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Abstract: Biochar has important biogeochemical functions in soil—first as a means to sequester
carbon, and second as a soil conditioner to potentially enhance soil quality and fertility. Volatile
matter (VM) content is a property of biochar that describes its degree of thermal alteration, which
can have a direct influence on carbon and nitrogen dynamics in soil. In this study, we characterized
the VM in biochars derived from two locally sourced feedstocks (corncob and kiawe wood) and
evaluated the relationship of VM content to nitrogen transformations and culturable fungal biomass.
Using 13C nuclear magnetic resonance (NMR) spectroscopy, we found that the VM content of biochar
primarily consisted of alkyl (5.1–10.1%), oxygen-substituted alkyl (2.2–6.7%), and phenolic carbon
(9.4–11.6%). In a series of laboratory incubations, we demonstrated that corncob biochars with high
VM (23%) content provide a source of bioavailable carbon that appeared to support enhanced viable,
culturable fungi (up to 8 fold increase) and cause nitrogen immobilization in the short-term. Corncob
biochar with bioavailable VM was nitrogen-limited, and the addition of nitrogen fertilizer resulted
in a four-fold increase in total hydrolytic enzyme activity and the abundance of culturable fungal
colonies. In contrast, kiawe biochar with an equivalent VM content differed substantially in its
composition and effect on these same biological parameters. Therefore, the rapid measurement of
VM content is too coarse to differentiate chemical composition and to predict the behavior of biochars
across feedstocks and production methods.
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1. Introduction

Biochar is widely considered to be a source of stable carbon (C) that can be applied as a
soil amendment, although a broad range of turnover times have been reported, depending
upon biochar properties and emergent behavior of the soil to which it is applied [1–8]. As a
stable compound, biochar has the potential to sequester carbon in soil, but newly produced
biochar can initially undergo decomposition upon its addition to soil [9,10] resulting in the
immobilization of nutrients and the decline of plant growth [11–13]. The bioavailability of
biochar C is not only a function of feedstock and pyrolysis conditions to the extent that they
control chemical structure and composition [9,14–19], but also energy return-on-investment
to the microbial community [20], which depends upon soil nutrient availability, structure,
and redox conditions.

The defining characteristic of biochar is the presence of condensed polyaromatic struc-
tures [21,22] with chemical composition, structure, and functionality largely influenced
by pyrolysis conditions. As biomass is continually heated from 200 to 800 ◦C, the carbon
concentration in the biochar fraction can increase from less than 50% wt. to almost 90%
wt. [23]. As pyrolysis temperatures increase beyond 450 ◦C, aliphatic C is lost or converted
to aromatic C [24] and as temperatures approach 600 ◦C, the oxygen-containing func-
tional groups and cross-linking of polyaromatic stacks volatilize [25]. By 650 ◦C, stronger
carbonization results in the loss of hydroxyl, carbonyl, and aliphatic structures [23,26].
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Keiluweit et al. [15] presented a conceptual model describing the effects of increasing
temperature on biochar structure and related structural changes to biochar stability and
persistence in the environment.

Volatile matter (VM) content is an easily measured property of biochar [27] that is
associated with biochar elemental composition [28], and inversely related to peak tempera-
ture [15,23,29]. Volatile matter content, therefore, characterizes biochar’s degree of thermal
alteration, which in turn, is related to its chemical composition [30]. Meszaros et al. [29]
found that high VM biochars evolved aliphatic and aromatic fragments and carbohy-
drate decomposition products. Keiluweit et al. [15] observed a substantial loss of VM
between 400 ◦C and 600 ◦C, which consisted of labile components. Further work demon-
strated a strong relationship between biochar VM content and C mineralization [4,29].
Deenik et al. [13] found that high VM biochar contained a range of phenolic and other
aromatic compounds soluble in acetone that were not present in more fully carbonized
biochars with low VM content. The VM-rich biochar negatively affected plant growth
through enhanced C mineralization leading to nitrogen (N) immobilization. On the other
hand, Rajkovich et al. [31] found that biochar VM content, ranging from 23% to 61% in
eight feedstocks, did not correlate with maize growth and N uptake, concluding that
VM did not represent a microbial mineralizable fraction. In a review of the literature,
Ameloot et al. [32] concluded that pyrolysis severity and feedstock had inconsistent effect
on N immobilization.

