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Abstract: There is increasing demand in environmental remediation and other sectors for specialized
sorbents made from renewable materials rather than hard coals and minerals. The proliferation of
new pyrolysis technologies to produce bio-based energy, fuels, chemicals, and bioproducts from
biomass has left significant gaps in our understanding of how the various carbonaceous materials
produced by these systems respond to processes intended to improve their adsorption properties
and commercial value. This study used conventional steam activation in an industrial rotary calciner
to produce activated carbon (AC) from softwood biochars made by three novel pyrolysis systems.
Steam was injected across four heating zones ranging from 816 °C to 927 °C during paired trials
conducted at calciner retention times of 45 min and 60 min. The surface area of the three biochars
increased from 2.0, 177.3, and 289.1 m? g_1 to 868.4, 1092.9, and 744.8 m? g_l, respectively. AC
iodine number ranged from 951 to 1218 mg g_l, comparing favorably to commercial AC produced
from bituminous coal and coconut shell. The results of this study can be used to operationalize
steam activation as a post-processing treatment for biochar and to expand markets for biochar as a
precursor in the manufacture of specialized industrial sorbents.
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1. Introduction
1.1. Background

Biochar is an anthropogenic pyrogenic carbonaceous material used as a soil amend-
ment. It can be made from biomass using a wide range of methods, from wooden ricks,
earth mound kilns, and small portable flame-cap kilns to large-scale industrial pyrolysis
systems. In all cases, it is the product of the thermal decomposition of biomass in an inert or
low oxygen atmosphere, which removes volatile compounds and leaves a high-carbon char.
Depending on the circumstances, amending soils with biochar can improve soil properties
and plant growth by enhancing nutrient retention, water holding capacity, organic matter
content, bulk density, biological activity, and other soil characteristics and processes [1].
Other benefits of biochar, not directly related to improving soils for plant growth, include
carbon sequestration and waste management as well as benefits from the renewable en-
ergy and fuel products that are coproduced by some pyrolysis systems [2]. Compared to
conventional charcoal manufacturing, which is often focused on making solid fuels for
combustion, many of the advanced pyrolysis systems that produce biochar are designed to
simultaneously meet soil, waste management, climate, and energy objectives [3].

A variety of recent review papers have described biomass feedstocks [4], pyrolysis of
biomass [5,6], and biochar production and end use [7,8]. Given the diversity of feedstocks,
conversion processes and postprocessing techniques for various end uses, biochar exhibits
wide variation in its physical and chemical properties [9]. Table 1 summarizes some of
the main characteristics of biochar according to standards established by the International
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Biochar Initiative (IBI, first publication May 2012 [10]) and the European Biochar Certificate
(EBC, first publication March 2012 [11]). The establishment of such standards was driven
in part to clearly define biochar and to distinguish it from competing products such as
low-carbon fly ash and coal-based carbon adsorbents that may have some, but not all of
biochar’s positive benefits as a soil amendment. Such standards also reduce the possibility
that contaminants will be introduced into the soil from biochar amendment, including
polycyclic aromatic hydrocarbons (PAHSs), polychlorinated biphenyls (PCB), dioxins, and
furans, which can form during pyrolysis. Even under these standards, wide variation is
common among biochars in properties such as carbon content, ash content, molar H:C ratio,
macronutrient concentrations, electrical conductivity, pH, bulk density, particle size, water
content, surface area, water holding capacity, volatile content, and others. The biochars
produced in this study are compared to these standards in Section 3.

Table 1. Thresholds for specific properties set by two widely used biochar standards, the European Biochar Certificate (EBC
2019) Version 8.3E [11] and the International Biochar Initiative (IBI) Biochar Standards Version 2.1 [10].

Criterion

IBI Standard EBC Standard

Feedstock

Carbon content (% dw 1)

Molar H:Corganic ratio
Surface area (m? g_l)

Heavy metals

PAHs 2

PCBs 3
Dioxins and furans

Biomass, not including municipal solid waste, = Organic substances listed in the standard, free of
hazardous materials, or hazardous wastes contaminants listed in the standard
10% minimum in 3 classes:
Class 1: >60%

Class 2: >30% and <60% 250%
Class 3: >10% and <30%
0.7 maximum 0.7 maximum
No minimum No minimum, preferably higher than 150 m? g_1
Specific maximum levels Specific maximum levels set for most metals in
set for most metals two different grades

Basic grade: <12 mg kg_1

_ -1
6-300mg kg Premium grade: <4 mg kg !
0.2-0.5 mg kg ! <0.2mgkg™!

<17 ng kg™t <20 ng kg~!

1 Percent mass on a dry weight basis. 2 Sum of 16 polycyclic aromatic hydrocarbons identified for testing by the United States Environmental
Protection Agency. 3 Polychlorinated biphenyls.

Biochar can be used in a wide range of soil applications that cut across agriculture,
forestry, mining, energy, horticulture, plant nursery, and other sectors. Many of the bene-
fits of biochar application to soils are related to its surface characteristics and adsorbent
properties, which can be enhanced through various physical and chemical treatments.
Biochar processing following pyrolysis can include screening, grinding, granularization
or pelletization, pH balancing, composting, blending with chemical fertilizers and organ-
ics such as manure, inoculation with desirable microbes, and activation by chemical or
physical treatments to increase surface area and promote ion exchange [3]. Even without
additional processing, biochar can serve as an effective adsorbent and has been the subject
of widespread interest and research in applications to reduce runoff, control leaching from
mine sites, and filter drinking water [12]. It has also been proven effective as a low-cost
adsorbent for the removal of heavy metals and organic contaminants in wastewater [13,14].

