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The Art, Science, and Technology of Charcoal Production’
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In this review, we summarize the knowledge of the production and properties of charcoal that
has been accumulated over the past 38 millenia. The manipulation of pressure, moisture content,
and gas flow enables biomass carbonization with fixed-carbon yields that approach—or attain—
the theoretical limit after reaction times of a few tens of minutes. Much of the heat needed to
carbonize the feed is released by vigorous, exothermic secondary reactions that reduce the
formation of unwanted tars by augmenting the charcoal yield in a well-designed carbonizer. As
a renewable fuel, charcoal has many attractive features: it contains virtually no sulfur or mercury
and is low in nitrogen and ash; it is highly reactive yet easy to store and handle. Carbonized
charcoal can be a good adsorbent with a large surface area and a semimetal with an electrical
resistivity comparable to that of graphite. Recent advances in knowledge about the production
and properties of charcoal presage its expanded use as a renewable fuel, reductant, adsorbent,

and soil amendment.
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Introduction

Magnificent charcoal drawings in the Grotte Chauvet
(see Figure 1), which are over 38 000! years old, bear
witness to Cro-Magnon man'’s artistic creativity and
native chemical engineering talents.23 The antiquity of
this breathtaking artwork suggests that charcoal was

* To whom correspondence should be addressed.

" This review is dedicated to the memory of Dr. John W.
Shupe, founding Director of the Hawaii Natural Energy
Institute of the University of Hawaii at Manoa.

Figure 1. Charcoal mounds on the floor of the Grotte Chauvet
with charcoal drawings on the wall above. Similar drawings have
been dated at ~30 0002 to 38 000! years B.P. Photo courtesy of
Prof. Jean Clottes.

the first synthetic material produced by man.22 Many
millennia thereafter, but still before the dawn of re-
corded history, man employed shallow pits of charcoal
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Figure 2. (a) Effects of pressure on the products of cellulose
pyrolysis following the attainment of thermochemical equilibrium
at 400 °C. (b) Effects of temperature on the products of cellulose
pyrolysis following the attainment of thermochemical equilibrium
at 1 MPa [#, C(s); O, COy; v, CO; O, CHa; +, H20(g)].
to smelt tin needed for the manufacture of bronze tools.*
Charcoal has always been a favorite fuel for cooking.
Even today, there is near universal agreement that
charcoal is preferred to kerosene as a cooking fuel.®
Likewise, charcoal is still the most valued reductant of
the metallurgical industry: in 1998, the Norwegian
ferrosilicon industry imported between 70000 and
100 000 tonnes of wood charcoal to reduce silica to
silicon.6 And artists still display their creative talents
using charcoal: among the most beautiful of impres-
sionist drawings are the charcoal sketches of Degas.
Why was it possible for Cro-Magnon man to discover
the technology of manufacturing charcoal at such an
early stage of his development? Thermodynamics offers
an explanation. Thermochemical equilibrium calcula-
tions” indicate that carbon is a preferred product of
biomass pyrolysis at moderate temperatures, with
byproducts of carbon dioxide, water, methane, and
traces of carbon monoxide. To illustrate this result, we
display in Figure 2a the products of cellulose pyrolysis
in thermochemical equilibrium as a function of pressure
at 400 °C. Cellulose is the dominant component of most
biomass and serves as a representative model compound
in this discussion. We emphasize that the major trends
displayed in Figure 2 are unchanged when the exact C,
H, O compositions of particular biomass species are
employed in the thermochemical equilibrium calcula-
tions. Thus, Figure 2 is a representative example of
product compositions after the attainment of thermo-
chemcial equilibrium. Detailed calculations based on the
measured composition of selected species will be pre-
sented later in this review. The equilibrium data
displayed in Figure 2 at 1 MPa can be represented by
the approximate stoichiometric equation

CeH10s — 3.74C + 2.65H,0 +
1.17CO, + 1.08CH, (1)

In this equation, the yield of carbon from cellulose is
27.7 wt % (i.e.,, 62.4 mol % of cellulose carbon is
converted into biocarbon) and is not significantly af-
fected by pressure. The scientific literature concerning
biomass carbonization contains no record of a carbon
yield from biomass that exceeds the thermochemical
equilibrium value. Evidently, the pyrolytic yield of
carbon from biomass approaches the equilibrium value
from below; consequently, we refer to this value as the
thermochemical equilibrium “limit” for the carbon yield.
Figure 2b displays the effects of temperature on ther-
mochemical equilibrium product yields at 1.0 MPa.
Temperatures below 400 °C are primarily of theoretical
interest, as the rates of biomass carbonization are very
slow in this regime. At higher temperatures, the yields
of carbon, water, and methane decrease with increasing
temperature, whereas those of carbon monoxide in-
crease. The energy balance of the reaction at 400 °C and
1.0 MPa is particularly interesting: 52.2% of the higher
heating value (HHV) of the cellulose (17.4 MJ/kg) is
retained in the carbon, and 36.2% is captured by the
gas products (primarily methane). For the sake of
comparison, in 1909, Klason and co-workers® repre-
sented their experimental measurements of the prod-
ucts of cellulose pyrolysis at 400 °C by the approximate
stoichiometric equation

CgH105 — 3.75CH, 5000 15 + 2.88H,0 + 0.5CO, +
0.25CO + C1.5H1.25()0.38 (2)

where the first product is charcoal and the last is tar.
Using thermodynamic data available at that time,
Klason estimated the heat release associated with eq 2
for cotton cellulose to be 3.6% of its heat of combustion.
Since then, the highest measured value for the exother-
mic heat of pyrolysis of cellulose—in a closed crucible
that developed considerable pressure within a dif-
ferential scanning calorimeter (DSC)—was 0.66 MJ/kg
(i.e., 3.8% of the HHV of cellulose).? In light of the fact
that the exothermic pyrolysis reaction proceeds with a
large increase in entropy (due to the formation of gas),
it is clear that thermochemical equilibrium strongly
favors the formation of product carbon and byproduct
gases. Thus, a theoretical analysis implies that it should
be possible to trigger the immediate, efficient transfor-
mation of biomass into carbon and gas by merely
heating the biomass to a temperature where pyrolysis
occurs.

Despite the promising yields predicted by thermo-
chemical equilibrium calculations, current industrial
technologies for producing charcoal are not efficient.10
Traditional kilns in Madagascar and Rwanda realize
efficiencies (see below) of only 8—9%, while elsewhere,
efficiencies in the range of 8—36% have been re-
ported.11=16 The low efficiency of charcoal production
causes it to be a principal cause of the deforestation of
many tropical countries and a contributor to global
warming.15-17 Reflecting on the wasteful use of wood
to manufacture charcoal, many environmentalists feel
that charcoal production should be banned!'13 An
explanation for the low efficiency of conventional char-
coal kilns and retorts is given in Figure 3a. Pyrolysis
abruptly transforms wood into a tarry vapor containing
a complex soup of organic compounds mixed with
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Figure 3. Effects of temperature and heating rate on (a) yields
and (b) CHO contents of beech chars.0 The solid and dashed lines
represent heating rates of 2 and 10 °C/min, respectively.

noncondensable gases (including CO,, CO, H,, CH,4, and
heavier hydrocarbons) between 250 and 400 °C. The
tarry vapors quickly escape the heated region of the
reactor without establishing equilibrium and without
forming charcoal. Klason and co-workers®1° repre-
sented these observations in the following approximate
stoichiometric reaction for the carbonization of “wood”
at 400 °C

2C 1,Hg00,5 — 3C16H,40, + 28H,0 + 5CO, + 3CO +
CZ8H3409 (3)

Note that the yield of charcoal (CisH1002) in this
equation is 36.7 wt %, and that the tarry vapors
(C28H3409) constitute a significant loss of carbon. Be-
cause the cost of the wood feedstock comprises 50% or
more of the cost of producing charcoal in a conventional
kiln,14.20 there is great economic incentive to transform
these tarry vapors into charcoal and thereby reduce the
consumption of biomass. Moreover, a high carbonization
efficiency reduces the amount of feedstock consumed,1421
the transportation costs of the feedstock to the kiln,14
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and the release of the tarry vapors into the environment
with their serious impacts on air and water quality.13

We hesitate to offer a true estimate of the amount of
charcoal produced in the world. Deglise and Magne??
cited a value of 5.5 million tonnes in 1981, an estimate
for charcoal production in Brazil (alone) during 1989
was 9.3 million tonnes,?® the FAO offered a worldwide
value of 3.8 million tonnes in 199124 and 26 million in
19952 (that was later reduced to 21 million), and an
authoritative estimate for 1996 tallied 100 million
tonnes.?6 These variations mirror estimates of the
annual per capita charcoal consumption in Tanzania,
which ranged from 170 to 353 kg per head.'® The price
of charcoal also varies widely.?” In developing countries,
it ranges from $90 to $180 per tonne, but it can be as
high as $400 per tonne in Africa.’® Dry to wet seasonal
variations can cause a 300% increase in price.’® The
value of charcoal sales in 26 sub-Saharan African
countries exceeds $1.8 billion per year, and the total
charcoal consumption (as energy) in these countries
often surpasses their gross consumption of electric
power.!! In the Cote d'lIvoire, as many as 90 000 people
are engaged in the woodfuels sector.’! Recently, the
wholesale price of wood charcoal in the U.S. was about
$200 per tonne, and the Norwegian ferrosilicon industry
paid about $440 per tonne of fixed carbon.?® Note that
the U.S. price of $200 per tonne is about $6.30 per GJ
(or about $36 per bbl of oil equivalent).

Why is the Norwegian ferrosilicon industry willing
to pay $440 per tonne (fixed carbon) for imported wood
charcoal, when it can obtain washed coal and coke at
only $140—270 per tonne (fixed carbon)??® Charcoal and
other biocarbons contain virtually no sulfur or mercury.
Relative to their fossil fuel cousins, biocarbons are very
low in nitrogen and low in ash. Consequently, many
carbonized charcoals are purer forms of carbon than
most graphites. Unlike graphite, however, biocarbons
are extremely reactive. Consider that the transforma-
tion of biomass to charcoal involves the loss of 60% or
more of the substrate’s mass with the evolution of nearly
4 mol of gas per mole of monomer (see eq 2). During
this transformation, the molecular framework of the
sugar moieties composing biomass is grossly rearranged
to form aromatic structures. Because the transformation
does not involve a liquid phase, many bonds are left
dangling, giving rise to a carbonaceous solid that is
inherently porous at the molecular level and highly
reactive. The purity and reactivity of charcoal enable it
to command a premium price as a metallurgical reduc-
tant. Other properties cause charcoal to find applica-
tions in a surprisingly wide range of fields. Because of
their inherent porosity, biocarbons manufactured from
charcoal often have high surface areas. These carbons
are preferred adsorbents for air and water treatment.
Biocarbons are also amorphous (i.e., there are only hints
of a turostratic structure in their X-ray diffraction
spectra). Nevertheless, a packed bed of carbonized
charcoal conducts electricity nearly as well as a packed
bed of graphite particles. Consequently, biocarbons can
be used to form electrodes.?°~3! In contrast with other
renewable fuels (e.g., hydrogen and ethanol), charcoal
is easy to store and cheap to produce. Similarly, when
compared with other conventional fuels, biocarbons are
surprisingly benign. Charcoal crusts on toasted bread
in soupe a l'oignon gratinée are served to discriminating
diners in the finest French restaurants. Pills of char-
coal®? are swallowed by health food enthusiasts “after
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every meal”. Charcoal has been injected into the intes-
tines of poison victims to save their lives by adsorbing
fatal toxins.