The purpose of the present study was to further investigate the effects of biochar
with varying VM content and C structural chemistry on microbial activity and nitrogen
availability. We hypothesized that both feedstock and thermal alteration would affect the
structural and chemical properties of the VM and that biochar VM content can be used as an
indicator of bioavailable C. Furthermore, we posited that high VM content biochars would
enhance microbial hydrolytic activity and viable, culturable fungi leading to short-term N
immobilization. Our work adds to an improved understanding of the important effects of
biochar VM effects on microbially driven soil N transformations.

2. Materials and Methods

We characterized biochars from corncob (Zea mays), collected from a commercial seed
corn operation, and kiawe wood (Prosopis pallida), a leguminous tree found throughout
the dry tropics. We obtained three corncob biochar batches produced using the flash
carbonization process [33] distinct in their thermal alteration with a wide range of VM
contents (34%, 23%, and 7%). The kiawe biochar, produced using traditional kiln methods
by a commercial charcoal company, contained 23% VM content. Volatile matter and ash
contents were determined according to the procedures outlined in ASTM D1762-84 [34].
Biochar fixed C (fC) content was derived by subtraction (fC = 100% − %VM − %ash) [28].
In addition to the corncob and kiawe biochars, we also obtained activated charcoal (CAS #
7440-440) from Fisher Scientific. Finally, we obtained samples of the raw feedstock materials
for the corncob husks and kiawe wood prior to carbonization. All materials were ground
and passed through a 2 mm sieve.

13C NMR spectra of the 23% and 7% VM corncob and 23% VM kiawe biochars and
their corresponding water extracts was obtained using a 200 MHz Bruker spectrometer
(13C frequency 50 MHz) equipped with a 4mm magic angle spinning (MAS) probe. All
analyses were conducted at a rotor spinning rate of 7 kHz.

Cobs(%) = 100 × signal intensity per unit carbon for sample
signal intensity per unit carbon for glycine

(1)

Cross polarization (CPMAS) was acquired by applying a 90 degree 1H excitation
pulse, 1 ms contact pulse, two-pulse phase-modulated (TPPM) 1H decoupling, and a 3 s
recycle delay. Direct polarization (DPMAS) was acquired with a 20 degree 13C excitation
pulse and 5 s recycle delay. The DPMAS spectra with 1H-13C dipolar-dephasing were
acquired with a 50 µs dephasing delay for quantifying non-protonated carbons. Signal



Sustainability 2021, 13, 2018 3 of 15

relaxation during the dephasing delay was corrected using the approach of Smernik and
Oades [35]. Background signals in DPMAS arising from carbon-containing probe and rotor
components from each of the biochar spectra were subtracted prior to phase correction
and integration. The percentage of observable biochar carbon (Cobs) was estimated for all
nuclear magnetic resonance NMR spectra using Equation (1) [36].

2.1. Biochar Structural Dimensions

A 13C-1H dipolar dephasing technique based upon the DPMAS sequence (described
above) was used to quantitatively measure the protonated versus the bridgehead aromatic
carbons within the biochar backbone structure. The application of algorithms derived by
Solum et al. [36,37] enabled an estimate of the average number of aromatic carbon atoms
fused in a cluster, average number of oxygen atoms per cluster, and the average number
and length of the alkyl side chains per cluster of aromatic carbons.

2.2. Incubations

We performed three independent incubation experiments with biochar-amended
agricultural soil. The aim of the first incubation was to determine the interactive effect of
biochar, VM content, and feedstock on fluorescein diacetate hydrolysis (FDA)—derived
hydrolytic enzyme activity over a period of 60 days. The aim of the second incubation was
to determine the effect of VM content on FDA hydrolytic enzyme activity and N and C
dynamics in N-rich and N-limited systems over a period of 30 days. The third incubation
was intended to determine the extent to which changes in soil fungal abundance and
FDA hydrolytic enzyme activity could be attributed to the acetone- and water-extractable
constituents of the biochar.

