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Abstract: Biochar, which is a byproduct of gasification, is used in a wide range of fields such as water
filtration, agriculture, and electronics, to name a few. The metals in the biomass were thought to
end up either in the ash or distributed throughout the biochar. In this study, the goal was a more
thorough characterization of biochar resulting from a single-stage downdraft gasifier. One of the
first observations was that some metals actually localize into small (~25 micron diameter) metallic
nodules on the biochar surface. Further analysis included ultimate and proximate analysis, Brunauer–
Emmert–Teller (BET) analysis, and scanning electron microscopy X-ray spectroscopy (SEM-EDS).
Biomass fuel included corn grains, soybeans, and wood pellets, with wood biochar showing the
highest fixed carbon content, at 91%, and the highest surface area, at 92.4 m2/g. The SEM analysis
showed that certain minerals, including potassium, phosphorus, calcium, iron, nickel, silicon, and
copper, formed nodules with over 50% metal mass next to pores in the carbon substrate. Aluminum,
chlorine, magnesium, and silicon (in certain cases) were mostly uniformly distributed on the biochar
carbon substrate. Corn biochar showed a high concentration in the nodules of 9–21% phosphorus
and up to 67% potassium. Soybean biochar showed a similar trend with traces of iron and nickel of
2% and 4.1%, respectively, while wood biochar had a significant amount of potassium, up to 35%,
along with 44% calcium, 3% iron, and up to 4.2% nickel concentrations. A morphology analysis was
also carried out.

Keywords: biochar; biomass gasification; scanning electron microscope (SEM); Brunauer–Emmert–
Teller (BET) analysis; ultimate and proximate analysis

1. Introduction

Today, 85% of the world’s energy is supplied using conventional fossil fuel, which
releases 56.6% of anthropogenic greenhouse gas emissions [1]. The development of renew-
able energy has been the focus of attention for several decades because it promises energy
independence and sustainability. Biomass gasification, in addition to other renewable
energy technologies, is one of the possible routes through which carbon-neutral energy can
be produced. Gasification is a process that converts organic carbonaceous materials at high
temperatures into fuel gas, heat, and biochar.

Biochar, according to the International Biochar Initiative, is defined as “a solid ma-
terial obtained from thermochemical conversion of biomass in an oxygen-limited envi-
ronment” [2]. There are several processes for producing biochar: slow pyrolysis, fast
pyrolysis, and gasification [3]. Gasification is a state-of-the-art method through which
energy is produced from biomass [4]. The advantage of this process over others is that it
produces syngas composed of H2, CO, CO2, and CH4, which can be used for energy and
fuel. The highest biochar conversion rates so far are 35% using slow pyrolysis, 12% using
fast pyrolysis, and about 10% through gasification. The lower percentage is due to the
presence of a higher presence of oxygen and air [4–7].
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Biochar, a by-product of gasification, can be used in a wide range of contexts, such
as soil health, agricultural productivity, and energy-related initiatives related to environ-
mental conservation. In agriculture, for example, it can be used as a soil amendment,
applied in water treatment [4], and used as supplementary material in composting and
fermentation [8–13]. In recent years, there has been a significant decrease in crop yields
due to the reduction of arable farmlands and due to the changing climate [14–16]. This
has also affected organic production systems, where crop yields are about 5–34% lower
than in conventional farming [17–19]. The use of biochar for soil remediation, especially
in degraded regions, has been strongly encouraged [19–21], and biochar has been seen
as one of the main solutions to reducing the organic yield gap [19,22], while promoting a
better ecosystem and carbon storage [19,23–26]. Biochar can also be used as a filter [27–31]
for tar reduction in pyrolysis and gasification processes. Other applications of biochar
also include using it in animal farming (as a feed additive, slurry treatment) [32,33], in the
building sector (in insulation, air decontamination, humidity regulation), in electronics (in
semiconductors and batteries) [34] and in metallurgy (in metal reduction) [32].