By definition, biochar is used in soil. However, there is significant interest in devel-
oping biochar-based products for non-soil applications. These include fuel pellets and
briquettes, chemicals, feedstocks for gasification, pigments and dyes, construction ma-
terials, specialized industrial sorbents, carbon additives in tires, activated carbon (AC),
and other carbon products. From an investment and manufacturing standpoint, alter-
native uses of biochar provide opportunities to diversify product lines and expand into
new, complementary markets. They also provide opportunities to substitute renewable
bio-based products for petroleum-, coal-, and mineral-based products that have higher
greenhouse gas emissions and negative climate impacts. For example, AC from biochar
has been shown to have less than half the life cycle greenhouse gas emissions than coal
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derived AC because of lower energy consumption and the biogenic carbon benefit inherent
in sustainable woody biomass feedstocks [15,16].

Though process improvements continue to be made, the basic technologies for indus-
trial scale production of AC have been widely known since the early 20th century. As early
as 1900, metal chlorides and carbon dioxide at high temperature have been used in the
production of commercial AC, with some of the first industrial AC used as a decolorizer
in the sugar industry [17]. Soon after, AC from coconut shell (Cocos nucifera) was used in
military gas masks in World War I [17]. As Hagemann et al. describe [18], activated carbon,
biochar, and charcoal each have distinct but overlapping histories, with somewhat different
scientific communities and bodies of literature that can use slightly different terminologies.
However, by the 1950s, “activation” was generically understood as a process that improves
the adsorptive capacity of a material and more specifically defined as “any process which
selectively removes the hydrogen or hydrogen-rich fractions from a carbonaceous raw
material in such a manner as to produce and open, porous residue” [19].

Activation of a wide range of carbonaceous precursors from many different feedstocks
can be accomplished in a variety of ways at scale to meet the requirements of diverse end
uses. Several recent papers have thoroughly reviewed novel uses of AC, the technologies
available for activation, and recent advances in this field (e.g., [20-23]), some specifically
in relation to biochar [18,24]. A detailed review was beyond the scope of this paper, but
several things are worth mentioning here as a primer. Activated carbon is used in a wide
variety of products in different sectors, with the largest markets being water treatment, air
and emissions treatment, respirators, metallurgical applications such as the beneficiation
of gold ore, and industrial uses to recover solvents and process chemicals. AC is also used
in the medical and pharmaceutical sectors, especially to purify drugs.

Activation techniques fall into two basic categories: physical and chemical. Physical
activation includes treatment with steam, carbon dioxide, nitrogen, argon, or another
inert gas at relatively high temperatures (>800 °C). In most cases, wood or other biomass
feedstocks are carbonized by pyrolysis in an inert or low oxygen environment prior to
physical activation, as described previously. During physical activation with steam, water
vapor reacts with carbon in an oxidation reaction to produce CO and H,. Carbon in the
precursor is consumed, and pores open and deepen as a function of time and the intensity
of oxidation, which increases the porosity and surface area of the material. Chemical
activation can occur at lower temperatures (>500 °C) and involves chemical impregnation
of the feedstock or precursor with H3POy4, ZnCly, KOH, or some other dehydrating chemical
agent. Carbonization and activation can be conducted simultaneously or separately, with
impregnation occurring before or after carbonization.

Currently, most commercial AC is made from coal (i.e., activated coal), wood, coconut
shell, or nutshell. Among the biomass feedstocks, the use of pine softwood (Pinus spp.)
and herbaceous biomass is less common because these are generally perceived as result-
ing in AC with less favorable adsorption properties, material handling (e.g., hardness
and friability), and regenerative capacity compared to coconut shell and hardwood (e.g.,
Betula spp., Carpinus spp.). For example, Tseng et al. [25] reported steam activated pine-
wood AC having a surface area of 426 and 902 m? g~!, compared to steam activated teak
(Tectona grandis) AC with a surface area of 1150 m? g~! [26]. However, pine sawdust has
been successfully activated to surface areas higher than 1800 m? g’l using ZnCl; [27]. Dan-
ish and Ahmad [28] provide a comprehensive review of the utilization of wood biomass as
a sustainable feedstock for activated carbon that shows high variability in AC properties
across different feedstocks and processes. This emphasizes the need for targeted and
integrated research on specific feedstocks, carbonization processes, activation methods,
and end uses.
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1.2. Rationale

Carbonized wood is already widely used in the manufacture of industrial sorbents
and the techniques to produce AC from wood using steam are generally well understood
and have been deployed industrially at scale for over a century. However, a wide range
of new pyrolysis technologies are being developed and deployed for biochar production,
waste management, energy and fuel production, and carbon capture for climate change
mitigation. Some advanced pyrolysis systems are designed to accomplish all of these
objectives simultaneously. The variability in their design, size, performance, and products
makes targeted research critical in the development of useful adsorbents from the carbona-
ceous products of these systems. Furthermore, because their deployment is often related to
waste management of forest and agricultural biomass residues that are not conventionally
used in the manufacture of AC, it is important to understand how AC made from these
feedstocks processed by new pyrolysis technologies are likely to perform as precursors
when subjected to conventional activation methods. In this context, uncertainty in the
characteristics and performance of AC from these systems and their feedstocks can be a
barrier to investment, especially if the intent is to manufacture renewable substitutes for
products that are already widely used.

To directly address this need, this study produced AC from the biochar products of
three different novel industrial pyrolysis systems using softwood mill residue feedstocks.
The objectives were to demonstrate how the biochars produced by these systems respond
to steam activation, quantify the performance properties of resultant AC, and compare the
resultant AC to those of two commercially available products. The goal is to facilitate the
deployment of pyrolysis systems and the manufacture of renewable bio-based products
by reducing the uncertainty associated with steam activation as a technique to enhance
biochar for soil amendment and manufacture commercial AC from biochar. The research
presented here was conducted as a component of a larger integrated evaluation of forest
biomass feedstock production, logistics, conversion, distribution, and end use focused on
novel pyrolysis technologies deployed in the forest sector [29].

