calculated on molar and mass bases, fractions of 
aromatic edge carbons, χedge, and minimum number of carbons per aromatic cluster, nC,min = 6/ 
χedge,max

2 in biochars. 
Biochar  

# 
Observable  

C (%) 
Aromaticity  
(molar %) 

Aromaticity 
(mass %) χedge,min χedge,max nC,min 

1 86 81 69 0.46 0.70 12 
2 92 75 64 0.48 0.81 9 
3 93 60 46 0.56 1.23 4 
4 114 62 50 0.52 1.13 5 
5 80 85 73 0.19 0.37 44 
6 80 92 87 0.39 0.47 27 
7 79 78 67 0.43 0.70 12 
8 64 87 76 0.36 0.52 22 
9 93 87 78 0.39 0.54 21 
11 83 84 72 0.19 0.39 39 
13 116 94 89 0.44 0.51 23 
14 74 85 77 0.39 0.56 19 
15 75 88 78 0.35 0.49 25 

 
Table 18. NMR C functionality fractions (χfuncitonality), fractions of aromatic edge carbons (χedge) 
and minimum number of carbons per aromatic cluster (nC,min = 6/ χedge,max

2), and relative 
aromatic-to-alkyl proton ratio (Harom/Halk) in biochars. 
Biochar # χC-H χC-O χedge,min χalkyl χC=O χedge,max nC,min Harom/Halk 

1 0.32 0.14 0.46 0.12 0.11 0.70 12 1.2 
2 0.33 0.15 0.48 0.22 0.11 0.81 9 0.8 
3 0.38 0.18 0.56 0.52 0.16 1.23 4 0.4 
4 0.34 0.18 0.52 0.47 0.14 1.13 5 0.4 
5 0.12 0.07 0.19 0.11 0.07 0.37 44 0.7 
6 0.31 0.08 0.39 0.08 0.01 0.47 27 2.2 
7 0.27 0.16 0.43 0.17 0.11 0.70 12 0.8 
8 0.24 0.12 0.36 0.08 0.07 0.52 22 1.4 
9 0.29 0.11 0.39 0.08 0.06 0.54 21 1.7 

11 0.11 0.09 0.19 0.12 0.08 0.39 39 0.6 
13 0.37 0.07 0.44 0.05 0.02 0.51 23 4.0 
14 0.26 0.12 0.39 0.11 0.06 0.56 19 1.1 
15 0.25 0.10 0.35 0.08 0.06 0.49 25 1.6 

 

As in FTIR, fast pyrolysis biochars showed the largest signals of oxygen-containing 

groups, among which aromatic C-O (phenolic and aromatic ether moieties) and 

carbonyl (C=O) groups were the most prominent (see Figures 33 and 35). No distinct 

COO peaks were seen near 170 ppm for pyrolysis biochars, while the gasification 

biochars showed relatively sharp COO signals. Biochar 3 showed the most oxygen-

containing functional groups, with sharp peaks characteristic of the sugar rings in the 
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cellulose of the feedstock, indicating incomplete pyrolysis as discussed in a previous 

paper.39 

The analysis of the edge fractions in Tables 17 and 18 showed large minimum 

cluster sizes (>39 carbons) for the gasification biochars, consistent with the result in our 

previous paper.25 Fast pyrolysis biochars had minimum cluster sizes of >21 C, slightly 

smaller than those of slow pyrolysis biochars. 

 

Figure 35. Semi-quantitative 13C NMR with 1H-13C cross polarization and total suppression of 
spinning sidebands (CP/TOSS) at 7 kHz MAS, of switchgrass and switchgrass biochars. (a-c)  
Switchgrass fast pyrolysis biochars produced at 450, 500, and 550oC. (d) Fresh switchgrass 
feedstock. 
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5.3.4 Biochar Extractable Cations 

The extractable cations from the biochars consisted of mostly Ca, K, and Mg, with 

lesser amounts of Na, Mn, Ba, Fe, and Sr (see Table 19). Relative total amounts of 

cations in biochars followed the general pattern of switchgrass gasification biochars > 

corn stover and switchgrass fast pyrolysis biochars > corn stover gasification biochar > 

slow pyrolysis and wood-derived biochars. A reddish-brown color was observed only in 

the extract solutions from the fast pyrolysis biochars that remained after filtration, 

indicating the presence of dissolved species, most likely dissolved organic compounds. 

 
Table 19. Concentrations of extractable/exchangeable cations (in units of meq 100g soil-1) 
present in biochar measured by extracting one sample of each biochar (1.5 g) with 0.5 M 
ammonium acetate solution (15 ml) adjusted to pH = 7.0 44. Filtered solutions were analyzed by 
inductively-coupled plasma atomic emission spectroscopy (ICP-AES). Analysis of Biochar 13 
was repeated to qualitatively evaluate repeatability. BDL = below detection limits. 
Biochar # Ba Ca Fe K Mg Mn Na Sr 

1 0.03 31 0.01 25 21 0.11 0.6 0.04 

2 0.03 29 0.04 42 22 0.10 0.2 0.03 

3 0.03 28 0.06 40 24 0.09 0.4 0.02 

4 0.02 28 0.09 44 25 0.10 0.4 0.02 

5 0.01 44 BDL 18 12 0.07 0.7 0.01 

6 0.01 12 0.01 9 5 0.08 0.3 0.01 

7 0.03 20 0.01 41 17 0.35 0.3 0.05 

8 0.03 20 0.01 35 14 0.30 0.3 0.04 

9 0.03 22 BDL 45 17 0.29 0.3 0.05 

10 0.06 43 BDL 71 29 0.12 2.8 0.06 

11 0.05 72 BDL 59 26 0.11 2.3 0.05 

12 0.02 89 BDL 53 12 0.01 2.3 0.04 

13 (1) 0.01 8 BDL 9 2 0.05 0.3 0.01 

13 (2) 0.02 11 0.01 14 3 0.08 0.3 0.01 

14 0.03 15 BDL 8 2 0.06 1.0 0.02 

15 0.12 42 BDL 4 1 0.33 0.3 0.08 

16 0.05 32 BDL 6 4 0.27 1.4 0.04 

17 0.02 6 0.01 4 1 0.05 1.5 0.01 
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5.3.5 Soil pH, EC and CEC effects 

Table 20 shows the soil pH of the biochar amended soils after 8 weeks of 

incubation. Values were in the neutral range (pH =6.0-7.2) and were highest for 

gasification biochars (pH = 6.6-7.2), followed by slow pyrolysis biochars (pH = 6.3-7.0). 

Soils amended with biochar and urea tended to have lower pH after 8 weeks than soils 

amended with only biochar, mostly likely due to nitrification of the urea. Table 20 shows 

the electrical conductivity (EC) of the first water rinse leachate from the biochar 

amended soils. EC is an indicator of the amounts of soluble ions in the soil. Soils 

amended with switchgrass gasification biochars had the highest EC (406-539 µS cm-1), 

followed by switchgrass and corn stover fast pyrolysis biochar-amended soils (141-361 

µS cm-1); soils amended with wood-derived biochars had the lowest EC values (143-

283 µS cm-1), reflecting the extractable cation concentrations measured in the biochars.  

Soils amended with urea tended to have higher EC than unamended soils. Table 20 

shows the cation exchange capacity (CEC) of the biochar-amended soils. The CEC of 

the unamended soil was relatively high (26 meq 100 g soil-1). There was only slight 

variation between the biochar amendments (soil CEC = 23.7-26.5 meq 100 g soil-1) and 

no distinguishable correlations between biochar feedstock or process conditions and 

resulting soil CEC.   