From a different perspective, charcoal is carbon stolen
from the atmosphere by photosynthesis. Consequently,
the widespread use of charcoal as a soil amendment
sequesters carbon and reduces the greenhouse gas
effect. The remarkable discovery of terra preta do Indio
(“Indian dark earth”) in Amazonia sheds light on the
utility of charcoal as a soil amendment. The prehistoric
Amazonians added large amounts of charcoal to their
wet desert soil (i.e., “oxisol”) to render it fertile.333* Terra
preta soil may occupy 10% of Amazonia (an area the
size of France), and it sustained large settlements there
for 2 millenia. Today, terra preta is mined and sold as
potting soil.3> In our experience, most potting soils
available in local garden shops contain charcoal as a
cofactor. Herbicides also employ charcoal in standard
carbon-based formulations. Activated carbons are rou-
tinely added to tissue culture media formulations.
Remarkably, the scientific rationale for these applica-
tions is absent. A Japanese patent3® speculated that the
electrical properties of carbon soil amendments help to
condition the soil and improve plant growth. Finnish
fire researchers described the effects of charcoal on the
pH of humus and its influence on the growth rate of
microbial communities within the humus.3” Many re-
searchers believe that the ability of charcoal soil amend-
ments to adsorb toxic substances in the soil improves
plant survival, health, and productivity.38

In his classic textbook (translated from German to
English in 1970), Hermann F. J. Wenzl offers the
following insight.3® “Since the chemical industry today
can produce the by-products obtained from the pyrolysis
of wood, with the exception of charcoal, more cheaply
than the pyrolysis process, the main emphasis in the
latter is on the production of charcoal. For this reason,
simple carbonization methods, similar to the original
charcoal piles but in an improved form, are likely to be
more economical than more complicated plants that
place emphasis on the isolation and processing of
byproducts.” We agree with Wenzl's opinion that char-
coal is the preferred product of biomass pyrolysis, and
that carbonization reactors should be designed to maxi-
mize the production of charcoal and minimize the
formation of byproducts. Consequently we focus this
review on the charcoal product of biomass pyrolysis.
Readers interested in the formation of gases, “oils”, tars,
pyroligneous acids, and the other byproducts of biomass
pyrolysis have an ample literature available to them.39~-4
One goal of this review is to summarize knowledge of
the reaction conditions that maximize the yields of
charcoal from biomass and minimize the reaction times.
Another goal is to detail what is known about the unique
and extraordinary properties of biocarbons. We begin
with a concise discussion of the key properties of
charcoals that are used to define the charcoal yield (ychar)
and fixed-carbon yield (yic) of a carbonization process.
Following this, we discuss the effects of thermal pre-
treatments, heating rate, and peak temperature on
charcoal properties and yields. Of these parameters, the
peak temperature is the key determinant of a charcoal’s
properties. We show that the gas environment, particu-
larly the pressure, exerts a strong influence on charcoal
yields. The composition of biomass feedstocks varies
greatly and significantly affects both the properties and
the yields of product charcoals. As discussed above, the

reactivity of charcoal causes it to command a high value
in the marketplace; consequently, we offer a detailed
discussion of this property. Finally, we summarize the
current status of industrial technologies for biomass
carbonization.

Charcoal Properties and Yields

Because the carbon content of charcoal approaches
an asymptote with increasing peak temperature, the
limiting asymptotic value is an important property of
the material. An approximation of this value is given
by proximate analysis according to ASTM D 1762-84.
Essentially, in this analysis, the charcoal is heated
(“carbonized”) in a covered crucible to 950 °C and held
at this temperature for 6 min. The measured weight loss
is defined to be volatile matter (VM), and the residual
solid is carbonized charcoal, i.e., % VM = 100 x (Mchar
— Mce)/Mehar, Where menar is the initial dry mass of
charcoal and m¢ is the dry mass of the carbonized
charcoal that remains after heating. The ash content
of a charcoal is also important. Ash content is deter-
mined by heating the carbonized charcoal residue of the
VM determination in an open crucible to 750 °C with a
“soak” at this temperature for 6 h. The material that
remains in the crucible is defined to be ash, i.e., % char
ash = 100 x Mgasp/Mchar, Where mggp is the dry mass of
ash that remains following combustion of the carbonized
charcoal. The fixed-carbon content of the charcoal is
defined as % fC = 100 — % VM — % char ash. The
Norwegian ferrosilicon industry employs the same
procedures in its proximate analyses, except that the
sample is held at 950 °C for 7 min during carbonization.

The volatile matter content of a “good-quality” char-
coal depends on its use. Charcoal intended for domestic
cooking typically contains 20—30% VM (with a value of
40% being marginally acceptable), whereas metallurgi-
cal charcoal often contains 10—15% (or less) VM. The
ash content of a good-quality charcoal typically lies
between 0.5 and 5%, resulting in a range of calorific
values between 28 and 33 MJ/kg.'® An insightful
description of good-quality charcoal was given by
Chaturvedi as follows:134> “Charcoal of good quality
retains the grain of the wood; it is jet black in color with
a shining luster in a fresh cross-section. It is sonorous
with a metallic ring, and does not crush, nor does it soil
the fingers. It floats in water, is a bad conductor of heat
and electricity, and burns without flame.”

The charcoal yield ynar provided by a kiln is given by
Yehar = Mchar/Mpio, Where mengr is the dry mass of charcoal
taken from the Kiln and myj, is the dry mass of the
feedstock loaded into the kiln. Unfortunately, this
representation of the efficiency of the carbonization
process is intrinsically vague because it does not reflect
the fixed-carbon content of charcoal product, which
varies widely. As early as the 1850s, Violette,*6 who was
Commissioner of Gunpowder Production in France (the
same post that was held earlier by Lavoisier prior to
his execution), called attention to this problem. More
recently, Aucamp*’ observed that: “Extremely good
charcoal yields are commonly claimed by South Ameri-
can charcoal producers. In practice, these claims are
seldom related to the moisture content of the wood, the
fixed-carbon content of the charcoal, ...”. A more mean-
ingful measure of the carbonization efficiency is given
by the fixed-carbon yield yic = Ychar x [% fC/(100 — %
feed ash)], where % feed ash is the percentage ash
content of the feed.® This yield represents the efficiency



realized by the pyrolytic conversion of the ash-free
organic matter in the feedstock into a relatively pure,
ash-free carbon. If chemical equilibrium is attained in
the kiln, the fixed-carbon yield should approximate the
theoretical carbon yield that results from a thermo-
chemical equilibrium calculation, such as those dis-
played in Figure 2 for cellulose. For example, Girard
and co-workers presented a particularly detailed study
of the products and mass and energy balances associ-
ated with charcoal production from oak,*® meranti,
spruce, and chestnut woods.*® Their measured values
of the fixed-carbon yields ranged from 21.4% (chestnut)
to 29.5% (oak), which are 57 and 80%, respectively, of
calculated theoretical carbon yields based on the re-
ported chemical compositions of the feedstocks. In our
experience, these values are close to the maximum that
can be obtained from a kiln operating at atmospheric
pressure. Occasionally, a “charcoal carbon yield”, yc, is
reported in the literature,’® where yc = Yehar x (%
charcoal C/% feed C), % charcoal C is the % carbon
content of the dry charcoal, and % feed C is the % carbon
content of the dry feed. Because CO, and CO are evolved
during the fixed-carbon analysis of charcoal, there is no
simple relationship between yic and yc. In light of the
facts that the metallurgical industry employs the fixed-
carbon content of charcoal to determine its price and
Yic can be compared to the theoretical thermochemical
equilibrium yield of carbon from feedstock, we empha-
size yic in this paper. Gaur and Reed in their Atlas of
Thermal Data for Biomass and Other Fuels present
measurements of the yields and fixed-carbon contents
of charcoals produced from a variety of biomass feed-
stocks at atmospheric pressure.®® These data can be
used to estimate realistic atmospheric-pressure fixed-
carbon yields for these feedstocks. Finally, we define the
energy conversion efficiency of a Kiln as #char = Ychar X
(HHV har/HHVio), where HHV ¢hgr is the HHV of the
charcoal and HHV,,;, is the HHV of the feedstock.
Beyond its proximate analysis, the quality of a
charcoal can be represented by a great many other
properties. These include moisture content, calorific
value, elemental composition, hardness (abrasion re-
sistance), compressive strength, bulk and true densities,
surface area, porosity and pore volume distribution,
electrical resistivity, and reactivity. Klar,1® Hawley,*!
Cheremisinoff,5! Bhattacharya,'? Gaur and Reed,° and
others®2-54 provide extensive tables listing the proper-
ties of biomass-derived chars. The discussion below
offers examples of typical values of these properties.

Effects of Thermal Pretreatments, Heating
Rate, and Final (Peak) Temperature

The following discussion presumes the ability of the
experimentalist to measure accurate values of the
temperature of the biomass substrate. Unfortunately,
large thermal gradients are often present when biomass
is subjected to high heat fluxes or when large samples
are employed. Our readers are cautioned to keep these
difficulties in mind as they read the literature of the
field.5556

Thermal Pretreatments. Over 25 years ago, ther-
mal pretreatments of cellulose at temperatures between
230 and 275 °C at 0.1 MPa were reported to increase
the cellulosic char yield from 11.0 to 27.6%.5” Although
more recent work®8 has called into question some
aspects of the kinetic model for cellulose pyrolysis that
Broido and co-workers57"59.60 developed to describe this
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phenomenon, there is no doubt that a thermal pretreat-
ment can augment the char yield from cellulose. Un-
fortunately, thermal pretreatments have little effect on
the amount of charcoal that can be obtained from
lignocellulosic biomass substrates.10.61.62

Heating Rate. In 1851, Violettes reported a charcoal
yield of 18.87 wt % from wood heated slowly over a 6-h
period. This charcoal was described as very hard, well-
cured, sonorous, and heavy with a dense structure and
a carbon content of 82.1%. The charcoal yield decreased
to 8.96 wt % when the wood was heated quickly, and
the product was light and friable with a carbon content
of 79.6%. Years later, Klar'® presented a table of wood
distillation products (attributed to Senff®3) that dis-
played the effects of heating rate on yields. A change
from “slow” to “rapid” carbonization decreased measured
charcoal yields from 2 to 10 wt %, depending on the
species. For example, the yield of charcoal from “sound,
peeled Alder trunkwood” decreased from 31.56 to 21.11
wt % with increased heating rate. Likewise, Goos
observed that short carbonization times, realized by
sudden exposure of the biomass feed to a high temper-
ature (e.g., 953 °C), gave low carbon yields.** Brunner
reported a log—linear relationship between the heating
rate and the char yield from cellulose.®* Recently, Lédé
and co-workers described the complete vaporization of
cellulose at high heat flux densities.®5~68 In accord with
these observations, the kinetic models for cellulose
pyrolysis of Broido and co-workers,10:57:59.60 Shafizadeh
et al.,% and Varhegyi et al.?87%71 all predict an improve-
ment in char yield as the heating rate of the substrate
is reduced. Moreover, MacKay and Roberts’? reported
an increase from 22 to 32% in the yield of charcoal from
redwood when the heating rate was reduced from 200
to 1 °C/min. However, other workers, who emphasized
lignocellulosic substrates (not pure cellulose) and lower
heating rates, observed no significant improvement as
the heating rate was reduced.1961.62.73 |t appears that,
as the heating rate is decreased, an asymptote in the
char yield is reached.’® Furthermore, it is simply not
practical to employ very low heating rates because the
required reaction times are uneconomical.