2. Materials and Methods
2.1. Feedstock

All three biochars used in this study were produced from wood chips generated
from debarked mill wood residues including whole logs, edge slabs, log ends, and other
materials. Though it was not possible to determine the exact species composition of the
feedstocks because they were collected from active mill operations processing multiple
species at the same time, in all cases, the feedstock was predominantly Pinus ponderosa
or Pinus contorta, with minor components of other coniferous species. Table 2 shows
the chemical composition of two samples of these feedstocks collected at a sawmill in
Colorado, USA. Debarked mill residues were chipped to between 13 mm and 76 mm
(0.5 and 3.0 inches) in the longest dimension prior to pyrolysis, depending on system
requirements. Additional feedstock processing prior to pyrolysis including supplemental
drying are described below for specific pyrolysis systems. Additional information on
the chemical and physical properties of coniferous woody biomass feedstocks can be
found in [28] and in the Bioenergy Feedstock Library maintained by the Idaho National
Laboratory [30].

2.2. Pyrolysis

Biochar precursors were produced using three different systems operated by three
different companies: Biochar Solutions Incorporated (BSI; Carbondale, CO, USA); Tucker
Engineering Associates (TEA; Locust, NC, USA); and Confluence Energy (CON; Kremm-
ling, CO, USA). Table 3 characterizes these systems with regard to throughput, reactor type,
feedstock, temperature, retention time, and the use of supplemental gas during pyrolysis.
Figure 1 shows process diagrams for the three systems including the activation process,
which was conducted in a different location than pyrolysis.
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Table 2. Chemical composition of debarked Pinus ponderosa and Pinus contorta mill residues.

Sample
Variable Mill Residues Mill Residues
Pinus ponderosa Pinus contorta
Volatile carbon (% dw 1) 37.24 38.92
Fixed carbon (% dw) 12.80 12.25
Total carbon (% dw) 50.04 51.17
Fixed C:Total C (%) 25.58 23.94
Oxygen (% dw) 41.03 41.16
Hydrogen (% dw) 5.94 6.17
Nitrogen (% dw) 0.11 0.13
Sulfur (% dw) 0.02 0.03
Ash (% dw) 2.86 1.34

1 Percent mass by dry weight.

Table 3. Basic characteristics of the three pyrolysis systems used in this study.

. Biochar Solutions Inc. Tucker Engineering Associates
Variable (BSI) (TEA) Confluence Energy (CON)
Throughput Continuous Continuous Continuous
Reactor type Two stage pyrolysis, Gasifier, auger system with Gasifier, w1th integrated
two vertical reactors char output pyrolysis tube
Feedstock Pinus ponderosa ! Pinus contorta ? Pinus contorta >
700 to 750 °C o o
Temperature then 400 °C to 550 °C 870 °C 1000 °C
Retention time Stage 1: <1 i 3 min 45 min
Stage 2: 15 min
Supplemental gas None None None
Oxveen Some oxidative Limited air in interparticle space Limited air in interparticle space
e combustion in stage 1 in feedstock in feedstock

! Mixed conifer feedstock, predominantly Pinus ponderosa. > Mixed conifer feedstock, predominantly Pinus contorta.

BSI biochar was produced using a modular pyrolysis reactor processing debarked,
chipped Pinus ponderosa edge slabs, and log ends from a sawmill. Chips were screened to
less than 76 mm in the longest dimension. As described in Kim et al. [31], carbonization
occurred in an exothermic reaction at temperatures between 400 °C and 750 °C. Biochar
is the primary output of this system, with process heat and relatively low energy gas
as coproducts [32]. This system uses a two-stage reactor. In the first stage, feedstock is
heated in a controlled aerobic environment with limited oxygen at a temperature between
700 °C and 750 °C for less than 1 min. An oxidative combustion reaction, typically using
propane as a fuel source, is required to start the BSI reactor, but once the reaction is started,
no additional external heat is required to maintain it. The material then passes into a
separate second reactor, where it is held in a sweep gas environment for approximately
10 to 15 min at a temperature between 400 °C and 550 °C, depending on its position in
the reactor. Supplemental gas was not used in this system. The biochar is removed from
the second reactor by a liquid cooled auger with an air lock, which results in dry biochar
output. The gas produced during the first stage of pyrolysis is pulled through the system
by a blower, acting as the sweep gas for the second stage. Though some limited oxidation
occurs in the first stage, oxidation is very low in the second stage because the sweep gas is
composed primarily of carbon monoxide, nitrogen, methane, and hydrogen generated by
the pyrolysis reaction. BSI biochar was not screened prior to activation.
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Figure 1. Process diagrams for the pyrolysis systems included in this study: (a) Biochar Solutions Incorporated (BSI),
(b) Tucker Engineering Associates (TEA), and (c) Confluence Energy (CON). Primary outputs of these systems are indicated

in bold type. Activation in a rotary calciner was conducted in a different location than pyrolysis using the same calciner for

all three biochars. TEA (b) includes a syngas compression and storage process between pyrolysis and the genset.

In contrast to the BSI system, the primary product of the TEA pyrolysis system is high
quality synthesis gas (i.e., syngas) for energy and chemical applications with biochar as a
coproduct. The auger-based system was designed to produce syngas with a high methane
content from a wide range of feedstocks including coal, municipal solid waste, biomass,
and others. Biochar was also a consideration in the design of the system, with a focus on
engineering continuous output of biochar suitable for activation. In this case, feedstock
was produced from Pinus contorta harvested from forests in Montana and Idaho, USA.
Non-sawlog roundwood was sorted, debarked, chipped, and screened into micro-chips
less than 13 mm in the longest dimension, and then dried to less than 10% moisture content
prior to pyrolysis.