For laboratory incubations 1 and 2, the 23% VM corncob biochar was extracted with
acetone by shaking 1 g of biochar with 10 mL of 90% acetone for 30 min, followed by
filtration through 0.45 micron cellulose filter (Millipore, Billerica, MA) under vacuum. The
filtrate was diluted five-fold with deionized water, placed under a nitrogen gas flow for 2 h
to volatilize the acetone, and stored in a freezer. The remaining extracted biochar material
was washed with 100 mL of deionized H2O in 10 mL increments to remove any remaining
acetone, dried at 105 ◦C for 24 h, and stored for use in subsequent incubation experiments.

Incubation 1—Effects of biochar VM and feedstock on microbial abundance and
activity: The 23% and 7% VM content corncob biochars, acetone-extracted 23% VM corncob
biochar, 23% VM kiawe biochar, activated charcoal, and the raw corncob and kiawe
materials were thoroughly mixed with an Ultisol (Leilehua series, Very fine, Ferruginous,
Isothermic, Ustic, Kanhaplohumult) collected from 30–80 cm depth (see Table 1 for soil
properties). All amendments were added at a 2.0% total carbon basis (weight/weight)
by weighing 0.720 g of 23% VM corncob biochar (including acetone-extracted biochar),
0.608 g of 7% VM corncob, 0.784 g of kiawe biochar, 1.120 g of raw corncob, and 1.188 g
raw kiawe into 25 g (oven dry equivalent) of soil. The mixtures and an unamended control
soil were placed in 250-mL plastic containers and sealed with paraffin, which received six
punctures to facilitate air circulation. All treatments were prepared in triplicate. Over the
course of the experiment, the moisture was maintained at 50% gravimetric water content
in laboratory maintained at approximately 25 ◦C. Incubations were sampled destructively
at weeks 0, 1, 2, 4, 6, and 8.

Incubation 2—Effects of biochar VM on N dynamics: The aim of the second incubation
was to determine the effect of VM content on microbial activity and N and C dynamics
in N-rich and N-limited systems. The Leilehua soil was passed through a 2 mm sieve
and amended with Ca(OH)2 (3 g kg−1) and Ca(H2PO4)2·H20 (320 mg P kg−1) to eliminate
negative effects of acidity and phosphorus deficiency. Incubations were conducted in
triplicate for soil mixtures containing corncob biochars with either 34% or 7% VM content
added to achieve a rate of 2.5% (weight/weight), with the unamended soil as the control.
All treatments were carried out with and without N amendment applied as NH4NO3 at
a rate of 50 mg N kg−1. Incubation units were prepared and maintained as described in
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Incubation Study 1. Incubations were sampled destructively at days 0, 1, 3, 7, 10, 14, 21,
and 28.

Table 1. Selected physical and chemical properties of the Leilehua soil and the biochars used as soil amendments in the
incubation experiments.

Ash VMa TCb TNc pH Pd K Ca Mg Na Al

—————g kg−1————– mg kg−1 ————-cmolc kg−1————

Unamended
Leilehua soil 42.8 1.2 4.7 2.22 0.09 0.72 0.52 0.29 1.61

Incubation 1: soil amendments
Biomass

Raw corncob 417
Raw kiawe 421

Biochar
23% VM corncob 31 230 694 7.3

23% VM corncob e ndf nd nd nd
7.6% VM corncob 76 76 823 7.5

23% VM kiawe nd 230 784 6.2
Incubation 2: soil amendments

Biochar
34% VM corncob 38 340 624
7.6% VM corncob 76 76 823 7.5

Incubation 3: soil amendments
Biochar

23% VM corncob 31 230 694 7.3
23% VM corncob e nd nd nd nd 23% VM corncob e nd nd nd nd
23% VM corncob

extract g nd nd nd nd 23% VM corncob
extract g nd nd nd nd

VMa —volatile matter, TCb —total carbon, TNc— total nitrogen, Pd —extractable phosphorus (modified Truog), e acetone-extracted
biochar = residual biochar remaining after extraction with acetone, ndf —not determined, g solution containing acetone extractable
biochar constituents.

