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Abstract: In this review, the features of electron paramagnetic resonance (EPR) spectra of biomass chars prepared from single bio-

polymers (cellulose, pectin, lignin, etc.) to complex plant materials (tobacco) are summarized, and the interaction of biomass chars with 
air, O2 and/or H2O as detected by EPR is critically examined. The effects of inorganic components are emphasized for understanding the 

creation and annihilation of free radicals in biomass chars in the presence of O2 or air. While the EPR spectra can be difficult to interpret, 
the interactions observed reflect fundamental processes occurring in biomass chars during pyrolysis and combustion that may affect the 

chemical composition of biomass conversion products as well as cigarette emission. 
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INTRODUCTION 

A substantial literature has been devoted to the formation and 
characterization of biomass chars [1-9]. The formation and decom-
position of surface oxidation products are two important processes 
during the combustion and gasification of carbonaceous materials 
and biomass. The formation of surface oxidation products on car-
bonized materials is presumably a significant factor in controlling 
the rate of gasification and combustion of a solid and it is believed 
to be the initial step leading to formation of the final gaseous prod-
ucts [5]. Many investigations of chemisorption using direct or indi-
rect methods have been made about the surface structures on carbo-
naceous solids [10, 11]. The main surface functional groups are 
believed to be carboxyl groups, phenolic groups, lactone moieties, 
and quinone-like carbonyls. However, the precise mechanisms for 
surface oxidation reactions are not clear. Various experimental 
methods, such as titration reactions, infrared (IR), nuclear magnetic 
resonance (NMR), and electron paramagnetic resonance spectros-
copy (EPR), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), electron microscopy, etc., have been used to study 
the structures of surface oxidation products or surface intermediates 
on carbonaceous materials [12-23]. 

It is generally recognized that free radical chemistry is involved 
in the formation, oxidation, and gasification of chars [24, 25]. Free 
radical centers on the char surface may be active chemically and 
they are candidates for involvement in a variety of chemical proc-
esses, including oxidation and gasification. Depending on concen-
trations and lifetimes of the free radicals, in principle EPR can be 
used to study free-radical intermediates directly during the oxida-
tion or gasification reactions of solid carbonaceous materials. There 
have been several investigations relating EPR parameters to the 
oxidation of carbonaceous materials at low temperature [26], but 
only a few EPR studies on oxidation or gasification of biomass 
comparing chars with and without inorganic components have been 
reported [3-6, 27-31]. 

In this paper, interactions of free radicals in biomass and to-
bacco chars with oxygen as detected by EPR spectroscopy are ex-
amined with an emphasis on the influence of inorganic ions and 
water on pyrolysis and char-air interactions. Unless otherwise 
noted, the chars were prepared by heating each material under an 
inert atmosphere (He) for the indicated heating temperature and 
time, then transferred in a closed EPR tube before exposing to air 
during the EPR measurements at room temperature. A “low-
temperature” char is a char produced by heating a starting material 
at T < ~ 400 °C, while a “high-temperature” char is a char produced 
by heating at T > ~ 400 °C.  
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GENERAL EPR FEATURES OF BIOMASS CHAR 

Many EPR-based studies on biomass chars have focused on cel-
lulose char, in part because of its abundance in wood, a major 
source of renewable biomass. The EPR spectral features of biomass 
chars (free radical concentration, linewidth, lineshape, power satu-
ration, and g-values) never exposed to oxygen strongly depend on 
the pyrolysis temperature and pyrolysis time. Surprisingly, all bio-
mass chars, irrespective of chemical composition of their starting 
materials, show similar overall spectral features and variation be-
havior with different heating temperatures. A typical EPR spectrum 
of biomass chars consists of a single symmetric resonance line for 
pyrolysis temperatures < 700 °C. For example, the EPR spectra of 
cellulose heated at either 300 or 550 °C consist of a single feature-
less resonance (Fig. 1). Unlike the case of liquid sample EPR spec-
tra in which sharp resonances often display hyperfine coupling [30], 
the absence of spectral fine structure in general exacerbates the 
difficulty of making detailed structural interpretations from the 
spectra of char. Nevertheless, EPR results can be useful in conjunc-
tion with data extracted from other types of experiments to help 
establish mechanistic insight into these complicated systems. The 
general features of the EPR spectra of biomass chars have com-
monly been explained in terms of stable aromatic free radicals, as 
described below [1-6, 8, 9, 27, 29, 32, 33]. 