It is well-known that large wood particles shrink and
often crack during pyrolysis and that these cracks can
confound studies of pyrolysis kinetics.”* Byrne and
Nagle”™ showed that monolithic wood particles do not
crack when the heating rate is restricted to 15 °C/h or
less.

Peak Temperature. The peak temperature is the
highest temperature reached during the carbonization
process. This temperature largely controls the quality
(i.e., the volatile matter content) and other properties
of the charcoal product.’® In Figure 4, Wenzl*®® has
compiled a succinct summary of the trends (if not the
exact values) of many important properties of charcoal
with increasing peak temperature. Our discussion below
offers more details for cellulosic and lignocellulosic chars
subjected to increasing temperature.

At temperatures below 220 °C, cellulose loses weight
mainly by the formation of water,’® but at higher
temperatures (up to 250 °C), CO, and CO are also
evolved.*243 Boon and co-workers identified three dis-
tinct stages in the formation of char from microcrystal-
line cellulose at low temperatures. Below 250 °C, the
oligosaccharides were preserved, but the color of the
char and its FTIR spectra indicated the formation of
unsaturated C—C bonds and carbonyl groups, probably
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Figure 4. Effect of temperature on the properties of charcoal. In this figure, we have corrected translation errors by WenzI® of the
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by the elimination of water.”” Remarkably, after a 20—
30% weight loss at temperatures below 250 °C, the solid
residue from cellulose pyrolysis was composed primarily
of oligosaccharides.”® Between 220 and 270 °C, the acid
hydrolyzable content of the char declined from 90 to
35%.7° The PYMS spectrum of the hydrolysis residue
of the 250 °C char revealed the nascent presence of a
char composed mainly of phenols, furans, and aromatic
hydrocarbons. During the second stage (above 250 °C),
phenol and furan structures appeared.”” In the case of
a microcrystalline cellulose, anhydroglucooligosaccha-
rides were present in chars after heating at 270 °C for
2 h, and acid hydrolysis of the cellulosic char revealed
the presence of glucose even at temperatures as high
as 310 °C.76 During the third stage (above 290 °C), the
composition of the cellulosic char was dominated by the
presence of alkyl furans, benzenoid aromatics, and
condensed aromatics.”’#% Boon and co-workers’® hy-
pothesized that nonvolatile carbohydrate fragments,
which are byproducts of the formation of volatile levo-
glucosan and glycolaldehyde, act as aldol condensation
sites for the reactive soup of volatile species that are
released during pyrolysis. The condensed light pyrolysis
products (e.g., glycolaldehyde, ketene, enolic furans, etc.)
serve as a molecular glue that prevents the remaining
carbohydrate structural elements from volatilizing.

The chemical changes that occur during the low-
temperature pyrolysis of whole biomass materials are
not as well characterized. As the peak temperature
increases, the solid pyrolytic residue of a woody material
progresses through several stages. Wood “retification”
is said to occur at temperatures from 230 to 250 °C.8!
The color of wood heated to this temperature becomes
reddish brown or chocolate,** and the material is said
to be resistant to biological attack. Torrefaction82-84
occurs at temperatures between 250 and 280 °C at low
heating rates, and creates a brown or black product with
little strength. Yields of torrefied wood range from 84%
at 250 °C to 67% at 270 °C, with energy yields of 90—
77%, respectively.8 “Pyrochar”,® conventional charcoal,
and “carbonized” charcoal,®” each with successively less
volatile matter, are formed at increasingly higher peak
temperatures. The soak time at peak temperature is
also important, but the Arrhenius behavior of the
pyrolysis Kinetics establishes temperature as the con-
trolling variable.

Almost 150 years ago, Violette*146:88 described de-
tailed measurements of the residues of the destructive
distillation of wood at temperatures above 150 °C. Two
generations later, Chorley and Ramsay*'8° reported
similar measurements, including the observation that
wood pyrolysis is exothermic above 280 °C. Modern
studies of the effects of peak temperature on the
character and evolution of the carbonaceous residue are
well represented by the work of Schenkel,*® who detailed
measurements of the effects of heating rate and soak
time on charcoal formation from European beech wood
at 0.1 MPa. Figure 3a displays his measured values of
the solid residue, its fixed-carbon content, and the fixed-
carbon yield at two heating rates, following a soak time
of 15 min at each temperature. Note the dramatic
increase in the fixed-carbon content of the residue
between 300 and 500 °C and the related decrease in the
oxygen content over the same temperature range.
Pyrolysis at 10 °C/min causes the fixed-carbon yield of
the solid residue to increase from 15% (at 200 °C) to
about 21%. A decrease in heating rate from 10 to 2 °C/
min causes a further increase in the fixed-carbon yield
to 23%. At low heating rates, the carbon content of the
residue (see Figure 3b) steadily increases to values
exceeding 90%. Note that % fC < % C at 450 °C,
whereas % fC > % C at 800 °C in Figure 3. A comparison
of Schenkel’s data with Violette’s measurements reveals
greater carbonization at lower temperatures in Vio-
lette’'s work. For example, Violettel®46:88 measured a
charcoal yield of 29.66 wt % with a carbon content (not
fixed carbon) of 76.6% at 350 °C, whereas Schenkel
observed values between 46 and 58 wt %. This discrep-
ancy can be explained by the limited knowledge of the
temperature scale in 1850: Violette believed the melting
point of antimony to be 432 °C, whereas the true value
is 630.7 °C. Bergstrom’s early (1904) measurements of
the carbon content of kiln charcoal (84.18% at 500 °C)°!
agree remarkably well with Schenkel's fixed-carbon
value of 80% at 500 °C.

Table 1 displays elemental analyses of representative
carbonized charcoals. Because the composition of char-
coals varies widely according to their volatile matter
content, we have omitted them from this table. Repre-
sentative analyses of many charcoals are available in
the literature.121941.50-54 Carbonized charcoals are rich
in carbon (typically 90 wt % or more on an ash-free



Table 1. Elemental Analyses of Carbonized Charcoals

C H (@) N S ash
feed (Wt %) (wt%) (wt%) (wt%) (wt%) (wt%)
coconut shell 92.28 1.09 3.08 0.47 0.04 2.78
corncob 86.38 1.20 5.34 0.56 0.05 4.31

kukui nut shell 90.31 1.03 4.31 0.42 0.02 3.27
leucaenawood 85.41  1.27 6.37 0.53 0.04 4.62
macadamia nut 94.58 0.97 2.93 0.47 0.03 1.04

shell
oak board 9150 1.22 3.55 0.18 0.01 1.04
oak slabs 92.84 1.09 3.49 0.24 0.04 1.46
pine wood 94.58 1.06 3.09 0.11 0.04 0.69
rice hulls 5261 0.82 3.87 0.57 0.06 41.34

basis), with oxygen contents below 6 wt % and hydrogen
contents near 1 wt %. Both charcoal and carbonized
charcoal contain virtually no sulfur or mercury. Relative
to their fossil fuel cousins, these biocarbons are very low
in nitrogen (typically <0.6 wt %) and low in ash (often
<3 wt %). The high ash content of carbonized rice hull
charcoal in Table 1 merely reflects the high ash content
of rice hulls. Many carbonized charcoals are purer forms
of carbon than most natural graphites.

Considerable shrinkage of wood particles occurs dur-
ing pyrolysis. In 1860, Von Berg!®9 reported bulk
volumetric “yields” of charcoal from wood ranging
between 42% (oak branchwood) and 78% (spruce split
billets). This shrinkage partially counteracts pyrolytic
weight loss and results in charcoal bulk densities
ranging between 106 kg/m? (Scotch pine branchwood)
and 190 kg/m? (Birch).1® Some woods (e.g., spruce) swell
during pyrolysis.”9394 McGinnes and co-workers® ob-
served shrinkages of 26% in the tangential direction,
15% in the radial direction, and 11% in the longitudinal
direction during the pyrolysis of oven-dried white oak
wood cubes in a Missouri kiln. The average volumetric
shrinkage of the white oak cubes was 45%. The volatile
matter contents of these charcoals, which were not
reported, must have been high because the maximum
temperatures were low (280—400 °C). Further work®
with oven-dry white oak and hickory cubes offered very
detailed dimensional shrinkage measurements for tem-
peratures ranging from 250 to 800 °C.% Similar results
were described by Grgnli,”* Beall et al.,*” and Connor
et al.% Conner and co-workers® reported a linear
dependence of char density on sample weight loss during
carbonization at temperatures as high as 420 °C.
McGinnes et al.°¢ and Blankenhorn et al.*° observed a
curious minimum in density for several wood species
at 600 °C: the density at 800 °C slightly increased
relative to values at lower temperatures. Subsequently,
McGinnes et al.1% and Beall et al.” described SEM and
shrinkage studies of southern pine and yellow poplar
wood during pyrolysis. This work revealed that the
disappearance of discrete cell wall layers was both
temperature-dependent and time-dependent. Later, Con-
ner et al.?® observed the disappearance of the middle
lamella at temperatures between 300 and 400 °C.
Nevertheless, Klar!® emphasized that charcoal retains
the form and structure of the wood from which it is
produced to such an extent that the appearance of the
charcoal can be used to identify its origin.

Reported values of the specific heat of charcoal at
room temperature span a range of 670—1350 J/kg-K.”*
Correlations for the temperature dependence of the
specific heat of charcoal predict values that range from
1000 to 3000 J/kg-K at 800 °C, and attempts to improve
the accuracy of the correlations failed because of un-
certainties in the measurements of temperature profiles
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during the heating of charcoal cylinders.74101.102 A
careful modeling study by Larfeldt and co-workers92
concluded that the use of a constant thermal diffusivity
to describe the heating of charcoal to temperatures as
high as 700 °C is recommended. This simplification
reflects the fact that the temperature dependencies of
the specific heat and thermal conductivity approxi-
mately cancel each other, as well as the experimental
difficulties associated with accurate measurements of
these properties.10?

Blankenhorn and co-workers reported measurements
of some mechanical properties of wood charcoals.103.104
They observed a decrease in the dynamic elastic modu-
lus of black cherry wood by a factor of 10 to a minimum
near 330 °C, after which the modulus increased to
regain its initial value for carbonization temperatures
near 900 °C.1% Grgnli’* measured compressive strengths
parallel to the grain that were 3—4 times greater than
those perpendicular to the grain. He also found that the
compressive strength of the charcoal decreased as the
peak temperature and heating rate increased and that
charcoal from softwoods (e.g., spruce and pine) was more
fragile than that from hardwoods (e.g., alder and
birch).”