Incubation 3—Effects of extractable biochar constituents on fungal growth: The effect
of 23% VM corncob biochar on the number of retrievable fungal colonies was investigated to
determine the bioavailability of the VM fraction. Treatments included the 23% VM corncob
biochar, its acetone-extracted biochar (i.e., residual biochar remaining after extraction),
and the acetone extract (i.e., the biochar constituents removed by the acetone solvent).
One gram of the 23% VM corncob biochar, its acetone-extracted counterpart, and all of
the extracted solution were transferred to 250 mL flasks, in triplicate. A 1 mL aliquot of
the inoculant solution was prepared by collecting fungal colonies isolated from cultured
23% VM corncob biochar after an incubation with soil microbes. For culture preparation,
subsamples of 1 g (<60 mesh) were taken from each biochar type and placed in 25 mL
plastic containers, in triplicate. Each sample received 0.1 mL of microbial inoculant and
1 mL of a modified Hoagland’s solution. The inoculant solution was prepared by using
10 mL of deionized water to 1 g of soil. Both solutions were shaken vigorously by hand,
and then set in a water bath for 24 h at 35 ◦C. The suspensions were shaken and allowed to
settle. A final solution was obtained by combining 30 mL of each microbial solution with a
modified Hoagland stock solution containing 2.5 mL of 1 M KNO3, 2.5 mL of 1 M Ca(NO3)2
* 4 H2O, 1 mL of 1 M MgSO4 * 7 H2O, 1 mL of 1 M NH4NO3, and 1 mL of 1 M KH2PO4.

2.3. Microbial Assays

Fungal colonies were suspended in 100 mL of sterilized water containing added
mineral nutrients. After the addition of the inoculant solution an additional 100 mL of
sterilized water was added. Approximately 90 mL of sterilized water was added to bring
the final volume of the biochar extract to 100 mL. The rates of mineral additions were
made to achieve a final concentration of 0.25 g K2HPO4 L−1, 0.1 MgSO4 × 7H2O L−1, 0.025
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NaCl L−1, and 1.44 g KNO3 L−1 for each sampling unit. Flasks were stoppered with foam
and sealed with aluminum foil. Following sample preparation, the samples were incubated
at 28 ◦C for two weeks. Samples were mixed by hand daily and placed on a horizontal
shaker for 10 min on alternate days. After two weeks, we transferred 1 g of biochar into a
dilution bottle containing 99 mL of sterile water and mixed vigorously for 1 min. A series
of 10-fold dilutions were obtained by aseptically transferring 1 mL of the suspension into
9 mL of sterile water in 30 mL test tubes. Approximately 30 mL of the media solution,
specific to fungi, was added to the petri dishes. Fungal colony counts were determined
after incubating for 72 h at 28 ◦C with the aid of a colony counter.

We used the fluorescein diacetate hydrolysis (FDA) method as described by Green et al. [38],
which is a general estimate of viable cell hydrolytic enzyme activity associated with
biochemical reactions required for the mineralization of nutrients [39], and it is regularly
used to measure total microbial activity in soils [40,41]. Water extractable organic C
was determined in a < 0.45 µm soluble organic matter soil filtrate using a total organic
carbon Analyzer Model 5000A (Shimadzu, Kyoto, Japan) according to procedures outlined
in Ghani et al. [42]. For inorganic N analysis, soils were extracted with 2M KCl and
filtered with Whatman 42 filtration paper. Ammonium-N and nitrate-N were determined
colorimetrically using an EasyChem Discrete Analyzer (Systea Scientific, Oak Brook, IL,
USA), following methods by Mulvaney [43]. The pH of the soil was measured at a 1:1 soil
to deionized water ratio.

2.4. Statistical Analysis

The effects of time, biochar type, nitrogen, and biochar type by time and nitrogen by
time interactions were analyzed using Proc Mixed repeated measures with unstructured
model (SAS 9.1). Both overall effects and effects by time were analyzed. A nonlinear
regression was used to model the release of fluorescein, with and without N, using the
Gompertz–Lay equation [44]. In the third experiment, the data for fungal counts and FDA
activity met the assumptions of normality and homoscedasticity and were analyzed with
analysis of variance (ANOVA). In case of significant effects, multiple mean comparisons
were done using Fisher’s least significant difference (LSD). All analyses were performed
using SAS 9.2 software (raw data used in all analyses are available online in the Supple-
mentary Materials file). Regression analysis was performed on the fluorescein production
and the fungal colony forming units using Sigma Plot 10.0.