FREE RADICAL CONCENTRATION AND G-VALUE 

Generally, the free radical concentration increases rapidly dur-
ing the initial heating period in the absence of oxygen, followed by 
a slow, small increase. For pure cellulose, however, the free radical 
concentration increases over a period of 20-60 min; while for cured 
tobacco such increase appears in a few minutes, indicating that 
tobacco is more easily pyrolyzed than pure cellulose [28, 29]. De-
Groot and Shafizadeh found that the free radical concentration in 
cellulose char increases monotonically with temperature when char-
ring time is very short (1.5 s) [5]. In the case of long-time pyrolysis 
(ca. one hour), as the charring temperature increases, the free radi-
cal concentration first increases and then decreases. A maximum 
spin concentration of the magnitude of 10

19
-10

20
 spins/g can be 

found in the temperature range from 500 to 600 °C for all biomass 
chars [2-9, 27, 29, 32, 33]. The g-value of the char decreases from 
200 to 500 °C and stays nearly constant above 500 °C. The g-value 
of low-temperature char (250-300 °C) ranges from 2.0030 to 
2.0047, depending on the starting biomass and pyrolysis time, but 
for high-temperature char (T > 500 °C) g = 2.0027, independent of 
the biomass species. The latter value is only slightly larger than the 
free electron g-value, 2.0023. 

LINESHAPE AND LINEWIDTH 

The EPR lineshapes and linewidths of typical biomass chars 
vary with charring temperature and time. EPR spectra of chars pre-
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pared at temperatures above ca. 400 °C usually exhibit an approxi-
mately Lorentzian lineshape (Fig. 1), while the spectra of chars 
prepared below 400 °C cannot be characterized by either a single 
Lorentzian or Gaussian component but a linear combination of the 
two components. The Gaussian part is the major component of the 
spectra of the low-temperature chars, while the Lorentzian compo-
nent increases steadily with increasing charring temperature. The 
Gaussian lineshape has been attributed to isolated, non-interacting 
free radicals, while the narrow Lorentzian lineshape is a result of 
electron to electron spin-exchange processes [2, 7, 9, 28]. Coulom-
bic spin-exchange interactions arise as a result of overlapping elec-
tronic wave functions when the concentration of radicals is high 
and the unpaired electrons are delocalized over networks of  bonds 
in large polycyclic aromatic rings. The expected broadening that 
typically is observed due to the electron-proton hyperfine and elec-
tron dipolar interactions is reduced by the rapid exchange of the 
electron spins, yielding the average frequency that is observed for 
all the EPR transitions [34]. 

The EPR resonance of chars of pure cellulose heated above  
500 °C are extremely sensitive to the presence of oxygen or air in 
the samples. The linewidths can increase by as much as a factor of 
100 or more by the paramagnetic effect of oxygen. This phenome-
non results from the physisorption of oxygen molecules on internal 
surfaces of sample and was noted many years ago in carbonized 
organic materials. The linewidth has been shown to be proportional 
to the partial pressure of oxygen over the sample [2, 9, 35-37]. The 
difference between the linewidths in the presence and absence of air 
appears to reflect the change in surface area and thus the extent of 
oxygen penetration into internal pores. The minimum in the peak-
to-peak linewidth (~1 G) appears at charring temperatures between 
500-600 °C (Fig. 2). For pure cellulose char, the oxygen-induced 
broadening of the EPR resonance is reversible and the narrow sig-
nals can be restored by rigorous evacuation of the sample. The sen-

sitivity of the EPR resonance to oxygen or air gradually decreases 
above ca. 750 °C but the signal remains very broad and weak even 
in the absence of oxygen. This is due to the onset of electrical con-
ductivity and the skin-depth effect on microwave penetration [25]. 