The peak temperature has a strong influence on the
pore structure, surface area, and adsorption properties
of the charcoal. Shafizadeh et al.l% described the
influence of temperature on the development of surface
area and the concentration of free radicals in a cellulose
char. Both values peaked at temperatures between 500
and 600 °C. On the other hand, Marsh and co-workers
observed a maximum in the surface area (500 m?/g) of
a cellulose char that was carbonized at 900 °C.106
Masters and McEnaney?” reported a strong falloff in
the open micropore volume of carbons derived from
cellulose at heat-treatment temperatures (HTTs) above
1000 °C. Raw biomass charcoal prepared at a low
temperature (~400 °C) has a negligible surface area and
an iodine number below 50.1%8 Baileys and Blanken-
horn'® reported an increase in total porosity with
increasing peak temperatures up to 500 °C (the highest
temperature studied). On the other hand, Khalill10
observed very low surface areas and iodine numbers for
carbons from a wide variety of lignocellulosic materials
charred at 550 °C. Without specific references to the
literature, Wenzl stated that the micropore volume
reached a maximum at relatively high temperatures
(800—850 °C), whereas the mesopore volume did not
increase at temperatures above 550 °C.3° MacKay and
Roberts’ found that microporosity was established near
500 °C and further heating volatilized residual material
that blocked micropores,*! thereby increasing the mi-
cropore volume somewhat. Blankenhorn and co-work-
ers® observed a maximum in the total porosity of black
cherry wood near 700 °C. In the case of redwood,
MacKay and Roberts’? reported pore volumes in the
range of 0.18—0.23 mL/g. Corn stover char evidenced
lower micropore volumes because its high content of
inorganic materials partially filled or blocked access to
the micropores. At temperatures near 900 °C, McKay
and Roberts’? observed shrinkage of the micropore
structure leading to a reduction in open porosity.
Precursor composition and heating rate had little influ-
ence on char microporosity.”? Corroborating these find-
ings, Dai and Antal'®® reported a decrease in iodine
number from 181 to 129 for macadamia nut shell
(“macshell”) charcoal carbonized at 750 and 900 °C,
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respectively. They attributed this decrease to the loss
of free sites, defects, and edges that results from thermal
annealing.197.111 The 900 °C carbonized charcoal had a
surface area of about 100 m2/g and a pore volume of 0.06
mL/g. Using the same macshell charcoal carbonized at
950 °C, Conesa et al. measured an iodine number of 154
and a surface area of 193 m?/g. De-ashing of the biomass
feedstock often increases the surface area of its carbon
derivative.5® In our experience, the surface area and
pore properties of a carbon can be dramatically affected
by the presence or absence of gas flow during carboniza-
tion and any inadvertent exposure of the carbon to air
during carbonization.

A menagerie of chemical functionalities inhabits the
surfaces of most charcoals. Neither pressure nor feed-
stock identity greatly affects the FTIR spectra of
charcoals.®112 These spectra reveal the presence of alkyl
aromatic units with a variety of oxygen-containing
functional groups, including hydroxyl, carboxyl, carbo-
nyl, ether, and lactone structures.®112-114 Ag the peak
temperature increases, these functional groups are
gradually lost. At 650 °C, the OH, C=0, and aliphatic
C—H groups are largely gone, and by 750 °C, most of
the aromatic C—H groups have decomposed. By 950 °C,
the spectra of many carbonized charcoals resemble that
of graphite. Lee and Reucroft!!® reported similar obser-
vations using X-ray photoelectron spectroscopy.

Shafizadeh’s CP/MAS 3C NMR studies of the car-
bonization of cellulose revealed the loss of paraffinic
carbons as the char was heated: the paraffinic carbon
content was reduced from 27% at 400 °C to 12% at 500
°C.116 The residual carbon at 500 °C was highly aro-
matic.

The electrical resistivity of charcoal is also strongly
influenced by temperature: it decreases by 6 orders of
magnitude to attain values below 1 Q-cm at tempera-
tures above 900 °C.3° Consequently, carbonized charcoal
can be used to fabricate electrodes. As early as 1830,
charcoal was used as an electrode for primary batteries.
These electrodes were made from powdered charcoal or
coke bonded with sugar syrup or coal tar, pressed,
and carbonized.’” Coutinho, Luengo, and their co-
workers?°~31 have described extensive studies of bio-
carbon electrodes. Their X-ray diffraction (XRD) studies
of Eucalyptus wood charcoal carbonized at 900 °C
revealed the early stages of development of a turbos-
tratic (i.e., microcrystalline) structure in the carbon.2%31
The measured electrical resistivity fell to 1072 Q-cm for
carbonization at >900 °C. Packed beds of carbonized
charcoal also have potential electrical applications.
Espinola et al. reported resistivities of 1.24 Q-cm for a
packed bed of Babacu nut coke compressed at 19.6 MPa
and 0.272 Q-cm for the same packed bed at 98 MPa.118
Likewise, they reported resistivity values of 0.92 Q-cm
at 19.6 MPa and 0.19 Q-cm at 98 MPa for a compressed
packed bed of Eucalyptus lignin carbon. Bamboo char-
coal has attracted special interest in the Japanese
patent literature because of its low resistivity.11°

Carbonization. The volatile matter content of char-
coal lies in a range of about 40—10%. When subjected
to higher peak temperatures (i.e., carbonized), the
remaining volatile matter of the charcoal is driven off,
leaving a nearly pure carbon product (see Table 1).
Varhegyi and co-workers reported detailed studies of the
carbonization of macshell charcoal using thermogravim-
etry and mass spectrometry (TG—MS).112120 They ob-
served two well-separated regions of species evolu-

tion.'2 Below 600 °C, weight loss occurred by the
evolution of light organic species and gases. Above 600
°C, weight loss was dominated by multiple overlapping
peaks related to the evolution of H,O, CO,, CO, CHy,
and H; at increasing temperatures. Surprisingly, mea-
sured differential thermogravimetric (DTG) curves of
charcoals with different volatile matter contents, de-
rived from the same substrate, were remarkably simi-
lar.112

An increase in particle size delays the escape of
volatiles from the carbon matrix. This delay offers
additional opportunities for residual tarry vapors to
suffer secondary reactions with the solid carbon and
increases the yield of fixed carbon. For example, Var-
hegyi et al.''? reported an increase in residue yield
during carbonization of macshell charcoal from 20 to
29% as the particle size increased from <120 um to a
single 2-mg particle, but this effect was incurred at
temperatures below about 520 °C. Above 550 °C, the
DTG curves of samples with different particle sizes were
identical, indicating that volatiles, which evolve at high
temperatures, do not form fixed carbon by secondary
reactions.

Effects of the Gas Environment

Much can be deduced about charcoal production from
the thermochemical equilibrium calculations displayed
in Figure 2. As emphasized earlier in this discussion,
cellulose serves as a representative model compound for
whole biomass. The trends displayed in Figure 2 remain
the same when the exact C, H, O compositions of
particular biomass species are employed in the calcula-
tions. At temperatures between 400 and 500 °C, the
carbon yield from cellulose improves slightly as pressure
is increased from vacuum to 0.1 MPa, but not thereafter.
High pressures are not needed to secure a high yield of
carbon from cellulose after equilibrium is established.
Water, carbon dioxide, and methane are the only
significant byproducts of cellulose carbonization. Note
that water will be present during carbonization, even
when a dry biomass feedstock is employed. Unfortu-
nately, biomass feedstocks do not easily reach thermo-
chemical equilibrium in a pyrolytic reactor. The chief
obstacle is the formation of tarry vapors that can quickly
escape from the hot reaction zone. As discussed below,
the performance of a carbonizer is strongly influenced
by its ability to control the gas-phase conditions in its
interior.

Moisture. In a conventional kiln, the moisture con-
tent of the feed strongly affects the reaction time and
charcoal yield. More feed must be burned to dry the
remainder (prior to carbonization) when the feed is very
wet. Hawley*! remarks that moisture contents of 15—
20% are satisfactory for most wood kilns, which often
require drying of the wood feed for 6—18 months. The
Stafford process!?! employed a very dry wood (moisture
content < 0.5%)3%° to reduce its energy input require-
ments effectively to zero, but such dry feedstocks are
not economical today. Usines Lambiotte, which operates
one of the largest plants in Europe (25 000 tonnes per
year in France), uses two shaft furnaces for drying of
the feedstock. The optimum moisture content is 10%,
but the average over the year is between 15 and 20%.122

The literature concerning the effects of moisture on
biomass pyrolysis chemistry illustrates the important
influence of pressure on the pyrolysis chemistry. At low
temperatures (i.e., 100—150 °C), Shimazu and Ster-
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Figure 5. (a) Kinetic model for char formation from cellulose at high pressures.130 (b) Detailed mechanism of cellulose pyrolysis at

elevated pressures.1’!

ling!2® found that moist cellulose (i.e., cellulose im-
mersed in liquid water at an elevated pressure) breaks
down less rapidly than dry cellulose. At higher temper-
atures, Hawley*! speculated that wood pyrolysis in
flowing steam resembles that in a vacuum. Stamm??*
also noted the favorable effect of steaming conditions
on wood pyrolysis. His interpretation of the data of
MacLean!® led him to conclude that the apparent
activation energy for wood pyrolysis in steam below 180
°C is about half that observed under dry heat. Darms-
tadt and co-workers'?6 observed only a slight influence
of moisture content on the charcoal yield from maple
bark under vacuum, but a decrease in bark moisture
caused the charcoal surface to become more graphite-
like. An analysis of product yields from the Poore
carbonization process by Klar?® led him to conclude that
pyrolysis in the presence of flowing steam at atmo-
spheric pressure has “practically no effect on the yield
of the (charcoal) product”. Likewise, at atmospheric
pressure and temperatures between 320 and 460 °C,
Antal and co-workers?? observed no influence of flowing
steam on the kinetics of cellulose pyrolysis or the yields
of char. Recently, Gergova, Petrov, and Eser!2® reported
the synthesis of activated carbons with large BET
surface areas (as high as 820 m?/g) by a steam pyrolysis
of apricot, cherry, and grape seeds and almond shells
at atmospheric pressure and temperatures ranging from
600 to 700 °C. Alaya, Girgis, and Mourad obtained
similar results.12° Burnoffs due to the water—gas reac-
tion (i.e., steam gasification of carbon) were not large
at these temperatures. Evidently, steam pyrolysis at
high temperatures preferentially removes highly reac-
tive carbon that blocks the intrinsic pore structure of
the biocarbons.

In an externally heated, sealed crucible (that devel-
oped considerable internal pressure), Mok and co-
workers showed that an increase in the moisture
content of the cellulose substrate systematically en-
hanced the charcoal yield at high temperatures from
36% (dry cellulose substrate) to 40% (45% moisture, dry
basis) while decreasing the onset temperature of py-

Table 2. Effects of Moisture Content (MC) on the
Fixed-Carbon (fC) Yield from Eucalyptus Wood at 1 MPa

MC mass charcoal yield fC content fC yield

(wt %) (kg) (wt %) (wt %) (wt %)
0.0 1.79 43.0 65.5 284
16.2 1.08 41.8 69.6 29.3
29.0 0.86 42.2 71.4 30.4
56.9 1.63 46.1 71.6 333

rolysis by more than 25 °C.% Varhegyi and co-workers!3°
were able to simulate the data of Mok et al.® using the
kinetic model displayed in Figure 5a. In this model,
water plays the role of an autocatalytic agent for
charcoal formation via reactions 1 and 2.1 Results from
both a pilot plant and a laboratory-scale reactor were
consistent with the sealed crucible data. In the electri-
cally heated pilot plant, air-dried Eucalyptus wood with
a moisture content of 15% offered charcoal yields of 28—
35%. Using the same wood and the same conditions,
higher yields (i.e., 40—45%) were obtained when liquid
water was pumped into the pilot plant during heatup
and pyrolysis.’3t Similarly, in the electrically heated
laboratory-scale reactor operating at 1 MPa, an increase
in the moisture content of the Eucalyptus wood from 0
to 57% increased the fixed-carbon yield from 28.4 to
33.3% (see Table 2).2! The consistency of these results
clearly indicates that moisture content can improve the
yield of charcoal from biomass at elevated pressures in
situations where the flow of gas through the externally
heated retort is small or negligible. Beyond the modeling
work of Varhegyi et al.13% and (more recently) Ball et
al.,’32 the details of the chemistry that underlies the
improved yields are not understood.