Biochar has physical properties that include its specific surface area, pore size, pore
volume, and average pore diameter [35]. The surface area is measured in m2/g, and several
studies have considered it one of the most important parameters for most applications [36].
Some gasification studies have shown that the surface area of biochar, depending on the
parameters and fuel blend, may reach 88 m2/g to 342 m2/g [37–42], while most activated
char, which requires an extra process, falls between 300 and 1700 m2/g [41,42]. The porosity
depends on a wide range of factors such as gasifier design and biomass properties. A
study using a lab scale fluidized bad gasifier found an increase in surface area from 1 to
10 m2/g with an increase in equivalence ratio from 0.2 to 0.28 [43]. Depending on the type
of biomass used, the carbon content of biochar is in the range of 50–90%, with water content
of about 1–15%, volatile substances up to 40%, and mineral substances up to 5% [4].

There are also several mineral contents present in the biomass. During thermal degra-
dation, potassium and chlorine ions have been found to be highly mobile and vaporize
at relatively low temperatures. Calcium is mainly located in cell walls as silica or as opal
phytoliths. Both calcium and silicon are released during degradation at much higher
temperatures than potassium and chlorine. Magnesium is ionically and covalently bonded
with organic molecules and only vaporizes at high temperatures. Phosphorus and sulfur
are associated with complex organic compounds within the cell and are relatively stable at
low degradation temperatures. Other elements, such as iron and manganese (Mn), exist in
some organic and inorganic forms in the biomass and are largely retained during biochar
formation [44]. However, little work has been carried out to understand the stability and
formation of heavy metals in biochar [44]. Biochar, especially that from chicken manure and
activated carbon, is known to absorb heavy metals. There are also not many publications
on the distribution of minerals within different types of biochar [44]. In some biochar, K
and Ca minerals are present in both element and compound forms. Minerals in biochar
may include sylvite (KCl), quartz (SiO2), amorphous silica, calcite (CaCO3), hydroxyap-
atite (Ca10(PO4)6(OH)2), and other minor phases such as calcium phosphates, anhydrite
(CaSO4), and various nitrates, oxides, and hydroxides of calcium (Ca), magnesium (Mg),
aluminum (Al), titanium (Ti), manganese (Mn), zinc (Zn), or iron (Fe) [44]. The presence
of such minerals in biochar is interesting. The United States recently passed an executive
order to reduce the reliance on foreign countries that import minerals. The call to action
is to advance transformational research and development of minerals. Examples of such
minerals include manganese (Mn), potas (K2O), graphite, and magnesium metal, to name
a few [45,46]. A theoretical possibility would be to explore the presence of such minerals in
biochar and possible uses for them.

This study looked into the characterization of biochar from a pilot single-stage down-
draft gasifier. Several tests, such as Brunauer–Emmett–Teller (BET) surface area, ultimate
and proximate analysis, and scanning electron and X-ray analysis, were carried out on
biochar resulting from uniform fuels such as corn grains, soybeans, and wood pellets as
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the main feedstock. The goal of the study was to further investigate and characterize the
physical and chemical properties resulting from the gasification of biomass in a single-stage
gasification system. It also explores the morphology and chemical composition of the
resulting biochar. There are not many studies that look into the SEM analysis of biochar
from gasification [47], and the authors are not aware of any SEM-EDX that specifically look
at resulting biochar from corn grain and soybean resulting biochar. We believe that metal
nodule formation in pyrolyzed or gasified biomass examined in this work is completely
new and has never before been reported in the literature. We believe that this discovery will
open many new avenues of investigation into both the formation process and applications
involving metal aggregation and harvesting.