3. Results
3.1. Biochar Composition Differed by VM Content and Feedstock

Our 13C CPMAS NMR data indicate that biochar chemical and structural composition
varies depending upon both VM content and feedstock. Figure 1a shows significant
structural differences between the 23% and 7% VM corncob biochar. We performed a
mathematical subtraction of the 7% VM corncob biochar spectrum from the 23% VM
corncob biochar (inset in Figure 1a), showing that the difference largely consists of alkyl
carbon (0–45 ppm), oxygen-substituted alkyl carbon (45–95 ppm), and phenolic compounds
(145–165 ppm). In comparison to the higher VM biochar, the low VM corncob biochar
contained more condensed aromatic carbon (120–135 ppm) and relatively less alkyl C
(0–45 ppm). Similar shifts in structure between high and low temperature maize charcoal
were reported by Wang et al. (2015), which we attribute to VM content. The structure of the
water-extractable matter of the 23% VM corncob biochar was similar to the non-extracted
biochar (Table 2). In contrast, the water-extractable matter from the 7% corncob biochar
was dominated by alkyl, amide, and carboxyl C.

Biochar chemistry also differed by feedstock. Corncob biochar had substantially
higher aromatic and carboxyl C than Kiawe biochar of equivalent VM content (Table 2). A
portion of the VM content is water extractable, as demonstrated by the reduction in alkyl
carbon when the kiawe biochar was extracted with water.
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Figure 1. 13C cross polarization magic angle spinning (CPMAS) NMR spectra of (a) high volatile matter (VM) (23%) and
low VM (7%) corncob biochar and (b) 13C CPMAS NMR spectra of high VM (23%) kiawe charcoal before and after a
water-extraction. Spectra are scaled to equal quantities of carbon so that peak intensities may be compared directly. The
blue spectrum (inset) represents the VM, obtained by mathematical subtraction.

Table 2. Direct polarization 13C NMR peak areas † and chemical assignments for corncob and kiawe charcoal.

Region Alkyl Amine +
Methoxyl O-Alkyl O2- Alkyl +

Alkene Aromatic Phenolic Amide +
Carboxyl

Ketone +
Aldehyde

(ppm) 0–45 45–60 60–95 95–110 110–145 145–165 165–190 190–215
Integral areas (percentage of total spectral area)

23% VM corncob 8.8 0.9 2.2 3.2 65.9 10.6 7.1 1.3
H2O extract 9.6 1.0 2.9 2.9 63.9 15.2 2.7 1.8

7% VM corncob 5.8 1.6 3.2 3.2 72.3 9.4 3.9 0.6
H2O extract 61.4 38.6

23% VM kiawe 10.1 3.5 6.7 7.0 56.7 11.6 3.0 1.5
H2O extract 9.8 2.6 3.7 5.2 51.7 18.9 6.1 1.9

† The standard deviation on all direct polarization magic angle spinning (DPMAS) values are 0.015.

Structural differences can also be inferred from the DPMAS NMR measurements. Using
the method of Solum et al. [36,37], we estimate that the average number of carbon atoms
comprising an aromatic domain in the biochar was approximately 14 for the 23% VM corn-
cob biochar (Figure 2a), approximately 22 for the 7% VM corncob biochar (Figure 2b), and
approximately 8 for the kiawe biochar (Figure 2c). Another structural difference was the alkyl
sidechains that serve as cross-linkages between neighboring aromatic clusters (R). Corncob
biochars had sidechains of two alkyl carbons, while kiawe biochar sidechains were four
carbons in length, on average. The proposed hypothetical chemical structures for each of the
biochars are shown in Figure 2, which synthesize all structural information from NMR data.
The 7% VM corncob biochar structure showed the most extensive pyrolytic loss of alkyl C
suggesting that it experienced greater pyrolysis severity than the higher VM biochars.
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Figure 2. Quantitative 13C NMR (nuclear magnetic resonance) spectra. Proposed structure of average molecular repeating
units for the (a) high VM corncob, (b) low VM corncob biochar, and (c) high VM kiawe biochar.