Vapor-Phase Residence Time. Although Klason
established the key role of secondary (vapor-phase)
pyrolytic reactions in the formation of charcoal 88 years
ago;*041 today, many researchers still assume that
charcoal is solely a product of primary (solid-phase)
pyrolytic reactions. In reality, charcoal contains both
“primary” charcoal and “secondary” charcoal that is a
coke derived from the decomposition of the organic
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Figure 6. Effects of pressure and gas flow on the (a) yield of char
and (b) heat of pyrolysis from cellulose.138.171

vapors (“tars”) onto the solid carbonaceous solid.** This
decomposition is probably catalyzed by the charcoal.133-136
Remarkably, secondary charcoal is as reactive as pri-
mary charcoal.’3” The role of vapor-phase reactions in
the formation of charcoal is well illustrated in Figure
6, which displays the effects of gas flow at various
pressures on the yield of char derived from cellulose.138
Plainly, low gas flows provide increased opportunities

for reactive volatile matter to interact with the solid
carbonaceous residue of pyrolysis and produce more
charcoal. Additional evidence supporting the impact of
gas flow on charcoal production was reported by Var-
hegyi et al.,®? who conducted TG studies of Avicel
cellulose pyrolysis in open and covered sample pans. The
char yield in the open sample pan was typically about
7%. When pyrolysis was conducted in a covered pan
with a pinhole, the char yield dramatically increased
to 19%. These striking results clarify the beneficial
effects of both prolonged vapor-phase residence times
and increased concentrations of vapors on the carbon-
ization chemistry. Varhegyi’s findings were corroborated
by Suuberg and co-workers,'3° who varied the char yield
from 4 to 20% by pyrolyzing cellulose samples of 1—30
mg in open pans or closed pans with 2—10 holes.
Similar, but less dramatic, observations have been
reported by coal researchers. Kamashita et al.1*? and
Anthony et al.'! both observed increases in the char
yield from coal when the transport of reactive volatile
products out of the coal particle was hindered.

Pressure. In 1914, Klason showed that charcoal
yields are minimal when pyrolysis is conducted in a
vacuum. 4041142 Instead of charcoal, Klason®4° reported
that vacuum favors the formation of tars (which Berg-
strom93:94 designated as “B-tars”), with yields as high
as 43.6 wt % from birch wood. More recently, Shafizadeh
and Fu!*® and Broido and Nelson®” reported lower char
yields from cellulose under vacuum.

Violette’s visionary work included a remarkable study
of biomass carbonization at very high pressures.*®
Violette heated wood samples weighing about 1 g in
sealed glass tubes to temperatures that caused some of
the tubes to explode. When a tube did not explode,
Violette was able to use a clever procedure to recover
the products for analysis. At the highest temperature
employed in his work, Violette reported a charcoal yield
of 79.1 wt % with a carbon content of 77.1%. The
charcoal was shiny and brittle and had undergone
fusion similar to coking coal. Although the yield and
carbon content data of these experiments appear to be
impossibly high, Violette's observations are intriguing,
and his experiments remain novel even today. Berg-
strom®3%4 recognized that elevated pressures increase
charcoal yield at the expense of the formation of B-tars.
Sixty years after Violette's work, Palmer presented the
first thorough study of the effects of elevated pressures
on wood distillation in this journal.2** Influenced by the
strong interest that existed in optimizing the yield and
guality of distillate at the turn of the century, Palmer
reported yields of “charcoal” formed at temperatures
below 338 °C with no analysis of its fixed-carbon
content. Very small improvements in the charcoal yields
were observed (e.g., 39—42% for maple sawdust) at
elevated pressure together with some improvement in
alcohol yields and a decrease in pyroligneous acid and
tar formation. Palmer’s observation that “Distillations
were made at pressures as high as 450 Ibs. (sic), but
the exothermic reaction was so violent that it was not
advisable to continue the experiments” was a prescient
harbinger of later work. Shortly thereafter, Frolich et
al.1%5 at MIT reported a study of the effects of pressure
on the destructive distillation of wood and cellulose
within a pressure vessel that permitted high flows of
hydrogen and other sweep gases. No effect of pressure
on the yield of charcoal heated to 500 °C was detected.
It appears that Palmer and Frolich overlooked the



Table 3. Effects of Pressure on the Fixed-Carbon (fC)
Yield from Air-Dry Macadamia Nut Shells

pressure mass charcoal yield fC content fC yield

(MPa) (kg) (wt %) (wt %) (wt %)
0.4 0.92 40.5 78.6 32.0
0.7 0.92 40.2 815 32.9
1.0 0.73 44.4 73.9 32.9
1.1 2.76 50.8 70.4 35.9
33 2.69 51.0 69.9 35.8

effects of pressure on biomass carbonization because of
their focus on wood distillation, that caused them to
employ high gas flow rates and low reaction tempera-
tures.

Five decades later, using tubular flow reactors em-
bedded in a differential scanning calorimeter (DSC),
Mok and Antal'38 observed an increase from 12 to 22%
in the yield of char from cellulose with an increase in
pressure from 0.1 to 2.5 MPa at low gas flow (see Figure
6). The improved yield of char was accompanied by the
formation of additional CO,, H,, and C,Hg and lesser
guantities of CO, CHy4, and C,H,4. A methodical study
of the effects of pressure, gas flow, and thermal pre-
treatments on the products and heats of cellulose,
anhydrocellulose, and levoglucosan pyrolysis led Mok
and Antal to associate the pathways displayed in Figure
5b with the observed reaction chemistry. The pathways
associated with the formation and decomposition of
anhydrocellulose are not of great practical importance,
since they are evoked by slow heating that is uneco-
nomical. At high flow rates and pressures below 1 MPa,
Mok and Antal observed the endotherm associated with
the phase change of levoglucosan (reaction 5). But at
low flow rates the endotherm was replaced by a strong
exotherm. This change was due to the in situ carboniza-
tion of levoglucosan (reaction 6). Mok and Antal found
that the carbonaceous residue of reaction 6 decomposed
via competing reactions (10 and 11), with higher heating
rates favoring the formation of less char (reaction 11).
Unfortunately, the reaction network displayed in Figure
5b was not reduced to a kinetic model; furthermore, no
kinetic models that embody the complex effects of
pressure, vapor-phase residence time, and thermal
pretreatments have been reported in the literature.
Consequently, our understanding of the important but
subtle effects of pressure and flow rate remains largely
qualitative.

Other workers have corroborated many of the obser-
vations of Mok and Antal. In a pressurized TGA
instrument Blackadder and Rensfelt!#® observed the
char yield from cellulose pyrolysis to increase from 6%
at 0.1 MPa to 15% at 4 MPa. Likewise, the char yield
from wood increased from 21 to 28% over the same
pressure range. Richard and Antal*’ reported an
increase from 19 to 41% in the char yield from cellulose
when the pressure was increased from 0.1 to 2.0 MPa
with constant purge gas velocity. On the other hand,
Kandiyoti and co-workers!8 observed little influence of
pressure on char yields from Eucalyptus sawdust in a
hot-rod reactor wherein the volatiles were quickly
removed from the reaction zone. When examined in
terms of fixed-carbon yields, the data of Antal et al.?!
(see Table 3) show a clear trend of increasing yields (i.e.,
from 31.9 to 35.7%) from macshells as the pressure
increased from 0.4 to 3.3 MPa. Recently, we compared
the fixed-carbon yields and reaction times realized by
pyrolysis of various wood species in a conventional
muffle furnace at atmospheric pressure with those
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Table 4. Comparison of Charcoal and Fixed-Carbon
Yields Realized at Atmospheric Pressure (0.1 MPa) under
Different Heating Conditions with Those Obtained at 1.0
MPa

0.1 MPa 1.0 MPa
charcoal fC fC charcoal fC fC
yield  content vyield yield  content yield
feed wt%) (wt%) (wt%) (wt%) (wt%) (wt%)

alder wood? 30.2 717 21.7
alder woodP 30.5 76.2 23.3
alder wood°® 29.8 78.4 23.4
alder wood® 35.9 70.7 25.4
birch wood? 295 72.5 21.4
birch woodP 28.8 77.2 22.3
birch wood® 28.8 79.1 22.8

birch wood® 34.6 78.5 27.2
oak woodP 31.2 76.9 24.0
oak wood® 39.8 75.0 29.9
pine wood? 28.9 69.6 20.2
pine wood® 32.1 74.6 24.0
pine wood® 31.8 78.6 25.0
pine wood¢ 28.8 86.6 25.0
pine wood® 35.2 79.6 28.1

spruce wood? 33.0 69.1 22.9
spruce wood?  32.2 74.7 24.1
spruce wood® 317 78.7 25.0
spruce wood® 375 76.7 28.8

2 Rapid heating to 450 °C (within 90 min), followed by 10 min
of soaking at 450 °C (0.1 MPa).  Slow heating to 450 °C (within
240 min), followed by 60 min of soaking at 450 °C (0.1 MPa). ¢ Slow
heating to 450 °C (within 240 min), followed by 240 min of soaking
at 450 °C (0.1 MPa). 9 Slow heating to 550 °C (within 300 min),
followed by 60 minof soaking at 550 °C (0.1 MPa). ¢ Rapid heating
to 450 °C (within 70 min), with no soaking time (1.0 MPa).

achieved in a pressurized retort (see Table 4).5 Fixed-
carbon yields at atmospheric pressure fell in the range
of 20.2—25.0 wt %. As expected, slow heating, prolonged
holding times at the peak temperature, and an increase
in peak temperature from 450 to 550 °C improved the
fixed-carbon yields somewhat. At 1 MPa, the fixed-
carbon yields increased to 25.4—29.9 wt %. Reaction
times were reduced from 300 min in the muffle furnace
to 70 min in the pressurized retort. In light of these
findings, there can be no doubt that elevated pressures
improve charcoal fixed-carbon yields (at the expense of
tar production). Concerning the importance of process-
ing time, Foley® makes the following insightful obser-
vation. “For many charcoal makers, the question of
yields is not one to which they give a great deal of
attention. Provided the wood is plentiful, the question
of labor costs and the length of time taken for carbon-
ization can be far more important.” In light of this
observation, the reduction in processing time realized
by pyrolysis at elevated pressure may be more impor-
tant than improvements in charcoal yields.

In 1892, Chorley and Ramsay*-#° first reported the
exothermic release of heat during wood pyrolysis at
temperatures above 280 °C. Klason and co-work-
ers81841149 photh confirmed the exothermicity of the
reaction and actually measured the heat evolved. Their
value (6% of the HHV of wood) agrees well with modern
measurements associated with high charcoal yields.
Klason also discovered that the exotherm results from
the decomposition of primary tar into coke and second-
ary tar.*0 Other workers?.150-152 reported similar find-
ings at about the same time as Klason. Much later,
Roberts reported that the exotherm can release as much
as 8—10% of the heat content of a feed.'52 This exotherm
is so important that Hawley*! was of the opinion that,
without it, wood distillation would not be practical!