2. Materials and Methods
2.1. Materials: Biomass

The primary input materials used for the one-stage gasifier were corn grains, soybeans,
and wood pellets, as shown in Figure 1. Corn grains and soybeans were used due to their
high availability in Iowa, while wood pellets were used because of their uniformity. The
corn and soybean grains were considered waste as they were 1–2 years old, with a blend of
coated and non-coated seeds, and were considered unusable. About 10% of the seed corn
goes unplanted by farmers and is usually disposed using a landfill or incineration. The
wood pellets were locally available and were made up of beetle kill wood that had to be
chopped down for other purposes. The ultimate and proximate analyses are presented in
Table 1 was done through an external lab called Keystone Materials Testing (Kmtlabs) in
Newton Iowa. The procedure has been documented in Section 2.2.2. Among the three fuels,
wood pellets had the highest heating value, followed by soybeans and corn. Corn grains
had the highest amount of fixed carbon, at 17.15%. All three fuels had a small percentage
of sulfur present.
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A single-stage downdraft gasifier was used for this experiment, as shown in Figure 
2. It is a 410–586 kWh (1.4–2 MM Btu) system and measures 114.3 cm (45.5 in) diameter 
and is 257.81 cm (101.5 in) tall. Within it are an internal fire tube and a rotating table that 
allows biochar to be collected from the bottom of the systems [48]. The experimental pa-
rameters are presented in Table 2. The average input rate of the fuel was 22.7 kg/h (50 
lbs/h). A summary of the experimental configuration is provided in Table 2. For this ex-
periment, the gasifier was operated with the intention of producing biochar. Biochar is a 
sellable product. The biomass feed rate was controlled and the temperature was moni-
tored to reduce syngas production and to increase the resulting biochar. The conversion 
rate of biomass to biochar was 20%. Some studies have shown that gasification experi-
ments usually have a 10% conversion rate [4–7]. 

Figure 1. Fuel used for testing—corn, soybeans, wood pellets.

Table 1. Proximate and ultimate analysis of the biomass.

Corn Grain Soybeans Wood Pellets

Volatile Matter 66.63 82.40 74
Fixed Carbon 17.15 13.27 16.6

Ash 1.4 4.34 0.43
Total wt.% 100% 100% 100%

Carbon 40.07 64.77 47.52
Hydrogen 7.1 7.79 6.5
Nitrogen 1.4 7.64 0.05

Sulfur 0.17 0.32 0.1
Oxygen 50.5 15.15 42.00

Total wt.% 100% 100% 100%

HHV 19.77 MJ/kg
(8500 Btu/lb)

13.63 MJ/kg
(10,160 Btu/lb)

32.33 MJ/kg
(13,900 Btu/lb)
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2.2. Methods
2.2.1. Single-Stage Downdraft Gasifier

A single-stage downdraft gasifier was used for this experiment, as shown in Figure 2.
It is a 410–586 kWh (1.4–2 MM Btu) system and measures 114.3 cm (45.5 in) diameter and
is 257.81 cm (101.5 in) tall. Within it are an internal fire tube and a rotating table that allows
biochar to be collected from the bottom of the systems [48]. The experimental parameters
are presented in Table 2. The average input rate of the fuel was 22.7 kg/h (50 lbs/h). A
summary of the experimental configuration is provided in Table 2. For this experiment, the
gasifier was operated with the intention of producing biochar. Biochar is a sellable product.
The biomass feed rate was controlled and the temperature was monitored to reduce syngas
production and to increase the resulting biochar. The conversion rate of biomass to biochar
was 20%. Some studies have shown that gasification experiments usually have a 10%
conversion rate [4–7].
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Figure 2. (a) Pilot scale single-stage downdraft gasifier; (b) Interior schematic of the single stage
downdraft gasifier.

Table 2. Experimental conditions.

Single-Stage Downdraft Parameters

Equivalence ratio 0.25
Mass flow (kg/h) 22.7

Combustion zone temperature (◦C) 800–1000
Air flow (m3/kg of fuel) 4.06

2.2.2. Proximate and Ultimate Analyses

The proximate and ultimate analyses of the biochar were done in a lab called Keystone
Material Testing in Newton, Iowa. The proximate analyses were performed on a TruSpec
Thermogravimetric Analyzer (TGA) manufactured by LECO instruments, manufacturer
located in St. Joseph, MI, USA using the ASTM D7582 standard. The moisture content
of the sample was calculated by heating the sample to 107 ◦C until the moisture was
removed. The sample was heated to 950 ◦C using nitrogen and then to 750 ◦C using
oxygen to measure the volatile matter and ash content, respectively. The sulfur analysis
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was done using a LECO Tru Spec Sulfur analyzer, manufacturer located in St. Joseph,
MI, USA using ASTM D4239. The carbon, hydrogen, and nitrogen were analyzed using a
LECO TruSpec CHN analyzer, manufacturer located in St. Joseph, MI, USA using ASTM
D5291. The samples were heated to 950 ◦C and the resulting gas was filtered. The gas
was carried by helium gas over a hot copper train to remove oxygen, over NaOH to
remove CO2, and over magnesium chlorate to remove H2O. Carbon and hydrogen were
measured using infrared cells, and nitrogen was measured using a thermal conductivity
cell. The calorific value analyses were performed on a Parr 6300 Isoperibol Oxygen Bomb
calorimeter, manufacturer located in Moline, IL, USA, using ASTM D240.