3.2. Biochar Effects on Microbial N and C Dynamics

The FDA-derived hydrolytic activity was inversely proportional to VM content of
the corncob biochar materials (Figure 3). The addition of raw corncob husk materials
enhanced FDA activity almost 7-fold and the 34% VM corncob biochar resulted in a 2.5-fold
increase in activity. This was followed by 23% VM corncob biochar, which also doubled
the FDA activity. In contrast, 7% VM corncob biochar did not significantly affect the FDA
activity relative to the no-biochar control. The hydrolytic enzyme activity in the soils with
acetone-extracted 23% VM corncob biochar was significantly less than the non-extracted
23% VM corncob biochar during the first month of incubation, but the activity increased to
that of the non-extracted biochar during the second month of incubation. We also observed
a feedstock effect, where contrary to our hypothesis, the 23% VM content in kiawe biochar
did not stimulate FDA-derived hydrolytic enzyme activity despite the kiawe biochar’s
lower aromaticity.

Figure 3. Effects of raw feedstocks, biochar, extracted biochar on fluorescein diacetate hydrolysis
(FDA) enzyme activity in first incubation and Ctrl = no biochar control; HVM cc = 23% volatile matter
corncob (CC) biochar; LVM cc = 7% volatile matter corncob (CC) biochar, HVM kiawe = 23% volatile
matter kiawe biochar; cc-r = raw corncob husks; K-r = raw kiawe wood; Ext HVM cc = extracted 23%
VM corncob (CC) biochar.

In the second incubation, we found four indirect lines of evidence showing the bioavail-
ability of the high VM corncob biochar. First, the enhancement of FDA activity by the
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high VM corncob biochar appeared to be limited by N, rather than C, as evidenced by
the 4-fold increase in FDA activity when N was applied in combination with the 34% VM
corncob (Figure 4a). Secondly, we observed a significant decline in inorganic N (NH4

+,
NO3

-) in soils receiving 34% VM corncob indicating N immobilization, unlike the low VM
biochar where soil inorganic N did not change significantly during the incubation period
in comparison to the control (Figure 4b). This observation was combined with a decline
in water extractable C, despite the enhancement of this C pool with the addition of high
VM biochar (Figure 4c). Thirdly, the stimulation of FDA activity, used as a measure of total
microbial activity, follows a typical microbial growth pattern upon the addition of 34% VM
corncob (Figure 4a) wherein exponential growth gave way to steady state growth after two
weeks. Finally, the acetone-extracted biochar did not enhance FDA activity during the first
month of incubation in major contrast to the non-extracted biochar, which stimulated activ-
ity within the first week (Figure 3). However, by the sixth week of incubation, their effect
on FDA activities was the same, which suggests that acetone extracts can contain highly
labile compounds from the high VM biochar while the insoluble fraction is somewhat more
recalcitrant and not readily available within the first month.

Figure 4. (a) Fluorescein diacetate (FDA) hydrolytic enzyme activity during a second one-month
incubation of Leilehua soils with additions of different corncob biochar, with and without nitrogen
(N) fertilization, fitted Gompertz–Lay equation to FDA hydrolytic enzyme activities (b) fluctuations
in soil nitrate upon the additions of biochar, with and without nitrogen (N), in time and (c) water
extractable organic carbon upon the additions of high volatile matter (HVM) vs. low volatile matter
(LVM)corncob biochar volatile matter. Ctrl = no biochar control; HVM = 34% volatile matter corncob
biochar; and LVM = 7% volatile matter corncob biochar.
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In the third incubation, we measured the number of fungal colonies and FDA ac-
tivity for acetone extract and the acetone-extractable fractions of the 23% VM corncob
biochar. Fungal counts and FDA activity were greatest in the acetone extracts taken from
the 23% VM corncob biochar (Figure 5). This was followed by the non-extracted 23%
VM corncob biochar and the acetone-extracted biochar, whereas the no-biochar control
had a significantly lower abundance of fungal colonies and FDA activity than all the
biochar treatments.

Figure 5. The relationship between fungal counts and FDA (fluorescein diacetate hydrolysis) hy-
drolytic enzyme activity in third incubation. Ctrl = no biochar control; HVM cc = non-extracted 23%
volatile matter corncob biochar; Ext = acetone extracted biochar; Extract = acetone extract.