The details of the TEA conversion process can be found in Gu and Bergman [33,34].
Carbonization occurred in an endothermic reaction at a temperature of 870 °C with a
retention time of 3 min, followed by a water quench to cool the biochar, reduce dust
pollution, and improve material handling. In addition to providing process heat, syngas
produced by the TEA system fueled a 1 MW genset (i.e., internal combination engine and
alternator) to produce renewable power for the electric grid. The composition of TEA
syngas from softwood chips has been measured as 48% carbon monoxide, 17% hydrogen,
15% methane, 11% carbon dioxide, and 3.7% ethylene by volume, with very low oxygen
and nitrogen content [33]. Unlike gasifiers that inject oxygen, steam, or air to achieve
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optimal oxidation for syngas production, the TEA system restricts oxidation to the extent
possible with a double air lock and a positive pressure sweep gas environment. Though
the main reactor can accept supplemental process gas such as nitrogen, no additional gas
was used in the production of the biochar used in this study. Some oxidation does occur as
a function of air in the interparticle space of the feedstock, which cannot be fully evacuated.
TEA biochar was not screened prior to activation. No screening was needed due to the
relatively intensive feedstock processing that occurred at the mill, which translated into
suitable feedstock for pyrolysis and a relatively uniform biochar product for activation.

CON biochar was produced at a wood pellet mill. A typical pellet mill has a significant
heat demand for drying the wood used in pellets [35]. Confluence Energy used a gasifica-
tion system to meet 1 MW of process heat demand. Heat is produced by combusting the
syngas generated when sawdust is blown into the gasifier and heated at high temperature
with controlled air flow and low oxidation. A pyrolytic tube was integrated into the CON
gasification system to provide both additional gas to the gasifier and to produce biochar
that was sold in its raw form and also used in manufactured sorbent products such as pet
litter and wattles to control sedimentation and contamination from surface runoff. The
auger-based system allowed for the control of retention time between 45 and 75 min, with
a maximum outside temp on the surface of the tube within the gasifier of 1260 °C. Like
the TEA system, some minimal oxidation does occur as a function of air trapped in the
interparticle space of the feedstock, which cannot be fully evacuated with an airlock alone,
but oxidation is low. For more information about the operation of this system, see [35]. For
this study, pre-dried Pinus contorta wood chips were processed in an endothermic reaction
at 1000 °C with a retention time of 45 min. Biochar was then screened after cooling to
remove particles less than 6 mm prior to activation.

2.3. Activation

All three biochars were activated with super-heated steam in a nitrogen-purged rotary
electric calciner used for pilot-scale process testing and equipment engineering (Figure 2;
Raymond Bartlett-Snow LLC, ARVOS Group, Warrenville, IL, USA). Steam was heated
to 550 °C in an electric circulation purge heater prior to entering a steam lance at the
calciner feed end. The steam was further heated as it traveled through the lance pipe
inside the calciner prior to its injection into the cylinder, which was operated with four
temperature zones, with the first set at 816 °C and the next three set at 927 °C. This
temperature range was determined to be optimal for wood biochar based on ARVOS expert
opinion and previous trials on the same equipment [32]. Steam was injected at a ratio of
1.5 kg for every 1 kg of biochar. Nitrogen was injected at a rate of 2.89 standard (20 °C at
101.325 kPa) m3 s~ 1.

None of the biochars received additional processing or preparation prior to activation—
They were placed in a hopper as received from the manufacturers and introduced into
the cylinder from the hopper through a nitrogen purged feed system. Cylinder rotation
speed and biochar feed rate were adjusted to achieve retention times of 45 and 60 min in
separate trials. The calciner was fully evacuated between trials. Six independent trials were
conducted over three days to activate each of the three biochars at both retention times.
Before activation, bulk density of the biochars from the BSI, TEA, and CON systems were
192,228, and 192 kg m3, respectively.

The material and energy inputs for the calciner were estimated as 33.6 kg biochar per
hour, with natural gas and electricity inputs estimated at 36.96 m® h~! and 27 kW, respec-
tively [15]. During steam activation, carbon in the precursor is consumed. A measurement
of mass loss from burn-off and material loss in the system was calculated based on the
difference between the input biochar and output AC for each run. Mass loss during the
trials averaged 57.3% loss, but additional experiments would be needed to develop an
accurate model of burn-off mass loss as a function of retention time. Previous research has
reported mass and energy balances for the TEA and BSI systems. Bergman and Gu [33]
calculated net energy gain of the TEA system without activation as 2019.8 M] h~! and
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8.6 MJ kg~! feedstock (per oven dry kg) by mass for the system running 263 kg h~! at 12%
feedstock moisture content. Sahoo et al. [36] reported the BSI system consuming 500 kg h-!
of softwood chips at 36% moisture content to produce 75 kg h~! of biochar at 2% moisture
content, with an electricity demand of 20.5 kW and surplus process heat of 6534 MJ h~1.
Similar studies have not yet been conducted for the CON system.

Figure 2. The calciner used in this study shown with one of the authors for scale. Biochar was fed
from the hopper on the right into the inlet of the calciner and then moved down the rotating tube
from right to left, moving through four heating zones. Photo credit: N. Anderson.

2.4. Analysis

Three biochar precursors and their six resultant AC (three at 45 min retention time
and three at 60 min retention time) were characterized by their chemical composition,
adsorption properties (e.g., isotherms, pore size distributions, surface area, and iodine
number) and scanning electron microscopy (SEM). All samples were analyzed using the
same methods by the same independent laboratory staff at the same time for each set
of tests.

Proximate and ultimate analyses were conducted according to American Society for
Testing and Materials (ASTM) standards. Proximate analysis for moisture, volatile matter,
carbon, and ash was conducted using thermogravimetric analysis following ASTM D7582-
12. Ultimate analysis for moisture, ash, sulfur, carbon, hydrogen, nitrogen, and oxygen
were conducted using ASTM E870-82. The determination of total carbon and total nitrogen
for both the feedstocks and biochars were made by dry combustion on a TruSpec CN
analyzer (LECO Corporation, St. Joseph, MI, USA), which uses an infrared detector to
measure carbon and a thermal conductivity cell to determine nitrogen. Samples were dried
and homogenized prior to analysis and feedstocks were ground to pass through a 420 pm
screen. Biochar and AC were ground into a fine powder. Higher oxygen flow during the
burn phase was used for these materials to ensure complete combustion of the material.
Energy content was determined by calorimetry using a Parr bomb calorimeter calibrated
with a standard of benzoic acid.