2.2.3. BET Surface Analyses

A BET analysis provides a precise, specific surface evaluation of materials by gas
multilayer adsorption. A Nova 4200 instrument, manufacturer located in Rehovot, Israel
was used to calculate the specific area of the biochar with a nitrogen adsorption method. A
degassing temperature of 150 ◦C and a degassing time of 10 hours were set. The samples
were initially heated using heating pads to remove any contaminants from the surface area
of the biochar to get an accurate measurement. Liquid nitrogen was used as a coolant to
facilitate the absorption process during the analysis.

2.2.4. Scanning Electron Microscope and Electron Dispersive X-ray Analysis

Hitachi S-4800 scanning electron microscopy (SEM) and electron dispersive X-ray
analysis (SEM-EDX), manufacturer in Tokyo, Japan were carried on all three resulting
biochars. Using the SEM, the pore areas and structures were analyzed, and using X-ray
analysis, the mineral content of the biochar was analyzed. The samples were mounted
on a carbon disk and were inserted in a vacuum-sealed microscope for analyses. The
morphology and mineral formation of the char was examined. Some studies have shown
SEM-EDX to be an effective way to study the structural characteristics of biochar [47]. The
resulting images where carefully chosen for this paper. We looked at a wide variety of data
points across all three resulting chars.

3. Results and Discussion

Ultimate and proximate analyses, a BET surface area study, and a SEM surface
area study including X-rays were carried out on the resulting corn, soybean, and wood
pellet biochar [48].

3.1. Ultimate and Proximate Analyses

Table 3 shows the ultimate and proximate analyses of all the resulting biochar samples.
It shows that biochar from corn, soybean, and wood all had a high fixed carbon content.
The highest carbon content observed was in wood, with 91% fixed carbon, followed by
corn and soybeans. Some studies have shown that the amount of fixed carbon increases
with an increase in temperature and that most biochar fixed carbon content is in the range
of 0–77% [49]. High fixed carbon content biochar also leads to higher purity of biochar [50].
The amount of sulfur obtained from the biochar appears to be under 0.15% for all resulting
biochar. Soybean char can be seen to have a lower ash content than that corn grain char,
despite the opposite in the original biomass. This could possibly be due to the age of the
soybeans. The soybean material used were about 1–2 years old and this may have affected
the results.
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Table 3. Proximate and ultimate analysis of biochar.

Corn Grain Soybeans Wood Pellets

Volatile Matter 5.37 32.41 6.00
Fixed Carbon 73.39 49.79 91.53

Ash 21.23 17.85 2.47
Total 100% 100% 100%

Carbon 71.54 65.67 89.43
Hydrogen <0.50 5.97 <0.50
Nitrogen 2.31 4.33 0.71

Sulfur 0.04 0.15 0.04
Oxygen 5.17 15.87 7.49

Total 100% 100% 100%

HHV 24.7 MJ/kg
(10,620 Btu/lb)

26.17 MJ/kg
(11,250 Btu/lb)

32.33 MJ/kg
(13,900 Btu/lb)

3.2. BET Surface Analyses

Table 4 provides a summary of all the surface areas produced and compares them with
other studies. We see that the largest surface area was that of wood biochar, at 92.4 m2/g,
which is similar to the range of 32.36–95.10 m2/g [51,52] produced from pyrolysis. The
surface areas of corn and soybeans were in a similar range and were found to be much
less porous than that of wood biochar. Typical biochar surface areas from gasification
systems have ranged from 0 to 342 m2/g [37,40,41], depending on the fuel blend and
gasification parameters. For applications such as those in agriculture, the ability to provide
microbial habitats, soil aggregating nuclei, and water retention greatly depends on the
surface area [53].

Table 4. Surface area of biochar and comparison to other studies.