MICROWAVE POWER SATURATION  

The intensity of EPR resonance can be affected by the electron 
spin-lattice relaxation time, T1e. A large T1e value corresponds to an 
easily saturated resonance that results from applying too high mi-
crowave irradiation power. The low-temperature biomass chars (for 
example, a pectin char heated at 300 °C for 1 h) show EPR satura-
tion behavior at a low microwave power (less than 1 mW), which is 
typical of lower concentration, isolated radicals. Therefore, to quan-
tify the concentration of radicals in the low-temperature chars, a 
sufficiently low microwave power must be chosen to avoid the 
saturation effect. For high-temperature chars, e.g., a 500 °C char of 
pure cellulose, complete microwave power saturation does not oc-
cur even at a very high microwave power of 100 mW. 

EFFECTS OF INORGANIC ADDITIVES  

Biomass usually contains various endogenous inorganic com-
pounds. Chars prepared from cellulose mixing with different inor-
ganic additives have often been used to model other biomass chars 
and the effect of the additives. These inorganic additives have in-
cluded Na2CO3, NaHCO3, Li2CO3, K2CO3, NaCl, Na2B4O7, H3BO3, 
metallic nickel, iron oxides, and others. The EPR spectra of these 
chars all exhibit similar spectral characteristics that are qualitatively 
similar to the pure cellulose chars; the inorganic additives only 
cause quantitative variations to the spin concentrations, linewidths 
and power saturation, etc. DeGroot and Shafizadeh found that radi-
cal concentrations do not differ significantly between the chars 
prepared by heating pure cellulose and cellulose mixtures with in-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (1). EPR lineshape for two typical cellulose chars (low and high charring temperatures). High-temperature char exhibits pure Lorentzian lineshape (bot-

tom); low-temperature char shows a linear combination of Lorentzian (0.35) and Gaussian (0.65) components (top), from reference [27]. 
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organic additives (NaCl, Na2B4O7, and H3BO3) at high heating 
temperatures (600-700 °C) for a very short heating period (1.5 
min), but the radical concentrations in a cellulose/NaCl char heated 
at 400-550 °C is markedly higher than that in the corresponding 
pure cellulose char [3]. This difference was ascribed to the acceler-
ated pyrolysis of cellulose promoted by the addition of NaCl. Feng 
et al. compared EPR behaviors of the pure cellulose char, cellu-
lose/NaCl (6.9 wt %) and cellulose/Na2CO3 (6.9 wt %) chars by 
heating under He at 350 °C for one hour [28]. The free radical con-
centration, linewidth and g-value from pure cellulose char and cel-
lulose/NaCl char were found not to be significantly different, while 
the free radical concentration in 350 °C/1h cellulose/Na2CO3 char is 
about 20-30% lower than that of the corresponding pure cellulose 
char. They also compared the 

13
C NMR spectra of the above cellu-

lose chars and found that the aromatic-to-aliphatic carbon ratio in 
the pure cellulose and cellulose/NaCl chars is very close, but re-
markably higher than that of the corresponding cellulose/Na2CO3 
char. Therefore, the free radical concentration appears to be corre-

lated with the concentrations of polycyclic aromatic clusters [28, 
38]. 

EPR BEHAVIOR AND BIOMASS CHAR STRUCTURE 

In general, low-temperature biomass chars observed before any 
exposure to O2 exhibit low spin concentrations, broad non-
Lorentzian lineshapes, large g-values, and low saturation powers; 
on the contrary, high-temperature chars show high spin concentra-
tions, narrow Lorentzian lineshapes, small g-values, and high satu-
ration powers. It is generally recognized that free radicals in chars 
primarily reside in stable aromatic systems [10, 25]. A low concen-

tration of aromatic structures is assumed to limit the concentration 
of stable organic free radicals. The small size of the aromatic clus-
ters in the low temperature chars and the presence of oxygen in 
their structure are regarded as the main reasons for a large g-value, 
since oxygen has a spin-orbit coupling constant that is much larger 
than that of carbon [25, 39, 40]. The broad Gaussian lineshape ob-
served in the low-temperature biomass chars is attributed to inho-
mogeneous spin interactions (i.e., unresolved hyperfine interactions 
between unpaired electrons and protons) and the inhomogeneity of 
the related g-tensors that results from variations of structure and 
orientation of aromatic moieties in the chars. 