 
5.4 Discussion 
5.4.1 Biochar Selection for Nicolett Soil 

The criteria used to selection biochars for a field study are dependent on the soil 

being amended and the goals of applying the biochar. A desirable biochar for the 

Nicolett soil was defined here as one that would bring the soil pH closer to neutral, 

increase the soil CEC and return nutrients that were removed during biomass harvest, 

without exceeding a biochar volatile matter content of 20%32 and an O:C ratio of 0.2.26 

All of the biochars that exceeded one or both of the volatile matter content or O:C ratio 

numbers (Biochars 2, 3, 4, 7 and 17) had experienced the shortest reactor residence 

times. Soils amended with Biochars 3 and 17, however, did have the highest CEC 

values, mirroring results seen in another study on low temperature biochars.46 Biochar 3 



143 
 

 
 

was ultimately selected because it would provide an opportunity to collect more data on 

high volatile matter/high O:C ratio biochar amendment effects.  
 
Table 20. Soil pH at a 1:5 soil: water ratio, electrical conductivity of water leachate, and cation 
exchange capacity of soils amended with biochars, with and without urea amendment. Within a 
column, data from soils amended with biochar and urea labeled with different letters are 
significantly different at the p<0.05 level (n=4). Data from unamended and no-urea soil controls 
(n=1) were not included in the statistical analysis. 
Soil +  
biochar # 

pH 
(1:5) 

Electrical conductivity 
(µS cm-1) 

Cation exchange capacity 
(meq 100 g soil-1) 

 

With 

urea 

No urea 

control 

With 

urea 

No urea 

control 

With 

urea 

No urea 

control 

1 6.15 h 6.5 357 d 191 25.2 cde 25.8 

2 6.35 ef 6.7 310 f 154 25.6 bcd 26.0 

3 6.30 f 6.6 290 g 141 26.5 a 27.8 

4 6.43 de 6.5 289 g 155 25.5 bcd 27.1 

5 6.68 c 6.9 293 fg 335 25.6 bcd 26.7 

6 6.25 g 6.5 270 hi 194 25.0 de 27.3 

7 5.98 i 6.2 297 fg 274 26.2 ab 27.9 

8 6.20 g 6.6 335 e 195 25.5 bcd 25.7 

9 6.40 e 6.7 361 d 191 25.6 bcd 27.5 

10 6.93 b 6.9 539 a 406 26.2 ab 26.8 

11 7.03 a 7.0 518 b 467 25.1 cde 25.3 

12 7.00 ab 7.2 464 c 416 24.6 e 26.7 

13 6.50 c 7.0 230 kl 163 26.0 ab 27.9 

14 6.35 ef 6.3 257 ij 237 25.8 abc 26.4 

15 6.75 c 6.5 245 jk 151 23.7 f 25.4 

16 6.68 c 6.6 223 l 143 25.0 de 24.6 

17 6.20 gh 6.2 283 gh 145 26.4 a 26.2 

No biochar  
control 

6.1 6.1 172 281 26.3 26.1 

 

Amendment with all three biochars from switchgrass gasification (Biochars 10, 11 

and 12) resulted in large increases in soil pH and EC relative to the other biochars.  

From this set, Biochar 10 was selected since it also had a relatively high CEC and 

surface area, two traits in addition to nutrient content that had shown positive results in 
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another study using gasification biochar.47 The final two biochars selected were 

Biochars 13 and 15: both had positive effects on soil pH and their selection would allow 

for a field comparison to be made between slow pyrolysis (Biochar 13), gasification 

(Biochar 10), and kiln carbonization (Biochar 15) biochars. 

 

5.4.2 Unique Nature of Kiln-Produced Biochars 

At first glance, Biochar 15’s properties and NMR spectrum suggest that it is similar 

to slow pyrolysis biochars. Biochar 15’s FTIR spectrum and sparking observed during 

NMR analysis, on the other hand, suggest that it is more similar to gasification biochars. 

We propose that the presence of oxygen used to drive the heat-generating combustion 

processes in commercial kilns creates unique biochars whose properties represent a 

combination of slow pyrolysis and gasification biochar properties. For example, Biochar 

15 is similar to the slow pyrolysis biochars made at similar temperatures (Biochars 6 

and 13) in its aromaticity and minimum number of carbons in aromatic ring clusters 

derived from the NMR spectra. Biochar 15 is similar to the gasification chars made in a 

similar reaction atmosphere (Biochars 5 and 11) in the lack of O-H and C-H stretches in 

the FTIR spectra, C-O functional groups by NMR, and amended soil pH. Future 

characterization work needs to focus on differentiating between the effects of oxygen in 

the reaction atmosphere and the effects of residence time on the degree of 

carbonization. Biochar made in kilns will likely be the most available in large quantities 

at this stage of the biochar industry’s development due to the maturity of kiln 

technology.48 Biochars from these processes, however, should be considered 

separately from slow pyrolysis or gasification biochars because their process 

temperatures will be similar to slow pyrolysis, reaction atmosphere oxygen contents will 

be similar to gasification, and their residence times will vary. We propose the following 

six-process classification grouping for biochar-producing processes based solely on 

their resulting biochar properties and carbon chemistry: torrefaction, slow pyrolysis, fast 

pyrolysis, flash pyrolysis, kiln carbonization and gasification. The characteristic reaction 

conditions for each process are outlined in Table 21. This grouping aims to account for 

effects of temperature, which has been found to be critical in relation to biochar 

properties,49, 50 residence time, and oxygen content. This proposed grouping is 
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complementary to current schemes to differentiate thermochemical processes51 and to 

classify biochars.52 
 
Table 21. Proposed classification scheme for thermochemical processes based on their reaction 
conditions that affect the chemical properties of the biochars produced.  
Thermochemical 
process 

Reaction 
temperatures 

O2 in reaction 
atmosphere  

Heating  
rate 

Residence  
time 

Reaction  
pressure 

Torrefaction Low None or some Slow Long Atmospheric 

Slow pyrolysis Moderate None Slow Long Atmospheric 

Fast pyrolysis Moderate None Very fast Very short Atmospheric 

Flash pyrolysis Moderate Some Fast Short Elevated 

Kiln carbonization  

or “low-temp  

gasification” 

Moderate Some 
Slow to 

moderate 
Long Atmospheric 

Gasification High Some 
Moderate to 

fast 
Short 

Atmospheric or 

elevated 

 

5.4.3 Aromaticity and Fixed Carbon Fraction Correlation 

Biochar’s degree of aromaticity is believed to strongly influence its chemical 

stability.53 Unfortunately, aromaticity is frequently measured by NMR, which requires 

sophisticated equipment and significant time. If aromaticity is to be used as a biochar 

assessment, a less expensive and more rapid measurement technique is desirable. 

Here, aromaticity from NMR analysis was plotted against the fixed carbon fraction (fixed 

carbon / (volatiles + fixed carbon)) obtained from proximate analysis, shown as unfilled 

shapes in Figure 36. A better correlation was obtained when biochar aromaticity was 

recalculated on a mass basis, shown as filled shapes in Figure 36 and tabulated in 

Table 17. This was done by multiplying the carbon fractions from NMR analysis (see 

Table 16) by the relative mass each carbon fraction would have if the O and H were 

included. For example, the non-protonated fraction is multiplied by 1 because it contains 

only C, while the C=O fraction is multiplied by a mass weighting factor of 2.3 to account 

for the added mass of one O ((12 g mol-1 C + 16 g mol-1 O) / 12 g mol-1 C = 2.3). 

Biochar 1, therefore, would have a 13C molar basis aromaticity of 81% and a mass basis 

aromaticity of 69% (see Table 17). Using this mass-based method, an almost direct 

correlation can be seen between NMR aromaticity and proximate analysis fixed carbon 
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fraction (also mass based). This correlation provides evidence that fixed carbon can 

serve as a proxy for aromaticity when NMR analysis is not available. Grouping the 

biochars by the amount of oxygen present in the reaction atmosphere, the data from 

this study also shows a stronger correlation for the slow and fast pyrolysis biochars (no 

oxygen) than the correlation for the gasification and kiln carbonization biochars (some 

oxygen) (see Figure 36). A direct correlation would yield a trend line of y = 100*x. Trend 

lines for the pyrolysis biochars (n = 10) were y = 87*x + 21 (R2 = 0.967) for the molar 

basis aromaticity and y = 108*x - 2 (R2 = 0.990) for the mass basis aromaticity. Trend 

lines for the gasification/kiln biochars (n = 3) were y = 97*x + 8 (R2=0.823) for the molar 

basis aromaticity and y = 163*x - 55 (R2 = 0.824) for the mass basis aromaticity. 