Method Used Biochar Surface Area (m2/g)

down draft gasifier
corn biochar 22.8

soybean biochar 22.4
wood biochar 92.4

fluidized bed gasifier wood biochar 19.7 [51]

fast pyrolysis
bamboo 110.0

rose wood 32.36 [52]
pine wood 95.10

3.3. Scanning Electron Microscope and Electron Dispersive X-ray Analysis

As shown in Figure 3, corn biochar from the downdraft gasifier had a wide range
of pore openings, from 20 to 200 microns. The first round of X-ray analysis, presented
below, showed traces of elements other than carbon. Potassium (K) and phosphorus (P)
minerals were found on the surface area of the char in concentrations of 31.7% and 9.6%,
respectively. To understand where these particular minerals were located, different regions
were examined. As shown in Figure 3, these minerals were located next to the pores. The
minerals are spread out throughout the surface. For example, in Figure 3, Potassium is
spread out in the beginning region of the image and also towards the end. The resolution
used in the SEM image was 250×. This shows that the mineral appears in concentrations
on the surface. Figures 4 and 5 follows a similar trend as that of Figure 3. Figure 4 explores
the mineral concentration particularly next to a porous region which is about 150 microns
wide. Traces of minerals are also observed in Figure 4. In Figure 5, the mineral appears in
nodule concentration of approximately 10 microns. The mineral content deposit next to
the pore in Figure 5 has a high concentration of potassium and phosphorus, of 67.4% and
13.4%, respectively. The initial scans of porous areas on the corn surface were captured,
and the minerals next to the pores were analyzed.
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Further corn surface areas were examined, particularly at porous regions, and surfaces
next to them. As shown in the Figure 6 below, high contents of potassium and phosphorus
were found, 41.2% and 16.95%, respectively. Additional traces of minerals such as magne-
sium, aluminum, and silicon were found but at relatively lower concentrations. Figure 6
examines the concentration of minerals within a 30-micron surface in about 60-micron
porous region on the surface on corn biochar. Traces of magnesium, aluminum, and silicon
were found to be under 4%. In Figure 6, even though the peaks of phosphorus appear
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to be higher than that of potassium, quantitatively potassium is higher than phosphorus.
Potassium is spread throughout the surface and has multiple peaks. Each element has a
unique atomic structure which allows a unique set of peaks on its electromagnetic spectrum.
The detected x-rays are segregated into energy channels based on their interaction with
the detector and form spectrum of detected energies. Other regions presented in Figure 7,
which looks at a 10-micron surface, also showed a similar trend, with 21.8% potassium
and 14% phosphorus. It was observed that the major concentrations of phosphorus and
potassium were located next to pore openings. Traces of Magnesium, aluminum and silicon
were also found. The minerals from Figures 3–7 are quantified in Table 5.
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Table 5. Element analysis of corn biochar.

Element wt.% Figure 3 Figure 4 Figure 5 Figure 6 Figure 7

C 46.90 60.06 12.23 12.06 29.40
O 7.05 6.83 17.65 5.12 25.65

Mg 1.16 1.52 3.60 1.24 1.37
P 9.62 7.13 21.74 13.45 12.89
K 31.76 21.67 41.24 67.42 21.82
Ca 3.50 2.76 1.25 0.71 1.70
Al - - 1.02 - 2.99
Si - - 1.27 - 4.18

100.00 100.00 100.00 100.00 100.00
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Testing different regions on the corn biochar showed that the concentration of potas-
sium is higher than that of phosphorus in different regions. Mineral deposits such as
phosphorus and potassium were found closer to the porous region of the char. Figure 7
examines a specific area on the biochar pore that showed traces of aluminum and silicon
but had a high concentration of phosphorus and potassium.