Elemental analysis including heavy metals was carried out using a Horiba (Edison,
NJ, USA) Ultima II high resolution spectrometer for inductively coupled plasma-optical
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emission spectrometry (ICP-OES). Acquisition was conducted using three replicates in max
mode and a 1 s integration time for each analyte. Samples were analyzed in multiple runs,
depending on the anticipated concentration of a group of analytes: 0-5 ppm, 0-20 ppm,
and 0-100 ppm. Sample solutions >100 ppm were diluted 1 to 10, then re-analyzed after
re-calibration.

Brunauer-Emmet-Teller (BET) surface area was measured by nitrogen gas sorption
analysis at 77 K using a BET-201-APC Sorptometer (Porous Materials Incorporated, Ithaca,
NY, USA). Before analysis, 1.0 g samples were vacuum outgassed to 20 um at 20 °C, with
variable outgassing time. Sorption analysis was also used to calculate total pore volume,
porosity, and several measures of pore diameter. Iodine number is a measure of adsorption
and is defined as the milligrams of iodine adsorbed by 1.0 g (mg g~!) of the adsorbent.
Iodine number was calculated by titration at 30 °C according to the ASTM D4607-94
standard. Iodine number was used here as a practical measure of the relative porosity and
adsorptive capacity of the samples because it is a simple and inexpensive metric used by
industry to characterize adsorbents.

SEM imagery was taken on a JEOL NeoScope II (JEOL USA, Inc., Peabody, MA, USA)
with a secondary electron detector at magnifications of 40, 200 %, 1000, 5000, 5500 %,
and 8000x. The samples were prepared by mounting each sample to a stub using carbon
tape, followed by gold sputtering.

2.5. Reference Samples

The literature provides information on the properties of AC produced in the laboratory
from a wide range of biomass materials using many different carbonization and activation
methods. With some notable exceptions, e.g., [12], it is not always clear how such materials
might measure up to commercial products available in the marketplace, especially if the
properties reported by commercial sellers are not independently validated. For reference,
the properties of the AC produced in this study are compared to those of two commercially
available activated carbon products: one made from coconut shell and one made from
bituminous coal. Both commercial products are marketed for consumer water filtering
applications and were purchased online. According to the manufacturers, both were
made using high temperature steam activation, but the details of their processes are
considered proprietary. With information on the conditions of their manufacture, it would
be possible to relate the adsorption properties of these products to conditions of their
production. However, the necessary proprietary process data were not made available to
the authors for this purpose. To facilitate equivalent comparison of their properties and
performance, samples of both commercial AC products were analyzed concurrently by
the same personnel using the exact same methods as the biochars and AC produced in
this study.

3. Results
3.1. Chemical Composition

All three biochars met the standards for biochar chemical characteristics as determined
by IBI and EBC [10,11]. With total carbon content of 86.42%, 86.96%, and 93.47% for BSI,
TEA, and CON biochars, respectively, they met the carbon content standard of >60% dw
for Class 1 biochar under the IBI standard (Tables 1 and 4). Ash content ranged from 2.86 to
6.73% dw, which is typical for biochars from wood feedstocks [28,37]. The molar H:Corganic
ratio serves as a benchmark for the stability of the carbon in the biochar, with thermally
altered biomass showing a lower ratio than its parent biomass [10]. These biochars were
produced at relatively high temperatures and all showed low H:Coganic ratios as a result,
indicating higher incidents of fused aromatic rings and other stable molecular structures.
Heating values are included in Table 4 because biochar has been studied as a solid fuel
substitute for coal and its fuel value has been used as a benchmark for its minimum market
price in technoeconomic analysis [38]. Higher heating value for these biochars was similar
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to that of bituminous coal, and about twice the higher heating value of woody biomass
residues from forest management [39].

Table 4. Chemical characteristics and heating value of the three biochars and their associated activated carbon (AC)
produced at two different calciner retention times of 45 min and 60 min.

Sample !
Variable BSI TEA CON

Sample Type Biochar AC AC Biochar AC AC Biochar AC AC

Calciner Time (min) 0 45 60 0 45 60 0 45 60
Volatile carbon (% dw 2) 13.05 8.52 3.36 8.68 2.55 2.06 3.71 1.18 8.91
Fixed carbon (% dw) 73.37 82.43 85.55 78.28 80.24 89.75 89.76 91.69 84.72
Total carbon (% dw) 86.42 90.95 88.91 86.96 82.79 91.81 93.47 92.87 93.63
Fixed C:Total C ratio (%) 84.9 90.6 96.2 90.0 97.0 97.8 96.0 98.7 90.5
Oxygen (% dw) 5.75 1.89 6.21 6.02 2.64 2.19 2.61 2.54 0.90
Hydrogen (% dw) 0.91 0.32 0.40 2.60 0.48 0.46 0.96 0.44 0.48
Molar H:Corganic ratio 0.12 0.04 0.05 0.36 0.07 0.06 0.12 0.06 0.06
Nitrogen (% dw) 0.18 0.37 0.32 0.12 0.17 0.26 0.09 0.32 0.33
Sulfur (% dw) 0.01 0.01 <0.01 <0.01 0.01 0.01 0.01 0.01 <0.01

Ash (% dw) 6.73 6.46 4.16 430 13.91 5.27 2.86 3.82 4.66
HHV (MJ kg™ 1)3 29.81 30.51 30.01 31.13 27.73 30.53 31.81 31.13 31.03
LHV (M] kg~1) 3 29.61 30.44 29.92 30.57 27.58 30.43 31.60 3104 null 4

! Sample abbreviations for biochar produced by Biochar Solutions Incorporated (BSI), Tucker Engineering Associates (TEA), and Confluence
Energy (CON). 2 Percent mass on a dry weight basis. 3 Higher heating value (HHV) and lower heating value (LHV) accounting for moisture
content. 4 The sample was not processed appropriately to allow for this calculation.