 

Figure 36. Biochar aromaticity from quantitative NMR analysis as a function of fixed carbon 
fraction from proximate analysis. Unfilled shapes represent aromaticity calculated on a molar 
basis and filled shapes represent aromaticity calculated on a mass basis. The reaction 
atmosphere for gasification and kiln carbonization contained some oxygen, while slow and fast 
pyrolysis occurred in an inert atmosphere. 
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5.4.4 Concerns about Gasification Chars 

In terms of carbon stability indicators (O:C ratio, volatile matter content), soil pH, and 

soil EC, biochars from gasification biochars appeared favorable in this study. Some 

concern has been expressed, however, about biochars made at high temperatures, 

especially those derived from higher-ash feedstocks like switchgrass and corn stover. 

The high ash content of these biochars means that the biochars contain less carbon by 

weight and would be eligible for fewer carbon sequestration credits. The ash does 

contain plant nutrients (K, Ca, Mg and some micronutrients) and would exhibit a pH 

greater than neutral, which are generally positive traits but could be detrimental if 

applied in high concentrations or on an alkaline/calcareous soil.54 In one germination 

study with corn seeds, the presence of growth-inhibiting organic compounds was 

observed in water extracts of gasification biochars; detectable amounts of polyaromatic 

hydrocarbons (PAH) were also observed.55 The growth-inhibiting effects were no longer 

observed after the gasification biochars were further leached, suggesting the growth-

inhibition may be a short-term effect. Research on a wider variety of gasification 

biochars is needed to determine which biochars are likely to cause negative effects and 

whether these effects are short-term or long-term. 

 

5.4.5 Limitations of This Study 

Two major limitations of this study are the short soil incubation period and the small 

number and scope of soil indicators used. Biochar has been shown to oxidize and 

undergo other aging reactions over time.28, 56 Characterization of biochar before soil 

application, therefore, only gives that biochar’s initial condition and not enough is 

understood about how biochar interacts with the soil environment to predict its later 

chemical properties. Likewise, soil pH, CEC and EC of biochar-amended soils are 

expected to change over time as biochar ages, ions in soil are leached or taken up by 

plants, nutrients are cycled and soil minerals weather. This study also made no attempt 

to track changes in soil physical properties such as bulk density or water retention 

capacity, or other plant nutrients such as available N and P, which can be the limiting 

factor to plant growth in some soil systems. 
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CHAPTER 6. TEMPERATURE AND REACTION ATMOSPHERE 
OXYGEN EFFECTS ON BIOCHAR PROPERTIES 

 
Abstract 

Biochar properties can vary widely depending on feedstock and processing 

conditions, which can make meaningful comparisons between biochars difficult. 

Biochar characterization methods can provide some useful metrics for comparisons 

such as van Krevelen diagrams, fixed carbon fractions, and aromatic ring cluster 

size estimates. One key parameter known to influence biochar properties is the 

highest treatment temperature (HTT) reached during the reaction; clear trends can 

be observed in the characteristics of slow pyrolysis biochars over the 200-800°C 

HTT range. These trends, however, do not hold for biochars made under slightly 

oxic conditions, such as in gasification and (internally heated) kiln carbonization 

processes. In this study, corn stover slow pyrolysis biochars were produced under 

both inert nitrogen and 5% oxygen atmospheres over a 200-800°C HTT range. The 

biochars were characterized by proximate analysis, CHN elemental analysis and 

solid-state 13C nuclear magnetic resonance spectroscopy (NMR) to understand the 

combined effects of HTT and oxygen on biochar properties. The goal of the study is 

to determine if the presence of oxygen in the reaction atmosphere at a given HTT 

would be beneficial for the creation of oxygenated functional groups on biochar 

surfaces similar to biochars that have “aged” in the soil environment. 

 

6.1 Introduction 
Biochar, the carbonaceous solid product of biomass thermochemical processing, 

is a potentially beneficial soil amendment1, 2 and carbon sequestration agent.3-6 

Biochar’s effectiveness in each application will be dependent on its properties; 

studies have shown that these properties vary widely with feedstock, reaction 

conditions, and post-production treatments.7 One reaction condition that significantly 

affects biochar properties is the maximum temperature reached during pyrolysis, 

referred to as the highest treatment temperature (HTT). Among the properties 
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affected by HTT are biochar yield, carbon content, ash content, elemental ratios, 

fixed and labile carbon fractions, carbon surface functionality, pH, cation exchange 

capacity, surface area, aromaticity, polycyclic aromatic hydrocarbon (PAH) content, 

extractable humic and fulvic acids, and electrical conductivity.8-24 For slow pyrolysis 

biochar created under a carefully controlled inert atmosphere, clear trends can be 

observed in biochar properties over the 200-800°C HTT range.10, 13, 21, 22 When the 

reaction atmosphere contains some oxygen, however, biochar properties have been 

observed to deviate from these trends. For example, red pine biochars produced in 

open crucibles in a semi-sealed furnace had relatively low O:C and H:C elemental 

ratios compared to other biochars made at similar temperatures under a nitrogen 

environment.19 A mixed hardwood biochar produced in a commercial, internally-

heated kiln at 400°C exhibited little H-C or O-C functionality by infrared 

spectroscopy (FTIR), similar to biochars produced by gasification at much higher 

temperatures.11, 25 One goal of this study was to elucidate the effects of oxygen in 

the reaction environment on biochar properties in comparison to the effects of HTT 

so that atmospheric oxygen and temperature can be considered separately when 

selecting production conditions. 

Biochar properties are dynamic in the soil environment. Several studies have 

shown the gradual formation of oxygen-containing functional groups on biochar 

surfaces over time in soils; these O-containing functional groups are believed to 

contribute to increased biochar-soil interactions, especially biochar cation exchange 

capacity (CEC).26-28 Likewise, biochars made at lower temperatures that retained 

more O-containing acid functional groups were shown to have higher CECs than 

biochars made at higher temperatures.29 For this reason, it may be desirable to 

produce biochars with a greater number of O-containing functional groups directly 

from the reactor rather than wait for these functional groups to develop over time. A 

second goal of this study was to determine if oxygen in the reaction environment 

would lead to such an increase in O-containing functional groups. 
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6.2. Materials and Methods 
6.2.1 Feedstock 

Corn stover (Zea mays L.) was obtained from the Iowa State University 

BioCentury Research Farm (Boone, IA) and dried to <10% moisture. Corn stover 

was ground using a Retsch SM200 cutting mill (Newton, PA) and sieved to a 212-

500 µm particle size using a Ro-Tap Model B sieve shaker (W.S. Tyler, Mentor, OH). 

 

6.2.2 Biochar Production 

Corn stover slow pyrolysis biochars were produced at seven levels of HTT: 200, 

300, 400, 500, 600, 700 and 800°C, and under two reaction gas compositions: 

nitrogen and a 5% oxygen/ 95% nitrogen mixture, for a total of 14 biochars. Biochars 

are identified here using their HTTs followed by N2 or O2 to indicate the reaction gas. 

(For example, 300 O2 represents biochar made at 300°C under the O2/N2 gas mix 

atmosphere.) 