A similar trend was also observed on soybean biochar as shown in Figure 8. The
areas next to the pores that contained a higher amount of minerals were examined. The
micron surface in Figure 8 showed a wide range of minerals present. However, in contrast
to corn biochar, traces of iron were found in soybeans. The concentrations of potassium
and phosphorus were found to be 17.1% and 14.48%, respectively, and the concentration
of iron was found to be 9.32%. A detailed X-ray analysis of the minerals is presented in
Figure 9 and shows where these minerals are located. We see that the phosphorus deposits
on the char closely match those of potassium and oxygen, and the different minerals are
detailly spread throughout the surface of the char. Figure 9 shows a mineral deposit next
to various pores. The minerals are present in nodule form and appear to be aggregately
dispersed on the surface. Some minerals are observed to localize into small (~25 micron
diameter) nodules on the biochar surface. The deposition of this mineral could result
from the precipitation of vapor carried along from the surface, during the gasification
process, which leads to an aggregation of these minerals in the form of nodules as shown
in Figure 9. This formation in nodules appears to have with over 50% mineral mass next
to pores in the carbon substrate. The locations of the minerals, referred to as site A and
site B, correspond to the formation of the various minerals present, which could exist in
the form of a compound. Both sites appear to be 20–25 micron in size which corresponds
to the sizes of mineral formed in Figure 9e–g. Silicon in Figure 9h localized in to small
15 microns diameter nodule. For the SEM analysis, soy biochar was cracked into pieces so
as to examine the inner and outer surfaces of the char. Figures 9 and 10 examine the outer
surface area of the biochar. The minerals in Figures 9 and 10 have are quantified in Table 6.

A similar approach was taken for the wood biochar to analyze mineral content. As
shown in Figures 11–13, small traces and trends between phosphorus, potassium, and
oxygen can be observed. The surface examined Figure 11 is about 20 microns in diameter.
As shown in Figures 11–13, regions next to the pores contain a higher percentage of minerals
such as calcium and potassium. As shown in Figure 14, a wide range of elements, including
nickel, iron, and silicon traces, was found on the outer region of wood biochar. However,
these traces were all under 5%. This dispersion of different minerals can be examined
closely through X-ray analysis. The areas next to the pore show a dense concentration of
minerals such as calcium and potassium. Areas marked as site A show some similarities as
to where the minerals are dispersed.
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Table 6. Element analysis of soybean biochar.

Element Concentration wt.% Figure 9 Figure 10

C 17.92 74.48
O 26.79 5.36

Mg 5.31 0.8
Si 2.82 0.64
P 14.39 1.76
Cl 1.29 0.91
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Table 7 shows the mineral composition of wood biochar next to porous regions
of Figures 11–13. Table 8 provides a comparison to findings from previous research,
highlighted in gray. Most studies found wood biochar to contain Mg, P, K, and Ca. A
few studies also found Mn and Fe. Some of the studies [53–55] were a result of pyrolysis,
while others [56–61] were a result of gasification. Some studies [54,57,62] used an SEM
spectroscopy analysis to measure the elemental analysis on their resulting biochar, which
is similar to the methods used for Figures 14 and 15. There was a significant presence
of calcium and potassium throughout all studies. Other studies have found mineral
concentrations in compound form. Wood biochar from one study through pyrolysis
showed the following concentrations: 23% CaO, 5.67% SiO2, 2.36% Fe2O3, 1.35% K2O,
0.83% MnO2, 0.48% MgO, and 0.2% P2O5 [63]. Other studies have also suggested that the
presence of K, Ca, and P from biochar helps plants retain their nutrients in soil and leads
to increased organic soil matter [55,64]. During thermal decomposition, large amounts
of volatile matter flow from the solid wood in a limited period of time, which leads to
shrinking and splitting on the surface of the char [65]. The morphology of char has an
irregular surface as a result. The thermal decomposition of the chemical bonds in the char
could lead to the formation of larger pores [65]. Some studies have shown that char from
pyrolysis tends to be much finer than those produced from gasification [51].

Table 7. Elemental analysis of wood biochar at specific regions.

Element Figure 11 wt.% Figure 12 wt.% Figure 13 wt.%

C 11.9 14.38 16.43
O 3.30 3.87 5.16

Mg 0.9 1.05 1.27
P 3.44 1.48 1.80
K 35.95 24.50 25.80
Ca 44.52 54.72 49.53

Total 100.00 100.00 100.00

Table 8. Elemental analysis of wood biochar and comparison to other studies.