4. Discussion

Our findings demonstrated notable differences between the chemical structures of
high and low VM corncob biochars with the high VM biochars containing greater amounts
of alkyl, oxygen-containing compounds, and phenolic carbons than low VM biochars.
These results support previous observations reported by Meszaros et al. [29] who showed
that high VM biochars contained carbohydrate, aliphatic, oxygen-containing compounds,
and aromatic (e.g., phenolic) compounds, and Bourke et al. [45] observed a loss of oxygen
functionality of heat-treated flash carbonized low VM corncob biochar as the result of
dehydration, decarbonylation, decarboxylation, and increased condensation and aromatic
growth. Keiluweit et al. [15] also reported a relationship between decreasing VM content,
pyrolysis severity, and changes in the chemical composition of biochar. By referencing
the regression analysis between carbon content and production temperature provided
in Figure 3b of Antal and Gronli [23], we estimate that the 7% VM corncob biochar was
produced around 550◦C; 23% VM corncob at 375◦C; and 23% VM kiawe, 325◦C. In agree-
ment with Brewer et al. [46], our DPMAS NMR analysis indicates a relationship between
temperature and the cluster size of the condensed aromatic ring structures.

The degree of pyrolysis has a significant effect on biochar stability [4,7]. Less car-
bonized biochars with a high VM content contain a relatively higher alkyl C: aromatic C
ratio than more carbonized biochars with low VM. Indeed, previous studies demonstrated
that the highly aromatic biochars with lower alkyl carbon content were less susceptible to
microbial degradation [9,14]. In two studies, Bruun et al. [47,48] found that rapid pyrolysis
can result in incomplete carbonization leaving labile C sources that are subject to C miner-
alization and greater levels of microbial biomass and immobilization of N. Biochar with
high VM content (40%) has also been linked to increases in short-term C mineralization,
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which subsides with time [49]. Our direct polarization NMR data support the hypothesis
that VM content is related to the presence or absence of bioavailable C.

Our results show that biochars for a given feedstock differed in their labile carbon
pools according to their VM content or degree of thermal alteration, in agreement with
previous studies [9,14,18,19,48,50–52]. Our incubations provide evidence showing ele-
vated hydrolytic enzyme activity in a soil amended with high VM corncob biochar, which
appeared to be N-limited rather than C-limited. Wu et al. [53] also reported that microor-
ganisms were N limited when biochar was added to soil, and N amendments increased
soil phospholipid fatty acid concentrations. Other researchers found that additions of
biochar enhanced the abundance of bacterial families involved in N cycling [52–54], and
increased activities of dehydrogenase [51,53,55–57], and other C-cycling enzymes [58,59].
Similar to our findings, Gundale and De Luca [11] also showed that the addition of a
labile N substrate relieved N limitations and enhanced carbon dioxide respiration in soils
amended with biochar produced at 350 ◦C (low temperature) where we expect VM content
to be high.

Without N additions, we observed a depression in inorganic N levels in soils amended with
high VM corncob biochar. Our previous work has shown that high VM content in macadamia
nutshell biochar strongly reduced nitrogen availability in soil [13]. Other researchers have also
observed the immobilization of N in soils receiving low-temperature [11,60–62] and high VM
biochars [12], in addition to increases in nitrous oxide and carbon dioxide emissions [63]
and reductions in plant N concentrations [64]. Nitrogen immobilization can also increase
in soils amended with both crop residues and biochar [65], with biochar inducing the
preferential utilization of litter by microbes [66]. Mukherjee and Zimmerman [67] reported
that high VM charcoal initially released more dissolved organic C, N, and P than their low
VM counterparts, which serves as a potential labile C source to stimulate microbial growth
and the promotion of N immobilization under N limiting conditions. On the other hand,
low VM biochar can enhance N mineralization [68]. Additionally, the effects of VM are
not limited to N transformations. Guerena et al. [69] found that the removal of VM with
an acetone extraction in low-temperature biochar resulted in an increase in plant growth,
which was attributed to phytotoxicity effects of the chemical constituents in the VM rather
than bioavailable C effects on N availability. There are other examples of chemicals in VM
that can have toxic effects on soil microbes [70] and plant growth [71].