Biochars were produced in a stainless steel box reactor (24 cm x 14 cm x 15 

cm). Corn stover (75 g) was spread in the bottom of the reactor, creating a layer 

approximately 1 cm thick. A stainless steel lid was placed snuggly on top; the lid 

contained two 7 mm diameter perforations to allow a thermocouple wire and purge 

gas tubing to be inserted, as well as six smaller (0.8 mm diameter) perforations to 

allow volatiles to escape during pyrolysis. The box reactor was placed in a 

programmable Thermo Scientific Lindberg/Blue M Moldatherm box furnace (Fisher 

Scientific, Pittsburgh, PA). A thermocouple wire was inserted into the corn stover 

layer just above the bottom of the reactor and biomass temperatures were recorded 

every minute during the reaction using an EX540 multimeter (Extech Instruments, 

Nashua, NH). A gas purge line was also inserted into the corn stover layer to ensure 

positive gas pressure in the reactor throughout the reaction. 

Prior to heating, the reactor was purged for 15 min with the reaction gas at a rate 

of 1.5 L min-1. The following heating program was then used: heat from 20°C to 

HTT-50°C over 50 min, hold at HTT-50°C for 70 min, heat from HTT-50°C to HTT 

over 30 min, and hold at HTT for 90 min. (The hold time at HTT-50°C was used to 
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prevent the furnace from overshooting the desired HTT.) Once the heating program 

was complete, the furnace was turned off and the purge gas switched to nitrogen at 

a flow rate of 500 ml min-1; the biochar sample was allowed to cool overnight under 

nitrogen, then removed from the reactor and stored in sealed containers. 

 

6.2.3 Biochar Characterization 

Biochars were characterized using proximate analysis, elemental analysis and 

solid-state 13C nuclear magnetic resonance spectroscopy (NMR). Moisture, volatiles, 

fixed C, and ash contents of the biochars were determined on a TGA 1000 (Navas 

Instruments, Conway, SC) based on the ASTM D1762-84 proximate analysis 

method.30 Samples were heated under nitrogen to constant weight at 105°C for 

moisture, ramped up to 950°C (32 °C min-1) and held for 6 min under nitrogen for 

volatiles, then, after cooling the furnace to 600°C under nitrogen, ramped up to 

750°C (16 °C min-1) in air to constant weight for ash. Elemental analysis was 

performed using a TRUSPEC-CHN analyzer (LECO Corporation, St. Joseph, MI). 

Oxygen content was determined by difference. Solid-state 13C nuclear magnetic 

resonance spectroscopy (NMR) experiments were performed on a Bruker DSX400 

spectrometer (Bruker Biospin, Karlsruhe, Germany) at 100 MHz for 13C and 400 

MHz for 1H. Qualitative biochar spectra and T1 relaxation time estimates were 

obtained using  13C cross polarization magic angle spinning with total suppression of 

spinning sidebands (CP/MAS/TOSS); samples were analyzed in 4-mm MAS rotors 

at a spinning speed of 7 kHz with 0.5 s recycle delay, 4 µs 1H 90° pulse length and 1 

ms CP contact time. A 13C chemical shift anisotropy (CSA) filter was used to 

separate the signals of the anomeric/alkyl carbons from those of the aromatic 

carbons for the 300 N2 and 300 O2 biochars.31 The 1H 90° pulse length was 4 μs, the 

contact time was 1 ms, and the CSA filter time was 70 μs. Quantitative biochar 

spectra were obtained using 13C direct polarization (Bloch decay) magic angle 

spinning (DP/MAS) NMR in 4-mm MAS rotors at a spinning speed of 14 kHz with 75 

s recycle delay, 4.5 µs 90° 13C pulse length, and a Hahn echo to avoid baseline 

distortions.32 The 13C chemical shifts were referenced to tetramethylsilane using the 
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COO- resonance of glycine at 176.49 ppm as a secondary reference. To acquire the 

spectra of the non-protonated C fraction, DP/MAS with recoupled 1H-13C dipolar 

dephasing (DP/GADE) was used (68 µs dephasing time).32 

 
6.3 Results 

Biochar yields and proximate analysis results are shown in Table 22. As 

expected, biochar yields decreased between 200 and 500°C, then leveled off 

slightly at the higher temperatures. Yields for the O2 biochars were lower than those 

for the N2 biochars made at the same temperature, with differences of 30-92 g kg-1. 

Volatiles decreased, and fixed C and ash generally increased with increased HTT. 

The dry, ash-free fixed C fraction of the biochars, which has been used as a proxy 

for aromaticity and extent of pyrolysis,11 is shown in Figure 37 as a function of HTT. 

The fixed C fraction of the N2 biochars increased, especially between 200-500°C, 

then leveled off with increasing HTT; the fixed C fraction of the O2 biochars followed 

this same general pattern, with the exception of biochar 500 O2. The reason for this 

deviation is unknown. 

 

 
Figure 37. Biochar fixed carbon (FC/(V+FC)) fraction on a dry, ash free basis compared to 
highest heating temperature (HTT) reached during the slow pyrolysis production process. 
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Table 22. Yields and proximate analysis results for corn stover slow pyrolysis biochars. Yield 
and moisture reported on a wet basis; volatiles, fixed carbon and ash reported on a dry 
basis.  

Biochar Yield 
(g kg-1) 

Moisture 
(g kg-1) 

Volatiles 
(g kg-1) 

Fixed C 
(g kg-1) 

Ash 
(g kg-1) 

200 N2 878 19 837 124 39 
300 N2 413 12 526 393 81 
400 N2 305 13 392 496 112 
500 N2 268 34 359 513 127 
600 N2 255 29 324 548 128 
700 N2 253 18 324 489 187 
800 N2 246 24 284 576 140 
200 O2 848 10 819 139 42 
300 O2 364 18 546 334 120 
400 O2 239 11 384 471 145 
500 O2 176 25 419 350 231 
600 O2 180 82 343 456 201 
700 O2 189 24 280 539 181 
800 O2 165 25 281 512 207 

  

Results from the elemental analysis of the biochars are shown in Table 23. In 

general, carbon content increased, and hydrogen and oxygen content decreased 

with increasing HTT; nitrogen content remained relatively stable. A van Krevelen 

diagram of the data, which can also be used to represent extent of pyrolysis,33, 34 is 

shown in Figure 38. Data points for the N2 biochars generally moved towards the 

origin with increasing HTT. The progression for the O2 biochars was less clear, 

especially for the 500 O2 biochar; O/C ratios were similar or slightly higher and H/C 

ratios were lower for O2 biochars than for N2 biochars. 

 
 
 
  



159 
 

 
 

Table 23. Elemental analysis results for corn stover slow pyrolysis biochars. Values reported 
on a dry basis. Oxygen content determined by difference (O = total – ash – C – H – N).  

Biochar C 
(g kg-1) 

H 
(g kg-1) 

N 
(g kg-1) 

O 
(g kg-1) 

300 N2 631 48 7 233 
400 N2 686 38 7 157 
500 N2 711 30 7 125 
600 N2 752 22 6 92 
700 N2 728 9 10 66 
800 N2 767 10 7 76 
300 O2 608 33 13 227 
400 O2 655 32 13 155 
500 O2 652 24 7 87 
600 O2 664 16 6 113 
700 O2 719 9 8 83 
800 O2 694 5 9 85 

 

 
Figure 38. Van Krevelen plot for corn stover slow pyrolysis biochars made under nitrogen 
(N2) and 5% oxygen (O2) reaction environments. Numbers indicate HTTs in °C. 

 

Quantitative DP/MAS spectra of the N2 and O2 biochars are shown in Figure 39; 

selective spectra of non-protonated carbons (and CH3 groups) are also shown (thin 

lines). Data analysis results from the spectra are shown in Tables 24, 25 and 26. 

Data analysis followed methods described in a previous paper.25 The horizontal 
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dashed lines in the 300°C and 400°C biochar spectra indicate the relative amounts 

of alkyl carbons between the N2 and O2 samples. 