Nevertheless, recent workers found that the pyrolytic
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Figure 7. Values measured by Mok et al.®10 for the pyrolytic heat
of reaction vs char yield over a wide range of pressures.

reactions of biomass can be exothermic or endothermic
depending on reaction conditions.® For example, in
their TGA/DSC study of wood pyrolysis in flowing
nitrogen, Havens et al. reported endothermic heat of
reaction of 200 and 110 J/g for pine and oak, respec-
tively.1% Likewise, in his numerical study of the py-
rolysis of wood slabs, Kung®®® remarked that the effects
of the endothermic pyrolysis reaction were “evidently
an important matter”. The varied, contradictory reports
of endothermicity and exothermicity in the modern
literature could easily confound a student, or amuse a
seasoned researcher. Tang and Neil,’%¢ Kung,'%® Kung
and Kalelkar,®” Lee et al.,'®® Kansa et al.,'® and
Bennini et al.1% reported pyrolytic endotherms, whereas
Bamford et al.,'61 Akita,'6? Roberts and Clough,63
Tinney,'%4 and Roberts%> observed exotherms. Recog-
nizing the unresolved nature of the heat of reaction,
some recent workers utilized variable or multiple values
for the heat of reaction according to the situation.166-170

In his MSE thesis at Princeton, Mok was the first to
clarify the conundrum.’* He showed that increasing
pressure causes the total heat of cellulose pyrolysis to
shift (see Figure 6) from values near 230 J/g (endother-
mic) to values near —130 J/g (exothermic). Furthermore,
in a sealed crucible (no gas flow), the heat of cellulose
pyrolysis reached —600 J/g (exothermic) with a charcoal
yield of 40%.° Figure 7 displays the linear relationship
that exists between the pyrolytic heat of reaction and
the observed char yield.%6.138 Recently, Milosavljevic et
al.13% reported similar findings from experiments con-
ducted at atmospheric pressure. An increase in pressure
also affects the pyrolysis of hemicellulose: Mok!38
observed one broad exotherm within a temperature
range of 195—235 °C during the pyrolysis of a xylan
extract in a flowing inert gas at 0.1 MPa. This exotherm
shifted to lower temperatures at higher pressures.
Increasing pressure at low flow rates also causes lignin
to undergo exothermic pyrolysis with a small increase
in yield, but the rates of reaction are low.3 Mok’s study
of oak wood pyrolysis revealed a 60% increase in char
yields when a low-pressure, high-flow condition was
altered to a high-pressure, low-flow condition (see
Figure 8). The measured exothermicity of the reaction
also increased.138 Increasing pressure lowered the onset
of pyrolysis from 360 to 350 °C. Corn cob evidenced
similar behavior: elevated pressures favored exother-
micity and a reduction in the onset temperature, but
the effects were reduced relative to those observed for
oak wood and cellulose.’38 In sealed crucibles, the
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Figure 8. Effects of pressure and gas flow on the (a) yield of char
and (b) heat of pyrolysis of oak wood.1"1

reaction exotherms due to hemicellulose decomposition
exhibited peaks between 273 and 285 °C for woody
species and between 244 and 246 °C for herbaceous
species.® Cellulose decomposition occurred between 312
and 332 °C for woody species and between 291 and 299
°C for herbaceous species.® There was no peak associ-
ated with lignin decomposition.



Because thermochemical equilibrium calculations
predict that elevated pressure should have no effect on
the yields of carbon from biomass, the influence of
pressure on fixed-carbon yields demands an explana-
tion. As mentioned earlier, biocarbons are composed of
both a primary and a secondary carbon that is a coke
derived from the decomposition of the tarry organic
vapors onto the carbonaceous solid.#! Under pressure,
the highly reactive, tarry vapors have a smaller specific
volume; consequently, their intraparticle residence time
is prolonged, increasing the extent of their decomposi-
tion as they escape the biomass particle. Also the
concentration (partial pressure) of the tarry vapor is
higher, increasing the rate of the decomposition reac-
tion.® These effects can be magnified when the flow of
gas through the particle bed is small,1301% as is the case
at elevated pressure.138.146.147 Furthermore, the forma-
tion of secondary carbon from the tarry vapor is
catalyzed by the charcoal,’33-136 and water vapor or
chemisorbed moisture can act as an autocatalytic agent
for carbon formation at elevated pressures.921:130,131
Molecular diffusivities are also affected by increasing
pressure and can influence the escape of the tarry vapor
from the solid particle.l’?2 Finally, we remark that
equilibrium will be established between water’s liquid
and vapor phases at elevated pressures. It is well-known
that steam and liquid water can soften, degrade, and
extract lignin at temperatures near 100 °C.173-175
Furthermore, formic and acetic acids are early products
of biomass pyrolysis; consequently, an acid-catalyzed
hydrolysis of the wet holocelluose fraction of the feed
can occur at elevated pressures and somewhat higher
temperatures when liquid water is present. All these
phenomena can contribute to the improved fixed-carbon
yields that are obtained by carbonization at elevated
pressure.

Effects of Feedstock Properties

The size of a particle undergoing pyrolysis has a
considerable effect on the decomposition chemistry. In
an elegant paper pregnant with insights, Arseneaul’®
used TGA and DSC to detect the appearance of a high-
temperature exotherm during the pyrolysis of samples
of cellulose with increasing thickness. He attributed this
exotherm to the formation of secondary char that
resulted from the decomposition of volatile matter
(levoglucosan) that was unable to rapidly escape from
the thicker cellulose samples. Usually, larger particles
are associated with higher charcoal yields that are the
result of these secondary reactions.*243 The performance
of industrial-scale kilns and retorts that carbonize wood
chips and other large biomass particles is influenced by
the strong exotherm associated with charcoal formation.
As noted by Palmer,#4 it can be difficult to measure the
peak temperature of these reactors and to control it.82:86
The exothermic release of heat during pyrolysis was the
foundation of the commercial Stafford process?177 for
charcoal production from very dry wood that realized a
charcoal yield of 30%.%°

Although some lore in the field suggests that charcoal
yields are related to the density of the feedstock,° Byrne
and Nagle” demonstrated that the yield of charcoal
from various wood species is independent of the bulk
wood density. On the other hand, Byrne and Nagle’®
showed that the bulk density of the charcoal is linearly
proportional to the feedstock’'s bulk density with a
proportionality constant of 0.82. Byrne and Nagle's
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results were corroborated by Teixeira do Vale et al.178
and Connor et al.1”®

Hawley*! divided his presentation of wood distillation
into sections concerning hardwoods and resinous woods,
but this division was made to focus on the extraction of
resinous products from softwoods. Hawley noted no
difference, apart from coking of the resins that can lead
to a higher charcoal density, between charcoals pro-
duced from softwoods and hardwoods. WenzI®° observed
that the charcoal yield is sometimes considerably lower
from deciduous than from coniferous woods, and Pon-
tinha et al.’80 reported that several Brazilian pine
species are better suited for charcoal production than
Eucalyptus grandis when dense charcoal is not needed.
On the other hand, Foley'® voiced the opinion that
hardwood charcoal is dense and resists breakage and
burns cleanly and slowly, whereas softwood charcoal is
soft and friable and burns quickly. Foley also cautioned
against the use of bark in the production of charcoal.
For whatever reason, hardwoods are the usual feedstock
for charcoal production in the U.S.

Not unexpectedly, the charcoal yield from biomass is
influenced by its lignin, holocellulose, and extractives
contents.*+181 Biomass species with high lignin contents
offer higher charcoal yields,®®! reflecting the fact that
lignin preferentially forms char during pyrolysis.182-184
However, the claim by MacKay and Roberts!8! that the
carbon yield of a lignocellulosic material can be pre-
dicted by a simple model that sums the yields of the
substrate’s cellulose, hemicellulose, and lignin compo-
nents is misleading, because the carbon yield is strongly
dependent on the vapor-phase conditions present in the
pyrolytic reactor. Recently, Di Blasi and co-workers
reported higher yields of charcoal from extractive-rich
woods (e.g., chestnut) than from those with lower
extractives content.8 Corroborating this insight, Gaur
and Reed realized a remarkable 44% fixed-carbon yield
from Wattle tannin.>® On the other hand, Roy and co-
workers'® obtained higher charcoal yields (under
vacuum) from extractive-free wood. Their findings might
be unique to vacuum pyrolysis technology. In any case,
at elevated pressure, a great variety of biomass feed-
stocks offer attractive yields of charcoal. For example,
in a pressurized retort, the fixed-carbon yields from
bamboo, leucaena wood, and kukui nut shells all at-
tained the theoretical values predicted to exist when
thermochemical equilibrium is established at 1 MPa
(see Figure 9).° High fixed-carbon yields were also
realized in a pressurized retort from other feedstocks,
including oak and eucalyptus wood, rice and oat hulls,
macshells, and garlic wastes. Note that each theoretical
yield value displayed in Figure 9 reflects the elemental
composition of each feedstock (including its lignin
content).

The composition of the feedstock also affects the ash,
nitrogen, and sulfur contents of the charcoal. For
example, Olsson et al.’® observed little release of alkali
metals during pyrolysis of wheat straw below 500 °C.
Corroborating this result, Jensen et al.’® detected no
release of potassium during the pyrolysis of straw at
temperatures below 700 °C. On the other hand, 60% of
the chlorine was released (probably as HCI) in a
temperature range of 200—400 °C and the remainder
between 700 and 900 °C.188.189 Qlsson et al.’®7 also
observed enhanced alkali emissions from feeds with a
chlorine-rich ash. To the best of our knowledge, no
comparable studies have been reported on the distribu-
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Figure 9. Parity plot of fixed-carbon yield (theoretical vs experi-
mental at 1.0 MPa):® (1) pecan shell, (2) kukui nut shell, (3)
macadamia nut shell, (4) eucalyptus wood, (5) coconut shell, (6)
sunflower seed hull, (7) walnut shell, (8) oak wood (results from
PDU), (9) almond shell, (10) alder wood, (11) pine wood (results
from PDU), (12) corn cob, (13) spruce wood, (14) bamboo, (15)
leucaena wood, (16) birch wood, (17) rice hull, (18) oat hull, and
(19) garlic waste.

tions of sulfur and nitrogen species between the charcoal
and volatile pyrolysis products. Although the sulfur and
nitrogen contents of most biomass feedstocks and their
charcoal derivatives are low, it is uncertain how much
sulfur and nitrogen may be carried away in the off-gases
of a pyrolytic reactor.

Philpot!® completed an extensive study of the influ-
ence of mineral matter on the pyrolysis of various plant
materials. In general, higher charcoal yields were
obtained from feedstocks with higher ash contents, but
the effect was less strong above 5% ash content. He
found that only some of the mineral elements present
in plant ash affect the pyrolysis reactions (e.g., silica
has little influence). Richards and Zheng noted higher
charcoal yields from cottonwood when potassium, lithium,
or calcium ions were incorporated into the substrate by
ion exchange.’®! Furneaux and Shafizadeh!®? removed
the mineral matter from ivory-nut meal by acid wash-
ings and observed a decrease in the char yield from 33
to 22%. Raveendran et al.5® also reported an increase
in volatile yields as a result of de-ashing in some cases,
but in the case of rice hulls and groundnut shells, the
char yield increased after de-ashing. Recently, Radlein
and co-workers!9 described a study of demineralization
by a dilute HNOj3 treatment of the feedstock prior to
pyrolysis. This pretreatment removed alkali and alkali
earth metals that serve as catalysts for char formation.
Fast pyrolysis produced high yields of anydrosugars
from the pretreated herbaceous biomass materials.