We used the enumeration of fungal colonies and FDA activity as indicators of micro-
bial response to bioavailable C in VM, and we found that biological activity decreased
upon a series of acetone extractions aimed to isolate the VM fraction. Previous gas chro-
matography mass spectroscopy (GC-MS) analyses demonstrated that high VM corncob
biochar contained a range of phenolic compounds [72]. High VM biochars are known to
contain recondensed tarry vapors on their surfaces, in addition to partially carbonized
compounds [29,70,73], and the condensed tarry vapors, or pyroligneous acid, have been
demonstrated to strongly enhance the microbial growth [74]. In a recent review of the
literature, there is ample evidence showing chemical constituents in VM stimulate micro-
bial activity [70]. However, as observed in this study and others, the biological effects of
biochar are temporal and appear to not persist [61,70,72,75–77].

Volatile matter content explained pyrolysis severity, chemical diversity, and their
relationship to bioavailable C and N dynamics in biochars made from a single feedstock
(corncob in this case), but not when comparing two different feedstocks of similar VM
contents. The 13C NMR analysis of the kiawe biochar showed less thermal alteration
and higher alkyl C suggesting more potentially bioavailable C. Rittl et al. [78] observed
differences in the aliphatic compounds among biochar feedstocks produced at the same
temperature (380 ◦C) using 13C NMR spectroscopy, and related a higher proportion of
aliphatic compounds to enhanced C mineralization. Therefore, we might expect that
kiawe charcoal would have the highest bioavailability. However, our previous research
demonstrated that the high VM content kiawe biochar did not contain any detectable
acetone-extractable chemical compounds with GC-MS nor did it affect corn growth by
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reducing plant available N, in contrast to the high VM corncob biochar [72]. In agree-
ment with our results, Hamer et al. [9] observed that wood biochar derived at 250 ◦C had
approximately three times less carbon mineralization during a two-month incubation
than corncob biochar produced at the same temperature. On the other hand, Anders
et al. [79] reported that biochar derived from wood-chip feedstocks did not affect soil
microbial biomass, while Dempster et al. [75] found that eucalyptus biochar decreased
microbial biomass and net N mineralization. In another study, the microbial effects of
wood-based biochars were delayed in comparison to biochars derived from crop residue
feedstocks [80]. In support of our observations, Rajkovich et al. [31] reported that VM
content did not correlate with N availability across a range of feedstocks, but that within
a given feedstock, VM better matched N uptake. In a more recent meta-analysis, neither
pyrolysis conditions nor feedstock correlated well with soil N in biochar amended soils [81].
Therefore, while VM content may be indicative of biochar stability and bioavailable C4, the
chemical heterogeneity of the VM component across feedstocks suggest it is less reliable
when predicting the behavior of biochars across feedstock types [7]. The work of Spokas [5]
and Dutta et al. [70] demonstrates that VM is characterized by high chemical heterogeneity,
and that this heterogeneity impacts microbially driven biochemical reactions in the soil.

As other studies show, our results confirm that there is a need for a more complete
characterization of VM as part of a quality assessment of the biochar. Ultimately, an analysis
is needed to identify the properties of the extractable component controlling microbial
activity in relation to N transformations, and an assessment of the toxicity or enzyme
activity of extractable material before applying biochar to soil. However, our findings only
highlight one aspect of the complexities that control the stability of biochar C and other soil
organic carbon, where the new paradigm is the notion that stability is as much a function
of the soil’s physical, chemical, and biological properties (and dynamics therein) as it is
about the biochar’s inherent properties. [8,15].

5. Conclusions

We have shown that VM content is related to changes in chemical structure and com-
position of biochar due to increasing pyrolysis severity for a corncob biochar produced
by flash carbonization. Structurally, the VM content of biochars appears to be comprised
of alkyl carbons, oxygen-substituted alkyl carbons, and phenolics. Despite VM content
being an easily measurable property that denotes major structural and molecular differ-
ences within one feedstock, its interpretation is limited when making comparisons among
different feedstocks. Two biochars may have the same VM content but differ substantially
in chemical composition with differential effects on biological and biochemical properties
of soils. These results reinforce the notion that biochars are complex materials, and that a
rapid measurement such as VM content is too coarse to differentiate chemical structure
and composition across feedstocks and production methods.
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