Spectra from the 200 N2 and 200 O2 biochars are very similar to those shown 

elsewhere for lignocellulosic feedstocks; almost no signal for non-protonated 

carbons is visible (thin-line spectra).11, 33 For biochars made at HTTs of 400°C and 

higher, the NMR spectra were dominated by a peak of aromatic carbons, the 

majority of which were not protonated. The spectra indicate only moderate structural 

changes between biochars made at HTTs of 500 and 600oC for both series of 

biochars. The spectra for the 300°C biochars were intermediate between the 

characteristic “feedstock” spectra and the characteristic “biochar” spectra. A clear 

difference, however, can be seen between the 300 N2 and the 300 O2 biochar 

spectra with the 300 O2 spectrum exhibiting a much greater apparent extent of 

pyrolysis. 

 
Table 24. Quantitative NMR spectral analysis of corn stover slow pyrolysis biochars from 
DP/MAS and DP/MAS/GADE spectra. All values are % of total 13C signal. CO0.75H0.5 
moieties assume a 1:1 ratio of alcohols and ethers. CH1.5 moieties assume a 1:1 ratio of CH2 
and CH groups. Cnon-pro, non-protonated aromatic carbon. 
Biochar Carbonyls Aromatics Alkyls 

Moieties: C=O COO CO0.75H0.5 Cnon-pro C-H HCO0.75H0.5 CH1.5 CH3 
ppm: 210-183 183-165 165-145 145-70 145-90 90-50 50-25 25-6 

200 N2 0.4 3.4 5.0 4.2 18.5 60.2 5.0 3.6 
300 N2 2.1 4.3 10.3 25.5 19.5 13.6 14.5 9.9 
400 N2 1.8 2.8 12.5 43.2 26.0 3.8 5.1 4.9 
500 N2 1.9 2.3 7.5 59.9 24.4 1.7 1.3 1.1 
600 N2 1.1 1.7 5.6 64.8 21.0 4.1 1.3 0.5 
200 O2 1.0 5.4 6.1 5.7 18.7 55.5 4.2 3.5 
300 O2 3.4 5.3 13.0 35.8 22.6 5.6 7.3 6.6 
400 O2 1.2 2.8 11.4 47.6 25.3 3.3 3.9 4.4 
500 O2 1.7 2.8 8.4 56.8 27.3 1.9 1.2 0.7 
600 O2 1.8 3.2 6.9 54.7 29.1 3.6 1.0 0.2 
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Figure 39. Quantitative 13C direct polarization (DP/MAS) and direct polarization with dipolar 
decoupling (DP/GADE) spectra of corn stover slow pyrolysis biochars at a magic angle 
spinning (MAS) frequency of 14 kHz: a) 600 N2, b) 600 O2, c) 500 N2, d) 500 O2, e) 400 N2, 
f) 400 O2, g) 300 N2, h) 300 O2, i) 200 N2, and j) 200 O2. Thick line = all carbons, thin line = 
non-protonated carbons and methyl groups. 
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Table 25. NMR C functionality fractions (χfuncitonality), fractions of aromatic edge carbons 
(χedge) and minimum number of carbons per aromatic cluster (nC,min = 6/ χedge,max

2), and 
relative aromatic-to-alkyl proton ratio (Harom/Halk) in corn stover slow pyrolysis biochars. 
Biochar χC-H χC-O χedge,min χalkyl χC=O χedge,max nC,min Harom/Halk 
200 N2 0.67 0.18 0.85 2.48 0.14 3.47 0 0.2 
300 N2 0.35 0.19 0.54 0.69 0.12 1.34 3 0.3 
400 N2 0.32 0.15 0.47 0.17 0.06 0.70 12 0.9 
500 N2 0.27 0.08 0.35 0.04 0.05 0.44 31 3.1 
600 N2 0.23 0.06 0.29 0.06 0.03 0.39 40 2.2 
200 O2 0.61 0.20 0.81 2.07 0.21 3.10 1 0.2 
300 O2 0.32 0.18 0.50 0.27 0.12 0.89 8 0.6 
400 O2 0.30 0.14 0.44 0.14 0.05 0.62 16 1.1 
500 O2 0.30 0.09 0.39 0.04 0.05 0.48 27 4.0 
600 O2 0.32 0.08 0.40 0.05 0.06 0.50 24 3.9 

 

Semi-quantitative CP/MAS/TOSS NMR spectra for the 300, 400 and 500°C 

biochars, as well as the alkyl carbon spectra obtained using a CSA filter for the 

300°C biochars, are shown in Figure 40. As with the DP/MAS spectra, the 400 and 

500°C biochar spectra are dominated by the aromatic carbon peak, with very little 

remaining alkyl carbon. The peaks corresponding to contributions from the cellulose 

and hemicellulose fractions of the biomass (labeled OCH) can be more easily 

distinguished in the CP/MAS spectrum of the 300°C biochars and are consistent 

with the alkyl carbon spectra. The horizontal dashed lines in the 300°C and 400°C 

biochar spectra indicate the relative amount of alkyl carbons between the N2 and O2 

samples. 

Table 26 shows the aromaticity of the biochars calculated from the DP/MAS 

spectra, and an estimate of the T1 times based on fitting a curve (y = a*ln(x) + b) to 

data points obtained from measuring the signal remaining in the 160-110 ppm range 

of the CP/MAS/TOSS spectra at different CP times relative to the signal of the 

spectrum with a very short (1 ms) CP time. Aromaticities of the biochars generally 

increased over the 200-500°C range and were higher for O2 biochars than the N2 

biochars. T1 times reached a maximum for the 400°C biochars, but otherwise 

generally decreased with increased HTT and were shorter for O2 biochars. 
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Figure 40. Semi-quantitative 13C NMR with 1H-13C cross polarization and total suppression of 
spinning sidebands (CP/TOSS) at 7 kHz MAS, of corn stover slow pyrolysis biochars: a) 500 
N2, b) 500 O2, c) 400 N2, d) 400 O2, e) 300 N2, f) 300 O2, g) 300 N2 alkyl carbons using CSA 
filter and h) 300 O2 alkyl carbons using CSA filter. Thick line = all carbons, thin line = non-
protonated carbons and methyl groups (obtained using dipolar decoupling (CP/GADE)). 
 
Table 26. Aromaticity based on quantitative DP/MAS NMR analysis and estimated T1 
relaxation times based on CP/MAS NMR analysis of corn stover slow pyrolysis biochars. 
Biochar Aromaticity (%) T1

 (s) 
200 N2 27.7  
300 N2 55.3 40.8 
400 N2 81.7 47.2 
500 N2 91.8 5.1 
600 N2 91.4 1.5 
200 O2 30.5  
300 O2 71.4 20.4 
400 O2 84.3 33.5 
500 O2 92.5 5.1 
600 O2 90.7 2.2 
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6.4 Discussion 
6.4.1 Effects of HTT and Atmospheric Oxygen Content 

Trends in the N2 biochar properties with increased HTT were consistent with 

those observed in other studies: decreased biochar yields, volatiles content, O/C 

and H/C ratios and the number of functional groups, and increased aromaticity, fixed 

carbon and ash content. The overall effect of the addition of 5% oxygen to the 

reaction atmosphere seems to be an increase in “apparent HTT” since increased 

atmospheric oxygen content resulted in decreased biochar yields, H/C ratios and the 

number of functional groups, and increased aromaticity and ash content. This 

increase in apparent HTT is most clear for the 300 and 400°C biochars. On the 

other hand, volatiles content increased and fixed carbon content decreased (on a 

dry, ash-free basis) with increased atmospheric oxygen for five of the seven HTTs, 

which would suggest a lower extent of pyrolysis. Very little information on the effects 

of pyrolysis reaction atmosphere oxygen is available in the literature. Spokas, et al. 