All six AC produced also met the biochar standards set by IBI and EBC [10,11], mean-
ing they could be used as soil amendments under these standards. As expected, the AC
had similar chemical composition to their precursor biochars, with some minor differences.
Except for the CON AC at 60 min retention time, fixed carbon is a higher fraction of the
total carbon in the AC compared to their precursor biochars (Table 4) due to additional
volatilization of the volatile carbon fraction during the activation process (Table 4). In
all cases, the hydrogen content was reduced by activation and the molar H:Cyyganic ra-
tio dropped, indicating further movement toward stable carbon structures in the AC’s
molecular chain. Heating value was relatively consistent before and after activation.

These biochars and their resultant AC met the standards for maximum heavy metal
concentrations associated with the premium biochar standard under EBC (Table 5). Except
for some unusual cases, wood mill residues generally have low incidence of heavy metals
because they come from natural wood processed from harvested logs, rather than from
post-consumer demolition wood or wood separated from municipal solid waste streams
that can have metal contamination from paint, wood preservatives, galvanized screws
and nails, plastics, and other sources [40]. In general, except for a few heavy metals that
are volatile at pyrolysis temperatures, the heavy metals contained in the feedstock will
remain in the biochar and resultant AC [11]. Most heavy metal concentrations are below
the maximum thresholds for premium grade (Table 5). At 80 mg kg~! Cr, CON biochar
derived AC at the 45 min retention time was at the maximum threshold for chromium for
premium grade, but below the 90 mg kg~! Cr threshold for basic grade. Concentrations of
additional elements including alkali metals Na and K are included in Table 6.
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Table 5. European Biochar Certificate (EBC) Version 8.3E maximum values (mg kg~!) for heavy
metals at the basic and premium grade levels and concentrations for those metals (mg kg ~!) measured
in the three biochar precursors and their 45 and 60 min AC products.

Heavy Metal Concentration (mg kg—1)

Sample ! As Cd Pb Cu Ni Zn Cr
EBC threshold, basic 13 15 150 100 50 400 920
EBC threshold, prem. 13 1.0 120 100 30 400 80
BSI biochar nd 2 nd nd <10 nd <10 <10
BSI AC, 45 min nd nd nd <10 nd nd <10
BSI AC, 60 min nd nd nd nd nd nd <10
TEA biochar 2 nd nd <5 20 20 30
TEA AC, 45 min 4 nd nd <10 20 nd 20
TEA AC, 60 min nd nd nd <5 20 nd 25
CON biochar nd nd nd <5 <5 10 <10
CON AC, 45 min <10 nd <2 50 20 <30 80
CON AC, 60 min no results, sample lost during digestion

! Sample abbreviations: European Biochar Certificate (EBC), Biochar Solutions Incorporated (BSI), Tucker Engi-
neering Associates (TEA), and Confluence Energy (CON). 2 nd: not detectable.

Table 6. Concentrations (mg kg_l) of selected alkali metals and other elements measured in the three biochar precursors
and their 45 and 60 min AC products. Cd, Se, V, and Ag were not detectable for all samples. Concentrations of Co were not
detectable or were <2 mg kg_1 for all samples. The concentration of B was <20 mg kg_1 for all samples.

Concentration (mg kg—1)

Sample ! Na K Mg Mo Sr Ba Mn P S Al Ca Fe
BSI biochar 200 3000 2000 <1 40 40 200 300 150 600 8000 600
BSI AC, 45 min 100 4900 2900 80 60 80 500 500 250 400 10,000 500
BSI AC, 60 min 200 5000 3100 10 70 70 300 300 200 600 14,000 750
TEA biochar 50 1100 500 1 10 40 150 200 80 300 2000 1200
TEA AC, 45 min 100 3800 1600 100 40 100 600 600 200 350 8000 2000
TEA AC, 60 min 100 3900 1800 20 40 100 600 500 200 400 8000 1200
CON biochar 100 2400 1100 <1 30 40 400 150 50 170 5000 200
CON AC, 45 min 100 4000 1700 10 40 70 700 400 80 300 8000 500
CON AC, 60 min no results, sample lost during digestion

1 Sample abbreviations: Biochar Solutions Incorporated (BSI), Tucker Engineering Associates (TEA), and Confluence Energy (CON).

3.2. Adsorbent Properties

Steam activation significantly improved the adsorbent properties of all three biochars
(Table 7; Figure 3). Surface area improved from 177.3 m? g~! for the BSI biochar to
886.4 m? g~ ! for its resultant AC at the 45 min retention time. BSI biochar did not respond
favorably to an additional 15 min in the calciner (Table 7; Figure 3). With surface area
of 807.6 m? g’l, the AC made from TEA biochar had a lower surface area than BSI AC
at 45 min, but responded favorably to 60 min in the calciner, which further increased its
surface area to 1092.9 m? g~ . It is worth nothing here that the low surface area of the TEA
biochar (2.0 m? g~ !) is congruent with research on an earlier design of this system and is
discussed in more detail in Section 4. AC from CON biochar had the lowest surface area
of the three systems, at 744.8 and 729.7 m? g~! for the 45 and 60 min trials, respectively
and, similar to the BSI biochar, the CON biochar showed a slight reduction in surface area
with continued treatment at 60 min retention (Figure 3). These trends are reflected in the
porosity and the iodine numbers of the biochar and AC samples (Table 7).