Element Figure 14
wt.%

Figure 15
wt.%

[54,62]
wt.%

[56]
wt.%

[57,59]
mg kg−1

[58,59]
mg kg−1

[55]
mg kg−1

[60]
mg kg−1

[61]
mg kg−1

[61]
mg kg−1

C 57.26 70.92 85.7 83.9 - - - - -
O 13.22 5.10 11.4 - - - - -

Mg 1.49 0.69 0.12 - 2.1 0.16 944 0.21 0.96 1.20
P 3.20 0.83 0.04 - 1.337 0.8 3463 5 - -
K 4.85 8.73 0.05 2.3 9.36 8.3 5552 349 4.27 6.48
Ca 4.94 1.53 0.19 2.5 20.52 92.3 14,362 187 0.041 0.48
Al 2.54 0.69 0.04 0.3 - - - - 0.19 0.22
Si 3.22 0.76 - 0.2 - - - - - -

Mn 1.63 1.72 - - - - 1273 8.2 - -
Fe 2.04 2.55 0.02 - - 0.08 - 5.5 0.07 0.07
Ni 4.64 - - - 0.025 10 - - - -
Cl 0.98 6.46 - - - - - 12 - -

100.00 100.00
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the surface.

In the SEM analysis of wood as observed in Figure 15, several porous areas are
observed. These pores range from 2 to 60 microns. Through the detailed SEM X-ray
analysis of the wood biochar is in Figure 15, the mineral dispersion throughout the surface
can occur in a pattern. Figure 15c,h,i,k, show a similar pattern among different minerals
also seen; potassium, phosphorus, and oxygen have a similar trend in mineral deposits as
shown in site A, suggesting that these minerals are possibly present in the form of elements
and compounds. Similar to the mineral deposition in soybean char, the deposition of this
mineral could be as a result from precipitation of vapor carried along from the surface,
during the gasification process, which leads to an aggregation of these minerals in the
form of nodules as shown below. The minerals appear to present closer to pores as carbon
substrate. Minerals such as nickel and iron appear to be more widely spread out, while
minerals such as potassium, phosphorus, and silicon appear to be present in dense regions.

Throughout all three biochar SEM results, we see a significant re-occurrence of potas-
sium and phosphorus in the form of nodules. These minerals have been known to also be
present in soil fertilizers. It would be worth further exploring how these mineral nodule
formations react in the soil, especially from an agricultural perspective. The presence and
formation of these nodules also raises the possibility of mining and extracting minerals
such as iron, magnesium, silicon, and nickel from biochar for different purposes, such as
semiconductors, as mentioned earlier. The results from this paper also encourage further
exploration of how minerals would be formed from other types of biochar pellets, such as
those of refuse-derived fuel.

The findings in this paper open further avenues of research involving nodule forma-
tions. One direction of further investigation would be to study the effects of tuning the
operating conditions of the gasifier to try to increase the size of the mineral nodules formed.
A bigger nodule would make it easier to extract the minerals. Another direction is to study
the effects of adding specific metals or chemicals to the process to modify the precipitation
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process that occurs during gasification. It might be possible to modify the precipitation
process in this way to increase the purity of the nodules in regard to a preferred metal.
There are also a range of unsteady processes that could be examined to enhance the nodule
formation process including periodic steam or oxygen injection to modify the temperature
and chemical fields.

4. Conclusions

In this study, it was found that that some metals actually localize into small (~25-micron
diameter) metallic nodules on the biochar surface. Through SEM analysis, it was found
that certain minerals, including potassium, phosphorus, calcium, iron, nickel, silicon, and
copper, formed nodules with over 50% metal mass next to pores in the carbon substrate.
Aluminum, chlorine, magnesium, and silicon (in certain cases) were mostly uniformly
distributed on the biochar carbon substrate. Corn biochar showed a high concentration
in the nodules, with 9–21% phosphorus and up to 67% potassium with no metal content.
Soybean biochar followed a similar trend but had traces of iron and nickel, which formed
metallic nodules. Wood biochar had mixed regions, with some regions showing high
potassium and calcium content with no iron or nickel traces and others showing traces
of iron and nickel nodules with concentrations of up to 3% and 4.1%, respectively. Other
characteristics of wood, such as the carbon content and surface area, were similar to those
in previous studies, while the surface area of soybean and corn grain biochar was much
lower than that of wood. The morphology of the biochar was affected by the biomass
used and the nodule formation. The characterization results give us a glimpse into where
the biochar minerals are located. Such characterization becomes more useful when it
involves a complex biochar from feedstocks such as refuse-derived fuel, which is made up
of different components such as plastics, paper, cardboard, and textiles without a uniform
finite structure.
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