found that the presence of oxygen reduced sorbed volatile organic compounds on 

the surfaces of biochars, but otherwise did not comment on the properties of the 

biochars.35 

In regards to O-containing functionality in the biochars, O/C ratios were 

approximately the same or increased slightly with increased atmospheric oxygen 

content. From the NMR data, alkyl alcohol and ether functionalities (HCO0.75H0.5) 

slightly decreased, aromatic alcohol and ether functionalities (CO0.75H0.5) and 

carbonyl (C=O) functionalities showed no apparent trend, and carboxyl (COO) 

functionalities slightly increased with increased atmospheric oxygen content. This 

COO group increase is important since an increase in total biochar acidity and 

overall O/C ratio has been shown to improve the ability of biochars to stabilize heavy 

metal cations in soil,36 and may indicate that biochars made under slightly oxic 

conditions may have improved O-functional group-related soil interaction 

capabilities. In practical terms, however, this increase in O/C ratio and O-functional 

group content is small compared to the amount reported from oxidation in the soil 

environment.26, 27 
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Addition of oxygen to the pyrolysis atmosphere may improve biochar’s 

hydrophilicity and therefore, its ability to increase soil water retention. Kinney, et al 

found that a decrease in H/C ratio was closely related to increased biochar 

hydrophilicity37 and the H/C ratio decreased in biochars with increased atmospheric 

oxygen content at all HTTs in this study.  

 

6.4.2 Mass Transfer Limited Combustion Reactions 

For biochars produced under the 5% oxygen gas mixture, a light-gray top layer 

was observed when the cooled biochar was removed from the reactor. The biochar 

under this thin gray layer was black. We hypothesize that the oxygen in the reaction 

gas reacted quickly with the top layer of biomass to create combustion processes 

rather than diffuse through the biomass to evenly oxidize the surfaces. This may 

lead to different biochar properties in the gray layer than in the bulk layer and would 

be worth additional investigation assuming the layers could be effectively separated, 

perhaps with a taller narrower biomass loading to create a thicker gray layer. No 

effort to distinguish the layers in the analyses was made for this study. 

 

6.4.3 Effect of Biomass Voidage on Oxygen Content in Pyrolysis Reactor 

Biomass feedstock generally has a low bulk density. The oxygen in the air-filled 

voids within and between biomass particles is fed into a pyrolysis reactor along with 

the biomass and may influence the pyrolysis reaction. If air contains 20 molar % of 

oxygen and a biomass feedstock has a voidage of 40% (i.e. 60% of the volume filled 

by the bulk biomass is solids), a substantial amount (8% of the biomass volume) of 

oxygen could enter the reactor. Researchers attempting to carefully control pyrolysis 

conditions may need to account for biomass voidage oxygen or to purge biomass 

samples before feeding them into the reactor. 

 

6.4.4. Pyrolysis Atmosphere Oxygen Content and Biochar Standardization 

Studies have shown HTT to be a powerful predictor of biochar properties and 

HTT is relatively easy to measure compared to other pyrolysis reaction parameters. 
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For those reasons, HTT will likely be very useful for biochar standards development. 

HTT may provide a method to make comparisons across biochars made from the 

same feedstock but under vastly different reaction conditions. This study suggests 

that biochars made in processes that have some oxygen in the pyrolysis reaction 

environment, such as internally heated kiln carbonization, may be comparable to 

biochars made under inert slow pyrolysis conditions—just at higher apparent HTTs. 

The same apparent HTT principle may be applicable to biochars produced with 

higher heating rates, such as in fast pyrolysis, or under increased pressures.  

 

6.5 Conclusions 
Corn stover slow pyrolysis biochar produced at different HTTs showed similar 

trends in biochar properties as reported by other biochar studies investigating the 

effects of temperature. Addition of oxygen to the reaction environment appears to 

result in biochars with properties that one would expect from biochars made at 

higher temperatures; this pattern was especially apparent for biochars made at 300 

and 400°C. 

Addition of oxygen to the pyrolysis reaction atmosphere only very slightly 

increases the O/C ratio and the presence of O-containing surface functional groups 

in biochars. Given the importance of oxygen to drive some biochar production 

processes and the influence O-containing surface functional groups have been 

shown to have on biochar-soil interactions, the effect of oxygen in the pyrolysis 

reaction atmosphere on biochar properties warrants additional investigation.  
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
 
7.1 Importance of Biochar Characterization 

Biochars have great potential to improve soils and sequester carbon. Biochar 

characterization research has shown that biochar properties and their effectiveness 

in different applications can vary widely. Several recent biochar research reviews 

have identified the ability to understand feedstock and production condition relations 

to biochar properties and their effects as a key knowledge gap and research need.1-3 

Indeed, one of the most pressing challenges faced by the fledging biochar industry is 

the inability to define and measure biochar quality. The International Biochar 

Initiative (IBI), which will likely be a primary certification entity, and other 

organizations have identified the development of biochar quality and characterization 

standards as a key priority.4  

 

7.2 General Conclusions 
The results in this dissertation demonstrate that biochars from corn stover and 

switchgrass will present some challenges compared to biochars produced from 

wood, namely in their high ash content and lower surface area. These two 

feedstocks, however, represent the advantages offered by herbaceous energy crops 

and crop residues in their greater availability and lower cost. Biochars from such 

feedstocks need to be included in biochar research.  

Likewise, biochars produced as co-products of gasification and fast pyrolysis can 

make valuable contributions to biochar implementation. Gasification biochars will 

present challenges due to their low carbon contents, high ash contents, low 

chemical reactivity, and potential to contain higher levels of polycyclic aromatic 

hydrocarbons (PAHs) and plant-growth inhibiting compounds. In spite of these 

challenges, biochars from gasification should not be overlooked, especially in 

situations when gasification technology is the most appropriate for regional energy 

needs. Biochars from fast pyrolysis have even higher potential: their properties are 

similar to biochars produced by slow pyrolysis and the bio-oil co-product from their 



171 
 

 
 

production may provide enough economic incentive to warrant commercial scale 

implementation. Concerns about unconverted biomass, high volatiles contents, and 

low carbon stability of fast pyrolysis biochars can be mitigated through proper design 

and control of fast pyrolysis reactors.   

Many of the characterization methods for biochars can be borrowed from the 

fields of fuel charcoal, activated carbon and soil science. Research presented in this 

dissertation has shown how advanced 13C solid state nuclear magnetic resonance 

spectroscopy (NMR) techniques can provide quantitative chemical composition 

information not available through other characterization methods. This information 

can be used to better understand biochar production and soil aging mechanisms 

and, combined with information from complementary characterization methods, to 

make comparisons between biochars.  

     

7.3 Future Work 
Because biochar properties are related to processing conditions and processing 

conditions can be controlled, there is a huge potential for biochar engineering (so-

called designer biochars5). Future work in the area of biochar characterization will 

likely focus on identifying what makes a quality biochar for a specific application, and 

from there, how one might produce such a biochar. Research for this dissertation 

has focused on how best to use biochars produced from feedstocks and by 

processes dictated by local availability (namely those available from research at 

Iowa State University). Such “forward” or process-driven biochar engineering will be 

important as biochar research expands to new regions with new feedstocks and new 

pyrolysis technologies. Continued efforts in this area will likely involve work to place 

new biochars within a biochar standardization framework, as well as to improve the 

practical utility and effectiveness of standardized biochar characterization methods.  

Another kind of biochar engineering that I would like to pursue in my future 

research is “backward” or end use-driven biochar engineering. The goal of this kind 

of biochar engineering is to create a biochar to solve a specific soil amendment or 

carbon sequestration challenge. For example, a higher-temperature slow pyrolysis 
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biochar might be produced to sequester the maximum amount of carbon; in this 

case, the achievable carbon yield and stability would outweigh the need to improve 

soil fertility. Such design principles could be used to create biochars that were 

optimized for cation exchange capacity, liming potential, microbial activity, 

mycorrhizal inoculation rates, heavy metal mitigation, etc. 