Remarkably, a simple hot water wash can effectively
remove the ash from many biomass feedstocks.”* For
example, Teng and Weil®* showed that the char yield
decreased and the volatile yield increased when rice
hulls were washed in hot water prior to pyrolysis. These
findings suggest that the results of Ravendreen et al.5®
(see above) might have been influenced by their de-
ashing method. Jensen et al.1® realized nearly quanti-
tative removal of postassium from straw by a hot water
wash after only 30 min of treatment at 80 °C. De-ashing
can have the undesired effect of increasing the pyrolysis
temperature by as much as 50 °C.7! Unfortunately, hot

water washes are less effective at removing minerals
from charcoal 1%

Reactivity

Unlike coal and other aromatic fossil fuels, biomass
chars are notoriously reactive. The following subsections
review the reactivity of charcoal in air at increasing
temperatures.

Pyrophoricity. A recent article in the Honolulu
Advertiser entitled “Charcoal Confirmed as Source of
Blaze” described the spontaneous ignition of a bucket
of wet charcoal briquettes that was left to dry.1%¢ This
problem is unpleasantly familiar to skippers bound for
Norway who often extinguish fires in shiploads of wet
wood charcoal that self-ignite on the high seas. The
handbook Industrial Charcoal Making offers the fol-
lowing caution:** “Tightly packed masses of charcoal
fines and charcoal with a high content of volatiles are
more subject to spontaneous combustion than larger
pieces of lump charcoal. Self ignition may even occur if
charcoal has been water-sprayed for better cooling.”
These observations are in accord with an early report
by Ranke!®” and with Shafizadeh'’s findings!®>1% con-
cerning the pyrophoric nature of biomass chars. Berg-
strom9%%4 noted that oven-dry charcoal (<5 wt %
moisture) evolves heat when adsorbing water, but not
in sufficient quantity to cause autoignition. He believed
that oxygen chemisorption is the root cause of autoi-
gnition, which he reported to occur at temperatures as
low as 150 °C (spruce) and 170 °C (aspen) for charcoals
prepared at 430 °C. On the other hand, Brocksiepe!%°
reported that the ignition point of charcoal “ranges
between 200 and 250 °C, depending on the content of
volatile compounds”. Brocksiepe’s values are in excellent
agreement with the low-temperature ignition measure-
ments of Di Blasi and co-workers,?®® Dai and Antal,%8
and Tam and Antal.?°! In any case, we have not
observed any pyrophoric behavior of charcoal in our
research. We believe that a search for pyrophoric
carbons, followed by the development of an understand-
ing of their pyrophoricity, could be quite fruitful.

Chemisorption. Biomass carbonization involves the
fracture of most of the chemical bonds initially present
in the biomass feedstock. The product carbon does not
go through a fluid state; consequently, many of these
bonds are left “dangling”. These dangling bonds give rise
to the chemisorption properties of charcoal.

Significant amounts of oxygen and moisture can be
chemisorbed by charcoal during storage.”? The German
Regulation for Dangerous Goods requires a storage
(equilibration) period before shipment of 4 days after
production for lump charcoal and 8 days for charcoal
dust or granulated charcoal.1%® WenzI3® reported a
maximum in oxygen chemisorption on charcoals carbon-
ized at about 430 °C. This value agrees with the findings
of Richards and co-workers, who observed a maximum
level of oxygen chemisorption on cellulose?®? and wood?%3
chars pyrolyzed at 450—500 °C, and Bradbury and
Shafizadeh?%* who reported a maximum at 550 °C for
cellulose char. Higher peak temperatures reduced the
amount of oxygen chemisorbed on the chars. Oxygen
chemisorption involves the formation of oxides and
peroxides on the charcoal surface at temperatures as
high as 250 °C, until it becomes saturated with oxygen
and stabilization of weight occurs.3® The carbon—oxygen
complex can act as a Lewis base, and considerable work
has been done in characterizing the oxygen functional



groups by means of titrations2% and FTIR spectroscopy.
Chemisorbed oxygen causes the carbon to become hy-
drophilic, thereby influencing its ability to chemisorb
water. Oxygen chemisorption also affects the electrical
resistivity of carbon particles: increased oxygen content
greatly increases the electrical resistivity of the car-
bon.2%5 An increase in chemisorbed oxygen to 4% in-
creased the electrical resistance of a powdered carbon
by a factor of 100. Richards and co-workers?2°2 observed
the formation of CO, and H,O (little CO) during
temperature-programmed desorption (TPD) of oxidized
cellulose char. Their results show that oxygen associates
with both carbon and hydrogen atoms on the surface of
the char. Using an oxidized macshell carbonized char-
coal, Dai and Antall% reported the evolution of both CO
and CO; by TPD with an increasing CO/CO; ratio at
higher carbonization temperatures.

As mentioned earlier, Antal and co-workers08206
measured iodine numbers in the range of 130—180 for
macshell charcoal carbonized at temperatures between
750 and 900 °C. They were able to increase the iodine
number to 260 by merely exposing carbonized macshell
charcoal to air at 100 °C for 2 h and then performing a
second carbonization at 950 °C.2% The second carbon-
ization served to drive off the chemisorbed species and
thereby greatly magnified the microporosity of the
carbon. Remarkably, Richards and co-workers?%? ob-
served that the rates and extents of oxygen chemisorp-
tion on chars derived from Whatman #41 filter paper
were much lower than those reported by Bradbury and
Shafizadeh?®* on chars derived from cotton cellulose.
These results point to the ability of carbonized charcoal
to aggressively chemisorb oxygen present in the envi-
ronment and the unusual sensitivity of the chemisorp-
tion process to the nature of the carbon.

Foley notes that the volatile matter content of char-
coal affects its uptake of moisture.’® Typical charcoals
adsorb 3—8 wt % moisture, but a high-VM-content
charcoal can take on 15 wt % moisture. Klar!® cautions
that a period of 3 weeks is needed to fully equilibrate
charcoal with a mass gain of 8%, but 72 h is sufficient
for the charcoal to realize a 4% weight gain. Antal and
co-workers?% washed a carbonized macshell charcoal in
compressed liquid water at 150 °C for 2 h and then
carbonized the washed product at 950 °C. The iodine
number increased from about 180 to 330 because of the
loss of carbon bound to chemisorbed water during the
second carbonization. The aggressive nature of the
chemisorption process is further illustrated by the
evolution of carbon dioxide when water contacts clean
commercial activated nutshell charcoal at 25 °C.207.208
At 200 °C, Smith et al.?%7 observed the formation of
hydrogen in addition to much larger quantities of carbon
dioxide during the chemisorption of water on the same
carbon. These authors proposed a mechanism that
involved the initial adsorption of a water molecule onto
a carbon oxygen complex site and the existence of a
stable CO complex and a less stable CO, complex on
the surface of the carbon. In agreement with Smith et
al., Lee and Reucroft!’®> showed that an increase in
water vapor adsorption onto wood-based activated car-
bons was correlated with higher concentrations of
functional groups that contained oxygen on the carbon’s
surface. Shadle and co-workers?% described an equilib-
rium model for water adsorption and desorption on coal
chars. If the effects of variable surface areas and other
surface properties were to be included in this model, it
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may also prove useful for predicting the adsorption
properties of biomass charcoals.

Ignition. Both the feedstock and the carbonization
temperature affect the ignition properties of charcoal.
For example, Hshieh and Richards2%3 could not ignite a
charcoal produced from an acid-washed cottonwood (i.e.,
neither temperature runaway nor incandescence was
observed during heating in air). Likewise, a charcoal
made from ash-free cellulose required a temperature of
400 °C to sustain a measurable reaction rate in air.?10
Also, Richards and co-workers found that a preadsorp-
tion of oxygen on charcoal elevated the observed ignition
temperature by 73—130 °C. Ward and Rideal?!! found
that the amount of oxygen adsorbed (per gram of
charcoal) was proportional to the partial pressure of
oxygen, except at very low pressures. The initial adsorp-
tion of oxygen on outgassed samples, however, evi-
denced an extraordinary exotherm, exceeding values of
5 kJ per mole of oxygen adsorbed. Ward and Rideal?!!
observed the greatest heat evolution from oxygen ad-
sorption on an activated charcoal with an ash content
of 9.6%. The addition of cobalt or potassium by ion
exchange to acid-washed cottonwood lowered the igni-
tion temperature of its oxygenated charcoal (i.e., char-
coal with substantial amounts of chemisorbed oxygen),
whereas the addition of calcium increased the ignition
temperature.293 Thus, the presence of chemisorbed
oxygen and the makeup of the mineral matter content
of the charcoal strongly influence its ignition behavior.

Combustion. Shafizadeh'’s laboratory was among the
first to initiate chemical studies of the smoldering
combustion of cellulosic chars. His CP/MAS 13C NMR
analyses of cellulosic chars and partially oxidized chars
revealed the preferential attack at low temperatures of
oxygen on paraffinic carbons present in the chars. At
higher temperatures, the aromatic carbons were oxi-
dized.?*?

Both the heating rate and the peak temperature can
affect the reactivity of biocarbons. Chen et al.137 ob-
served a 140—230% increase in the reactivity (with
steam and carbon dioxide) of birch wood charcoal
produced at high heating rates. One “normal” effect of
increasing peak temperature (i.e., HTT) is a reduction
in char reactivity. In the case of wheat straw, a large
drop in reactivity occurs at HTT between 1000 and 1200
°C.213 This “thermal annealing” process can result from
a loss of surface area, a reduction in the concentration
of active sites on the char’s surface,?* a decrease in the
H/C ratio as the charcoal composition becomes increas-
ingly aromatic, or a loss of catalytic activity of minerals
present in the char.213 Richards, Kannan, and their co-
workers observed departures from the normal thermal
annealing behavior when chars with significant amounts
of potassium?14:215 or copper?!6 in their ash were gasified
in air at 400 °C. In both cases, elevated heat-treatment
temperatures (400 °C for copper and above 650 °C for
potassium) reduced the oxidation states of these ions
(in the presence of carbon) to elemental metals. The
greatly enhanced reactivity of these chars was ascribed
to the unusual catalytic activity and mobility of the
elemental metal in the char.?14-216 Similar effects were
not observed with calcium, because its oxides cannot be
reduced by carbon at peak temperatures below about
2000 °C.210214215 Recently, Jensen and co-workers2!3
also described the considerable influence of potassium
as a catalytic agent for the oxidation of wheat straw



1634 Ind. Eng. Chem. Res., Vol. 42, No. 8, 2003

chars subjected to various HTTs below 1200 °C, but the
catalytic effect was lost at 1200 °C and above.?13

The extraordinary reactivity of charcoal?!” sets pitfalls
for researchers attempting to measure reaction rates.
Underestimates of the apparent activation energy of
biomass pyrolysis at high heating rates—due to thermal
lag that results in part from the pyrolytic endotherm—
are well-known,42:56.70,71,218.219 | jkewise, oxygen chemi-
sorption and gasification are accompanied by a vigorous
reaction exotherm that can cause an overestimate of the
apparent activation energy associated with measure-
ments of charcoal reactivity in air. Thus, Richards and
his colleagues reported a “jump phenomenon” in the air-
gasification rate of biomass charcoals at low tempera-
tures,?16 which they later attributed to temperature
runaway. Despite the small samples employed in their
TGA studies, during runaway, the actual sample tem-
perature greatly exceeded the “sample temperature”
reported by the TGA device, leading to a gross overes-
timate of the reactivity of the charcoal.?19220 The tem-
perature range where runaway occurred (255—340 °C)
is in good agreement with measured ignition tempera-
tures of charcoal. In some cases (e.g., calcium-doped
cellulose chars), Richards and co-workers found that
presorption of oxygen on the char below the gasification
temperature eliminated the runaway,?'® whereas in
other cases (e.g., copper-doped cellulose chars), the
runaway could not be eliminated.??°

Both Dail%:221 gnd Tam?%! studied the low-tempera-
ture combustion of carbonized macshell charcoal in a
thin packed bed. The charcoal substrate of Dai'%22! was
carbonized at 750 °C, whereas the substrate of Tam?20!
was carbonized at 900 °C. Despite these relatively high
heat-treatment temperatures, Dail%221 observed steady
combustion (after a transient peak) at about 285 °C in
air—helium mixtures with an oxygen partial pressure
of about 10 kPa. Tam?? reported similar results at
constant combustion temperatures of 177, 277, 327, and
387 °C. Both workers observed a strong, transient
combustion peak whose reaction rate declined by a
factor of 2 or more to a relatively steady value after some
tens of minutes. During the transient, the temperature
of the bed varied by less than 10 °C. Using calculated
values of the Weisz—Prater criteria, they concluded that
the measured combustion rate was not affected by
extraparticle or intraparticle mass-transfer limitations
at 285 °C, but Tam?! inferred intraparticle mass-
transfer limitations within the carbon’s micropores at
higher temperatures. These results are important be-
cause they provide a benchmark for the rate of carbon-
ized charcoal combustion at low temperatures.