Table 7 uses the International Union of Pure and Applied Chemistry (IUPAC) pore size
conventions: micropores are <2.0 nm, mesopores are >2.0 nm but <50 nm, and macropores
are >50 nm [41]. All three biochars showed significant increases in micropore surface area
following activation. However, BSI AC and CON AC had a lower proportion of their total
surface area in micropores compared to their biochar precursors. In contrast, very little of
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the surface area of the TEA biochar was in the micropores compared to its resultant AC. The
median pore diameter dropped from 9.454 nm for TEA biochar to 4.817 nm and 5.015 nm
for TEA 45 and 60 min AC, respectively. Median pore diameter increased between biochar
and AC at both activation levels for BSI and CON.

Table 7. Adsorption properties of the three biochars and their resultant activated carbon (AC) at two different calciner

retention times of 45 min and 60 min.

. Sample !
Variable BSI TEA CON
Sample Type Biochar AC AC Biochar AC AC Biochar AC AC
Calciner Time (min) 0 45 60 0 45 60 0 45 60
BET surface area (m? g~ 1) 2 177.3 886.4 847.7 2.0 807.6 1092.9  289.1 744.8 729.7

Micropore surface area
(m? g™
Ratio of micropore to total
surface area (%)
Todine number (mg g 1)
Total pore volume (cc g~ 1)
Porosity (fraction per g)
Avg pore diameter (nm)
Median pore diameter (nm) 3
SD pore diameter (nm) 4

142.2 661.5 635.1 <0.01 554.5 729.2 255.2 579.3 550.4

80.2 74.6 749 <0.5 68.7 66.7 88.3 77.8 754

352 979 1040 220 1015 1218 283 973 951
0.1146 0.5912 0.5790 0.0069 0.6014 0.8393 0.1649 0.5061 0.4830
0.1028 0.3715 0.3667 0.0069 0.3755 0.4563 0.1416 0.3360 0.3257

2.586 2.723 2.732 13.692 2.978 3.072 2.282 2.718 2.648
3.174 3.941 4.431 9.454 4.817 5.015 3.111 4.358 5.988
1.372 1.607 1.774 3.607 1.962 1.984 1.249 1.763 1.744

1 Abbreviations for activated carbon (AC) samples from biochar precursors produced by Biochar Solutions Incorporated (BSI), Tucker
Engineering Associates (TEA), and Confluence Energy (CON). 2 Brunauer-Emmet-Teller (BET) surface area. 3 Based on pore volume.
% Standard deviation of pore diameter based on pore volume.
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Figure 3. Surface area of biochars from Biochar Solutions Incorporated (BSI), Tucker Engineering
Associates (TEA), and Confluence Energy (CON) and their resultant AC at two different calciner

retention times of 45 and 60 min.

3.3. Microscopy

Figure 4 shows SEM micrographs of five different AC at three different magnifications:
200x, 1000x, and 5000 x. The physical structure of the three biochars, as observed under
the SEM (not shown in Figure 4), showed less surface texture and less visible macropore
area compared to their AC counterparts. At 200x magnification, the elongated fibrils of the
wood were visible in the AC (Figure 4a,d,g), with pits in the surface (seen as round holes)
visible at 1000 x and 5000 x magnification in all three AC. The structure was notably similar
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across the three materials, even though they were produced using different pyrolysis
systems with pine feedstocks from different sources. At 5000 x magnification, the 5 um
scale bar was equivalent to 5000 nm, or about 100 times larger than the threshold diameter
between macropores and mesopores. Though small pores were not visible in these images,
it is clear that parts of the surface had been texturized and increased in surface area
as a result. The AC made from coal (Figure 4j-1) and coconut shell (Figure 4m-o) are
also shown. The wood-derived AC had coarser and more uniform structure than coal-
based AC, with better adsorption properties based on surface area, porosity, and iodine
number. Micrographs of AC from coconut shell revealed a relatively uniform structure
with systematically cross-linked fibrils separated by uniform pits.

Magnification
1000%/20 um

Sample
CON AC TEAAC BSIAC

COAL AC

COCOAC

Figure 4. Scanning electron microscope micrographs for each of the five samples of activated carbon (AC) at three different
magnifications: 200, 1000x, and 5000x. Three samples were activated in this study: Biochar Solutions Incorporated
(BSI), Tucker Engineering Associates (TEA), and Confluence Energy (CON). Photographs of two other steam AC sold
commercially for water filtering applications are included for reference, one from bituminous coal (COAL) and one from
coconut shell (COCO).
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4. Discussion

Though notably different in their designs, the three pyrolysis systems produced
biochars and AC from pine (Pinus spp.) feedstocks that were relatively similar in their
physical and chemical characteristics. All three had similar particle size distributions and
bulk density, and varied somewhat in ash content, carbon content, and other properties
(Table 4). In general, the carbon content and stability of these materials appears to be high,
based on their molar H:Cyyganic ratios, which would likely translate to good recalcitrance
when used as a soil amendment.

These AC compare favorably to the two commercial AC products used as reference
samples in this study. BET surface area and micropore surface area are shown in Figure 5.
Though the AC from carbonized coconut shell and bituminous coal had notably different
structures in their SEM micrographs (Figure 4), their surface areas were similar to the
biochar AC. All three biochar AC had higher total surface area and higher micropore
surface area than the coal AC at 665.9 m? g~ ! and 555.9 m? g~ !, respectively. COCO had
the highest micropore surface area (741.8 m? g~!), and the highest percentage of total
surface area in micropores (95.6%). This may be apparent in Figure 40, where the surface
of COCO AC appeared smooth at 5000 x magnification, compared to the TEA AC in 4f, for
example. TEA AC had a similar micropore total surface area of 729.2 m? g~! at the 60 min
retention time, but significant additional surface area in meso- and macropores, resulting
in a higher total surface area of 1092.9 m? g~! (Figure 5).