One specific challenge I would like to address with end use-driven biochar 

engineering is soil plant-available water content in areas prone to intense 

precipitation events followed by dry periods. This challenge is already a prominent 

issue for agriculture and range management in several regions of the U.S. and 

around the world, and is expected to become especially critical as precipitation 

patterns are affected by climate change.6  The goal of this research would be to 

understand the effects of biochar pore structure, bulk chemistry and surface 

chemistry on biochar’s ability to improve soil water penetration during heavy 

precipitation events while increasing plant-available water retention in the root zone 

during dry periods. Several studies have shown increased water holding capacity in 

soils amended with biochars7-9 and some literature is available on biochar pore 

structure and hydrophobicity relationships to processing conditions.10, 11 Much more 

work is needed in this promising area. 
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Appendix. Explanation of NMR Analysis Methods 
 
A.1 Introduction 

Nuclear magnetic resonance spectroscopy (NMR) uses a very strong magnetic 

field and radio frequency (RF) pulses to study the structure of molecules through the 

resonance frequencies of specific nuclei within the molecule. In order to characterize 

biochars, several solid-state techniques utilizing 13C and 1H nuclei can be used to 

determine the relative quantity of carbon functional groups, the approximate degree 

of condensation of the aromatic rings, and the overall structure of the char 

molecules. The following describes some of the theory of solid-state NMR and how 

biochars are characterized at Iowa State University. Theory information is 

summarized from a variety of secondary references.1-4  

 
A.2 Theory 

The net magnetization (M) of a sample is the sum of the magnetic moments of 

the individual nuclei in the sample molecules. Magnetic moments can be thought of 

as vectors, and are the products of the magnetogyric ratio (a constant different for 

each type of nucleus), γ, and the angular momentum, L, such that  

 
M= γL   

 

Within a magnetic field, B, a torque (T = -M x B) is exerted on the magnetic 

moments such that: 

 

dM/dt = -γM x B 

 

The uniform magnetic field applied by the superconducting magnets in an NMR 

experiment is typically referred to as B0. The applied field causes the nuclei to 

precess (wobble like a spinning top) about the field at a given Larmor frequency:  
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ω0 = -γB0 

 

This Larmor frequency is the fundamental frequency at which an NMR 

experiment is run and varies with the nuclei and the strength of the magnetic field.  

For example, the instrument used to characterize biochars at ISU is a Bruker DSX 

400, allowing 1H experiments to be performed at 400 MHz and 13C experiments at 

100MHz. The key concept to NMR’s usefulness is that nuclei are also influenced by 

neighboring nuclei and their electron clouds, each of which exerts its own small 

magnetic field. The resulting “combined magnetic field” precession frequency of a 

given nuclei, ωL, is then: 

 

ωL = -γBtotal   

 

where Btotal = B0 + Blocal; Blocal is the sum of the local magnetic fields. Nuclei in 

different environments will, therefore, precess around the strong B0 field at slightly 

different frequencies, thus resulting in a detectable spectrum. The distance on the x-

axis between different signals in the spectrum is called the chemical shift and it is 

measured in dimensionless “units” of ppm of ω0. (The differences between nuclei 

frequencies are generally on the order of Hz, where the Larmor frequency is on the 

order of MHz, thus ppm.) As a dimensionless scale, chemical shift is measured 

against a reference material, typically tetramethylsilane (TMS) for 1H and 13C. For 
13C on this instrument, the chemical shift spectrum is calibrated using a carbon peak 

at 176.49 ppm from 25% 13C-labeled glycine as a secondary reference. 

 
A.2.1 Solution vs. Solid-State NMR 

Characterizing materials in the solid state requires the use of specialized 

techniques to overcome several challenges. In liquid or “solution” NMR, liquid 

samples or samples dissolved in a liquid solvent tend to give very sharp, high 

resolution spectra. Three magnetic field inter-nuclear interactions in the solid-state 
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make high resolution NMR spectra difficult: heteronuclear dipolar couplings, 

homonuclear dipolar couplings and chemical shift anisotropy (CSA).   

Dipolar couplings are when the magnetic fields of nuclei affect the frequency, ωL, 

of other nuclei; the nuclei involved can be the same (homonuclear) or different 

(heteronuclear). Since dipolar coupling is a through-space interaction (and not just 

across chemical bonds), the numbers of possible nucleus-nucleus and nucleus-

static field orientations are immense, causing the spectral peaks to broaden and 

overlap substantially.   

Chemical shift anisotropy also causes spectral peaks to broaden and overlap but 

due to a different interaction. Circulating electron clouds around the nucleus create 

small anisotropic magnetic fields, i.e. not the same in all directions (imagine an 

ellipsoid). If a nucleus and its electron cloud are oriented toward the B0 field 

differently than other nuclei, it will have a different resonance frequency, even if the 

other nuclei are the same type and in the same type of molecule. In solution NMR, 

molecules can move into all possible orientations and can re-orient before dipolar 

couplings have a chance to develop; thus, line-broadening by dipolar couplings and 

CSA is not so significant.     

One solid-state NMR technique that helps solve both these problems is magic 

angle spinning (MAS). “Magic angle” refers to 54.74°; this angle is significant 

because when the angle between a dipolar coupling vector and the B0 is equal to 

54.74°, the net dipolar coupling effect is zero. Spinning a powder sample rapidly can 

also “average out” a sample’s CSA. Making use of these two facts, samples for 

solid-state analysis are commonly packed into cylindrical rotors that, buoyed by an 

air stream, are spun at several kHz at an angle of 54.74° relative to the instrument’s 

static B0 field.       

 
A.2.2 Direct Polarization (DP) vs. Cross Polarization (CP) 

Analyzing carbonaceous solid samples to acquire a 13C spectrum also requires 

the use of special techniques to overcome unique challenges. Carbon-13 is a 

relatively rare isotope of carbon, accounting for only 1.1% of all C (the rest are 
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carbon-12, which does not have nuclear spin). This means the carbon nuclei that 

can be detected in a sample are already dilute. On top of that, 13C has a small γ 

value (i.e. it is a relatively weak nuclear magnet), 13C requires relatively long 

relaxation times between spectral scans, and 13C gives low signal intensity.  

Acquiring carbon spectra with high signal-to-noise ratios through direct polarization 

(DP) techniques is, therefore, relatively time-consuming.    

Instead of polarizing the carbon nuclei directly, a technique called 1H-13C cross 

polarization (CP) is used to greatly reduce the analysis time while still acquiring 

qualitative/semi-quantitative high-resolution spectra that are suitable for many 

applications. In this technique, protons (1H nuclei) are polarized and this polarization 

is transferred to the nearby carbon nuclei by RF irradiation for a certain cross 

polarization time (on the order of 1 millisecond). A pulse sequence for dipolar 

decoupling is then applied to the protons, and the carbon spectrum is detected. By 

polarizing the protons instead of the carbons directly, CP techniques take advantage 

of 1H’s much greater abundance, higher γ value, and much faster relaxation time 

(~45 times faster); this allows many more scans (for better signal-to-noise ratio) to 

be taken in a given length of time. The drawback to CP techniques for studying 

chars is that it cannot be considered quantitative since the polarization transfer is not 

the same for every carbon, especially those on the inside of large aromatic clusters 

and far from protons. 

 
A.2.3 Total Suppression of Spinning Sidebands (TOSS) 

Magic angle spinning (MAS), while generally effective, does not completely 

remove CSA effects. If the CSA broadening is comparable to the spinning 

frequency, peaks with smaller intensity known as spinning sidebands (ssb) appear in 

the spectra at frequencies to the right and left of the “main” spectrum that 

correspond to integer multiples of the MAS frequency. These sidebands can become 

a problem if they occur within the chemical shift range of other carbon signals and 

interfere with identifying the “real” peaks. The higher the MAS frequency, the farther 

“away” from the main signal these sidebands appear. Unfortunately, it is not always 
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practical to just spin the sample faster. To compensate, a pulse technique called 

total suppression of spinning sidebands (TOSS) can be applied to mostly eliminate 

these sidebands from the spectrum. CP spectra of biochars are typically taken at an 

MAS frequency of near 7 kHz, making the use of TOSS desirable.  