Several research teams have reported studies of
charcoal combustion by thermogravimetry at constant
heating rates.200.213.222-227 The chief purpose of these
studies was the development of engineering rate laws
that could be used to design a charcoal combustor. In
all cases, the simple rate equation

r=k, exp(—EA/RT)POZ”(l - x)"

afforded a good fit to the weight-loss curves. In this
equation, r is the rate of weight loss, ko is the preexpo-
nential constant, Ex is the apparent activation energy,
R is the gas constant, T is the temperature, Po, is the
partial pressure of oxygen, x is the fractional conversion
of the carbon substrate, and n and m are apparent
orders of reaction. For biomass chars the reported values

of Ea range from 71 to 162 kJ/mol with fractional values
of n (0.5-0.9) and m (0.5—1). Cozzani??¢ and Janse et
al.225 offer clear comparisons of the reported rate laws
in the form of Arrhenius plots (see Figure 7 of Cozanni
and Figure 11 of Janse et al.). These plots reveal a
considerable range in the predicted reaction rates at any
given temperature. This range may reflect catalytic
effects of minerals present in each individual char, or
it may reflect the heat-treatment temperature of the
char; or the heating rate employed to produce the char,
which influences the H/C ratio of the char; or the pore
volume distributions of the chars; or some other prop-
erty of each individual char. Although each team took
care to eliminate heat- and mass-transfer limitations,
such intrusions might have influenced the some of the
rate data.

We feel some concern that thermogravimetric studies
might gloss over the strong influence of oxygen chemi-
sorption at low temperatures. In theory, the simple rate
law mentioned above captures some of the features of
the chemisorption process. Usually, this process is
represented by the following three reactions?28229

(i) 2C + 0, — 2C(0)
(i) C(0) — CO
(iii) C(0) + C(0) — CO, + C

These equations do not represent the interaction of
oxygen atoms with hydrogen atoms present in the
char,2%2 nor do they represent the presence of multiple,
different carbon sites for oxygen chemisorption as
revealed by TPD of oxidized chars.'?° Nevertheless, the
low-temperature reaction rates derived from thermo-
gravimetric data agree well with the values of Dai and
Tam mentioned above.

Industrial Processes

Modern industrial processes for charcoal production
employ either internal heating (e.g., a Missouri kiln),
external heating (e.g., a VMR retort), or heating by gas
recirculation (e.g., the Degussa process) to carbonize the
feedstock. All commercial processes operate at near-
atmospheric pressure, and most use wood as the feed-
stock. Often, the reported charcoal yield of the process
is not defined. Usually, the values of the moisture
contents of the feed and the charcoal are not reported.
The fixed-carbon yield of these processes is never
reported and is difficult to estimate without a repre-
sentative proximate analysis of the charcoal product and
the moisture and ash contents of the feed. The following
paragraphs are a summary of a recent survey by
Grenliz®® that also includes examples of continuous
processes (e.g., those of Lambiotte in France and Lurgi
in Australia).

Missouri Kilns, Argentine kilns, and Brazilian “bee-
hive” kilns employ internal heating based on the partial
combustion of the feedstock to manufacture charcoal.
The Missouri kiln is a large (ca. 180-m3) rectangular
structure of poured concrete that is filled with wood
slabs by front-end loaders. Following ignition, air entry
into the kiln is regulated, and emissions are directed to
afterburners. In the U.S., many Missouri kilns have
ceased to operate because they have not been able to
meet emissions regulations. Operating on a 7—30-day
cycle, the charcoal yield of a Missouri Kiln is reported
to vary between 20 and 30%.



The VMR oven consists of two horizontal cavities and
a central combustion chamber that provides external
heating to canisters full of wood that are loaded into
the cavities by forklifts. Operating in a cyclic manner,
combustible vapors evolved during the exothermic py-
rolysis reaction in one canister are burned in the oven
to deliver heat to the other canister full of fresh wood.
This heat dries the wood and initiates pyrolysis and the
evolution of combustible vapors. At this point, the first
canister (full of hot charcoal) is removed, and a new
canister full of fresh wood is loaded in its place. The
canisters are airtight and are set aside to cool before
the charcoal is removed. The carbonization time for a
4.5-m3 canister is 8—12 h, and the charcoal yield is
reported to be 30—32%.

The Degussa (Reichert) process employs a batch-fed
retort to generate a pyrolysis gas. Condensables are
removed from the gas, after which the gas is heated in
a heat exchanger and returned to the retort. Excess gas
is burned to drive the heat exchanger and predry the
feedstock. Acetic acid and smoke flavoring compounds
are recovered from the condensables and marketed. A
batch cycle in the 100-m? retort requires 16—20 h and
is said to offer a charcoal yield of 34% from beech wood.

Conclusions

Research findings during the past decade have kindled
a renewed interest in charcoal. Initially, some experts
opined that little could be done to improve a technology
that had been in continuous use since prehistoric times.
Shortly thereafter, researchers described the develop-
ment of pressurized equipment that improved the yields
of charcoal and dramatically reduced the needed reac-
tion times. A few years later, thermochemical equilib-
rium calculations were used to show that the improved
yields actually approach—and in some cases attain—the
theoretical limit. Researchers also made considerable
progress in understanding the properties of charcoal,
including the evolution of its chemical composition, its
electrical properties, and its surface properties.

The emphasis during the preceding 20 years (1972—
1992) was the minimization of charcoal yields. Because
of the “energy crisis”, researchers around the world
focused their attention on maximizing the production
of pyrolytic liquid fuels (i.e., “biocrude oil”) by minimiz-
ing byproduct gases and char.231.232

During the four decades that preceded the energy
crisis of 1972, because of the rapid growth of the oil
industry, charcoal research lay dormant. Knowledge
about biocarbons reflected the rapid advances that had
occurred during the preceding eight decades (1852—
1932), when the wood distillation industry was a major
source of chemicals and solvents. It was during this era
that scientists first defined the chemical composition of
charcoal. They explored the effects of process conditions
on charcoal formation and byproduct yields. It was an
exciting time when man first began to comprehend the
science underlying the art of charcoal production that
skillful colliers had developed by trial-and-error meth-
ods over the preceding 38 millenia.

Our review of the literature offers the following
conclusions:

1. Thermochemical equilibrium predictions set mean-
ingful limits on the maximum (“theoretical”) yield of
carbon that can be obtained from a particular biomass
feedstock. The measured fixed-carbon yield of charcoal
derived from a feedstock can be compared to the
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calculated theoretical yield of carbon for the feedstock.
This comparison is a measure of the efficiency of the
carbonization process.

2. Carbonization at elevated pressure improves the
yield of charcoal from biomass particles. Under pres-
sure, the tarry pyrolytic vapors have a smaller specific
volume; consequently, their residence time within the
particle and in the near vicinity of the particle increases.
Also, the partial pressure of the tarry vapor within and
in the vicinity of the particle is higher. These effects
are magnified when the flow of gas through the particle
bed is small. The tarry vapor is composed of a complex
reactive mixture of organic compounds—including vapor-
phase sugars, and anhdyrosugars and their oligomers,
fragments of sugars, and lignin moieties—that are
highly unstable at elevated temperatures. These tarry
vapors rapidly decompose on the surface of charcoal,
producing secondary charcoal and a gas composed
primarily of water, carbon dioxide, methane, hydrogen,
and carbon monoxide.

3. The presence of water in the feedstock can either
decrease or increase the yield of charcoal from the dry
fraction of the feed material. Obviously, when carbon-
ization is conducted in an air-blown kiln, more feedstock
must be burned to supply heat to dry the moist feed
before pyrolysis can commence. On the other hand, at
elevated pressure, an increase in the moisture content
of the feed increases the yield of charcoal produced by
an externally heated retort. There is some evidence that
moisture acts as a catalytic agent for the formation of
charcoal.

4. The heat evolved by pyrolysis is proportional to the
amount of charcoal produced by the primary and
secondary carbonization reactions. When the yield of
charcoal is high, the pyrolysis chemistry is strongly
exothermic. If the feedstock is dry and the yield is high,
the exothermic evolution of heat can elevate the tem-
perature of incoming feedstock sufficiently to initiate
the carbonization reactions.

5. Components of the mineral matter naturally present
in biomass (e.g., potassium) are “built-in” catalysts for
charcoal formation, oxygen chemisorption on charcoal,
and charcoal combustion.

6. Charcoal is a renewable, highly reactive, truly
“clean coal”. Relative to fossil fuels, charcoal contains
virtually no sulfur or mercury and very little nitrogen
and ash. Carbonized charcoal can conduct electricity
nearly as well as a metal, and it can have a high surface
area. This extraordinary combination of properties
causes charcoal to be the carbon of choice for applica-
tions ranging from potting media to the production of
pure silicon for the semiconductor industry.

Much remains to be learned before a modern kiln can
be optimally designed by numerical simulations. Little
knowledge of the kinetics of secondary char formation
exists. Coking studies are exacerbated by difficulties
associated with capturing and analyzing the complex
reacting soup of organic compounds present in the vapor
phase. A kinetic model that described coking chemistry
and the oxidation chemistry of the vapors, including the
effects of the vapor-phase concentrations of water,
oxygen, and organic species, would be a real boon. Such
a model would enable the design of reactors with
improved throughputs that would minimize labor inputs
and maximize the efficient use of the renewable biomass
feed. Little is known about the disposition of fuel-bound
nitrogen and mineral matter between the products of
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pyrolysis. Knowledge about this distribution is needed
to predict the properties of charcoal and the effluents
of the carbonization process. Also, carbonization evokes
the development of surface area and electrical conduc-
tivity, but a good understanding of the materials science
that underlies these changes—especially the 6 orders
of magnitude increase in electrical conductivity—is
lacking. The pyrophoric nature of wet charcoal is a real
mystery. Despite our 38 000 years of experience with
charcoal, its secrets continue to captivate us.
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