1200

g 8

Surface area (m?g)
3
o

Vs
2

A

DA

BSI TEA CON COCoO COAL

W Micropore surface area BET surface area

Figure 5. Comparison of micropore surface area to Brunauer-Emmet-Teller (BET) surface area for
five activated carbon samples: Biochar Solutions Incorporated (BSI), Tucker Engineering Associates
(TEA), Confluence Energy (CON), commercial AC from coconut shell (COCO) and commercial AC
from hard coal (COAL).

TEA biochar had the lowest starting surface area and showed the most significant
improvement in its adsorption properties following steam activation, with BET surface area
increasing from 2.0 to 1092.9 m? g~! at the 60 min retention time (Table 7). Iodine number
increased from 220 to 1218 mg g~ !. The notably low biochar surface area is congruent with
previous research using an earlier design of this system [32], showing a BET surface area
of a similar biochar as 15.0 m? g~!, which was activated to 1283.0 m? g~! using similar
methods. In that case, the biochar was air cooled not water quenched, which implies that
air cooled or water quenched TEA biochars respond similarly to steam activation.

Considering BET surface area and iodine number, TEA was the lowest performing
biochar, but the highest performing AC of the three tested, comparing favorably to the AC
from coconut shell, which had a BET surface area of 776.3 m? g~ ! and iodine number of
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(a) 1000%/20 pm

1223 mg g~ !. Of the three AC derived from biochar, the TEA AC also showed positive
response to longer calciner retention time (Figure 3), increasing from 807.6 to 1092.9 m? g~
between the 45 min and 60 min retention times. Micrographs in Figure 6 show the physical
changes associated with the improvement in adsorptive properties. Figure 6a,b show a
notably smooth surface on the biochar compared to the textured surface of the AC in
Figure 6¢,d. The smooth surface of the biochar appeared to have responded well to steam.
At 8000 x magnification, the 2 pm scale bar was equivalent to 2000 nm, or about 40 times
larger than the 50 nm diameter threshold between the macropores and mesopores.

(b) 5000*,/:1‘[1111

Figure 6. Scanning electron microscope micrographs of: (a) Tucker Engineering Associates (TEA) biochar, 1000 x magnifica-
tion; (b) TEA bicochar, 5000 x magnification; (c) activated carbon made from the TEA biochar, 1000 x magnification; and
(d) activated carbon made from the TEA biochar, 8000 x magnification.

This case points toward the potential value of using high-temperature steam as a
post-processing technique for biochar, even if the resultant material is not going to be used
as AC. In this case, the properties of a high carbon wood biochar with low adsorptive
capacity were improved significantly for uses that favor high surface area, porosity, and
adsorptive capacity. From an operational standpoint, steam activation is likely to be a
more attractive option than chemical activation for biochar processing in the forest sector.
Many large forest industry facilities produce steam to provide heat for lumber drying and
other manufacturing processes. Wood bioenergy systems are common, and the milling
by-products and residues found at these facilities are suitable feedstocks for pyrolysis. In
contrast, mills do not typically have the systems or the expertise required for chemical
activation such as impregnation of wood feedstocks with dehydrating oxidants such as
H3POy4, ZnCL;, and KOH, or the downstream washing and recovery of reagents from
aqueous solution.

It is important to point out that this improvement in the biochar’s adsorptive prop-
erties comes at a cost. Mass loss due to burn-off during the activation process can be
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significant. Though these trials were not designed to accurately measure burn-off, average
mass loss including both burn-off and material handling loss was above 50%. There is a
clear trade-off between improving the product’s quality for certain uses and reducing the
amount of salable product. If the price of the upgraded product does not cover the cost of
activation including both process costs and mass loss, value has been lost, not added, with
the additional processing.

This points to broader limitations of the study that should be addressed in future
research. This was an applied study working with pyrolysis systems that were being
actively used in industrial settings to produce biochar as a primary product (BSI) or co-
product of electricity (TEA) and wood pellets (CON). We used a rotary calciner designed
for process testing and equipment engineering, specifically for designing large-scale high
throughput calciners for heat treating industrial materials. There were some benefits to
this approach, including moving from small-scale laboratory and prototype settings to
something more closely resembling an industrial supply chain from the feedstock to the
final product. However, due to time and resource constraints, we were not able to conduct
controlled experiments at this scale that would have more fully informed process design.
For example, additional retention times and replicates would have allowed us to develop
statistical models for the relationships between retention time and surface area and other
variables for these and comparable biochars. Similarly, we were limited in our laboratory
testing. A more complete characterization of biochars and AC such as those conducted
by Castiglioni et al. [12] is needed to understand the value of these products for the full
range of adsorptive applications and markets. Rigorous testing in real-world settings
would evaluate the inferences of performance made here based on surface area and other
characteristics, and would add to the empirical underpinnings that must guide the use of
biochar as an industrial sorbent and precursor. Investment in biochar systems will hinge on
equally robust financial analysis. The authors are currently engaged in a range of studies
focused on the technoeconomic and life cycle assessment of several different pyrolysis
pathways and their products, which is building on the research presented here.

5. Conclusions

Biochar markets are growing, but remain relatively small compared to markets for
activated carbon and other industrial adsorbents. It has been frequently proposed includ-
ing by the authors [15,16,32], that biochar can be used as an effective and potentially cost
competitive substitute for these products or as a precursor in the manufacture of special-
ized sorbents, especially in cases where bio-based products are preferred over coal and
mineral products because they have lower life cycle environmental impacts as measured
by their carbon footprint [15]. This study showed strong response to steam activation
from three biochars produced by three different pyrolysis systems from similar softwood
feedstocks. From a technical perspective, steam activation has the potential to improve
biochar properties for both soil amendment and non-soil uses including commercial quality
AC. From the perspective of investors in biochar enterprises, the possibility of diversifying
into complementary product markets with non-soil products such as AC helps reduce
investment risk to maximize the economic value of biochars made from mill and forest
residues. It also has the potential to grow the bioeconomy and expand opportunities for
biochar production and use in a wide range of applications.
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