 
A.2.4 “Gated Decoupling” (GADE) and “Gated Re-coupling” (GARE) 

Dipolar coupling is not always undesirable and, in some techniques, can be used 

to give additional information about a sample. For example, to differentiate between 

protonated and non-protonated carbons, an additional series of pulses can be 

applied to the sample that essentially turns the 1H-13C dipolar decoupling on and off 

such that the signals from protonated carbons disappear from the spectra, leaving 

only the non-protonated carbon signals. This pulse technique is called dipolar 

dephasing, but is referred to in this set of experiments as “gated decoupling” 

(GADE). In some cases, even longer dipolar dephasing is desirable, such as when 

one wants to estimate the distance between carbons and their nearest proton 

neighbors. This is the case with char, since the size of aromatic ring clusters can be 

estimated by how long it takes the protons to dephase the signal of a carbon over 

long (several bond) distances. Unfortunately, one purpose of MAS is to minimize 

protons’ dephasing ability. In a “gate re-coupling” (GARE) experiment, a series of 

pulses is used to interfere with the effects of MAS and thus allow the dephasing time 

of aromatic carbons to be measured. 

 
A.3 Spectral Analysis and Data Interpretation for Biochar Characterization 

Data from NMR comes in the form of spectra acquired under different magnetic 

fields and RF pulse sequences, the raw wave data having been transformed using 

Fourier transform. Some qualitative data can be interpreted directly from the spectra, 

specifically the relative presence or lack of functional groups at their characteristic 

locations. The most useful and quantitative information, however, comes from the 

integration and comparison of specific spectral peaks. Data acquisition, spectrum 

viewing and integration are all done at ISU on the XWIN-NMR 3.5 software; plots for 
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presentation are made through XWIN-PLOT 3.5 software and formatted using 

Adobe Illustrator. 

 
A.3.1 Spectral Interpretation and Integration 

The location of characteristic functional group peaks on 13C spectra are generally 

the same for 1H-13C cross polarization (CP) and 13C direct polarization (DP); the key 

difference in char spectra is that the aromatic C peak (~130 ppm) dominates—

relative to the alkyl (~0-90 ppm) and carbonyl (~210-145 ppm) groups—in the DP 

spectrum more than in the CP spectrum. CP spectra are specifically used for 

showing alkyl and carbonyl groups. Peak integration to gain quantitative information 

is done using the DP and DP/GADE spectra. Since NMR signals are additive, these 

two spectra need to have been acquired with the same number of scans, or each 

integration multiplied by a ratio to account for the signal intensity difference. Below is 

a sample DP (thin line: all C) and DP/GADE (thick line: non-protonated C only) 

composite spectrum for corn stover fast pyrolysis char, which shows the basic 

functional group regions and the lower frequency aromatic C spinning sideband 

(ssb). 

 
Figure 41. 13C direct polarization (DP)(thin line) and DP with gated decoupling (DP/GADE) 
(thick line) spectra of corn stover fast pyrolysis char at a magic angle spinning (MAS) 
frequency of 14 kHz.5 
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To compute the relative amount of each carbon moiety present, one must first set 

the integral for the total carbon signal. The aromatic carbon peak has two spinning 

sidebands, one visible just to the right of 0 ppm, the other between ~290-250 ppm.  

These sidebands are significant enough that they need to be included in both the 

total carbon signal and the total aromatic carbon signal. In a char DP spectrum, the 

total carbon signal, therefore, is set as the sum of areas 287.7-250.0 ppm and 

210.7-(-50.2) ppm, normalized to the value of 1.000. Next, individual moiety peaks 

are integrated based on the ppm locations listed in Table 27 below. The aromatic 

carbon integration requires three steps. First, the total aromatic carbon, Caro-total, is 

determined by integrating over the main DP spectrum peak (145.5-90.3 ppm) plus 

both spinning sidebands (287.7-250.0 ppm and 6.2-(-50.2) ppm). Next, non-

protonated aromatic carbon, Cnon-pro, is determined by integrating over the same 

three ranges in the DP/GADE spectrum. The protonated aromatic carbon, C-H, is 

determined by the difference of these sums: 

 

C-H = Caro-total – Cnon-pro 

 

Since the signals of ethers and alcohols within the aromatic and alkyl ranges 

overlap, a 50/50 split is assumed and is expressed in the molecular “formulas” for 

those moieties. The same is the case with the alkanes (CH2) and alkenes (CH).6  

 
Table 27. Quantitative NMR spectral analysis of corn stover fast pyrolysis char from 
DP/MAS and DP/MAS/GADE spectra.5  All values are % of total 13C signal.  CO0.75H0.5 
moieties assume a 1:1 ratio of alcohols and ethers.  CH1.5 moieties assume a 1:1 ratio of 
alkanes and alkenes. Cnon-pro, non-protonated aromatic carbon. 
Char ID  
Moieties: 
ppm: 

Carbonyls Aromatics Alkyls 
C=O 

210-183 
COO 

183-165 
CO0.75H0.5 
165-145 

Cnon-pro   C-H 
145 - 90 

HCO0.75H0.5 
90-50 

CH1.5 
50-25 

CH3 
25-6 

1 3.3 5.7 11.5 43.0 26.1 2.5 3.8 4.1 
 

A.3.2 Calculating Aromaticity and Edge Carbons 

Several peak comparisons are used in the analysis of char to determine its 

aromaticity, to estimate the number of carbons in the aromatic clusters (i.e. the 
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degree of carbonization), and to provide information about the types of hydrogen in 

the sample. Table 28 below shows an example of the values that would be 

calculated to do this.6   
 
Table 28. Aromaticities, fractions of aromatic edge carbons, and minimum number of 
carbons per aromatic cluster in corn stover fast pyrolysis char.5 
Char 

ID 
Aromaticity 

(%) χCH χC-O χedge,min χalkyl χC=O χedge,max nCmin Harom/Halk 

1 81 0.32 0.14 0.47 0.13 0.11 0.71 12 1.2 
 

The aromaticity of the char is defined as the sum of relative signal intensities of 

the moieties under the aromatic umbrella, namely the CO0.75H0.5, Cnon-pro, and C-H 

(Table 27). The fractions, χ, are defined as the ratio of a given moiety, fx, to total 

aromatic carbon, far. For example, χCH is the ratio of aromatic protonated carbons, 

faCH, to total aromatic carbon, far. The fraction of aromatic carbons that are edge 

carbons is assumed to be at least the sum of the aromatic C-H and C-O moieties: 

 

χedge, min = χCH + χC-O 

 

The maximum fraction of edge carbons is assumed to include the alkyl and 

carbonyl moieties: 

 

χedge, max = χedge,min + χalkyl + χC=O 

 

The minimum number of carbons in the aromatic cluster is determined by the 

number of carbons needed to satisfy the edge carbon fraction requirements. The 

lower the edge fraction, the larger the cluster needs to be, and vice versa. nCmin was 

calculated using a relationship described in a Solum, et al paper7:  

 

nC ≥ 6/ χedge, max
2 

 

The ratio of aromatic protons to alkyl protons is calculated by adding up the 
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number of hydrogen moles present in the aromatic moieties * the amount of those 

moieties and dividing by the number of hydrogen moles present in the alkyl moieties 

* the amount of those moieties: 

 

Harom/Halk = (1*aromatic C-H) / (3*CH3 + 1.5*CH1.5 +1.5*HCO0.75H0.5) 
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