Reversible changes of the EPR parameters (i.e., restoration of 
the EPR intensity, linewidths and g-values by vacuum evacuation 
or N2 displacement) caused by O2 or air exposure of chars at room 
temperature have been widely reported for other carbonaceous ma-
terials [2, 4, 5, 25, 25].

 
Evacuation of the sample or displacement of 

the O2 by an inert gas eliminates the spin-spin interactions between 
the unpaired electrons of physisorbed oxygen on the surface with 
the unpaired electrons in the char as well as the formation of weak 
charge-transfer complexes of aromatic molecules with O2 (chemi-
sorption) [10, 11, 18, 25, 40, 41]. However, exposure to O2 or air at 
higher temperatures (230 °C) for high-temperature chars results in a 
reduction of the free radical concentration that is not reversible in 
vacuum at room temperature, but is reversible at higher tempera-
tures (~ 400 °C). This result indicates that the char radicals react 
directly with oxygen to form the surface oxides. DeGroot and 
Shafizadeh compared the number of the char radicals removed by 
O2 with the amount of chemisorption O2, and found that the former 
is only on the order of one percent of the latter [5]. They concluded 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Variations of EPR g-values and spin concentrations with charring temperature for cellulose/Na2CO3 char (no air exposure), from reference [27]. 
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that surface functional groups other than free radicals could be 

major reactive sites. Harker et al. investigated the role of free radi-
cals in oxidation of cellulose char and concluded that the free radi-
cals are in fact not highly reactive to oxygen due to the stabilization 
of the unpaired electrons over large aromatic ring systems [35]. 

INTERACTION OF CELLULOSE CHARS WITH O2 OR AIR 

Various inorganic compounds not only modify the pyrolysis 

properties of biomass but also dramatically affect the oxidation 

behaviors of the biomass char. To study the role of certain inor-

ganic additives, chars prepared by heating cellulose mixed with a 

variety of inorganic additives including NaCl, Na2B4O7, H3BO3, 

Na2CO3, NaHCO3, K2CO3, Li2CO3, and calcium acetate have been 

investigated. These effects are described below. 

OXIDATION OF PURE CELLULOSE CHAR 

The EPR behavior of pure cellulose chars (free of any inorganic 
contaminants) during exposure to air (or O2 and/or H2O) at room 
temperature strongly depends on the charring temperature. DeGroot 
and Shafizadeh showed that EPR signals for pure cellulose chars 
prepared at temperatures less than 500 °C are slightly enhanced on 
room-temperature exposure to air; this signal enhancement ascribed 
to the saturation effect [4, 5].

 
For the low-temperature cellulose 

chars (T < 400 °C), Feng et al. found that the EPR signal is totally 
insensitive to room-temperature O2 exposure and largely insensitive 
to room-temperature air (or O2/H2O) exposure [27, 29, 42].

 
In the 

latter case, only a small decrease in free radical concentration was 
observed as a result of air exposure, and the linewidth and g-value 
remained almost constant (Fig. 3). The EPR signal of low-
temperature cellulose char that was air-exposed does not change 
very much after evacuation at room temperature, while the full EPR 
signal of the unexposed char was restored by vacuum evacuation at 
higher temperature (for example at 140 °C). 

In contrast, the EPR of the high-temperature cellulose chars (T 
 400 °C) is very sensitive to O2 or air exposure at room tempera-

ture [4, 5, 27, 42]. As seen in Fig. (3), the intensity of EPR signal 
decreases rapidly during the initial air exposure. Correspondingly, 
the linewidth of the single EPR peak also increases rapidly with 
increasing exposure time for about 10 minutes, from 1.4 to 12 G, 
then leveling off to a near constant value. The g-value stays nearly 
constant throughout the entire air-exposure period. The EPR signal 
can be restored by evacuating the air-exposed samples at room 
temperature or by simply purging the air-exposed samples with N2 
at room temperature.  

EFFECTS OF INORGANIC ADDITIVES ON CELLULOSE 
CHAR OXIDATION 

Oxidation behaviors of cellulose mixture chars prepared by 
heating cellulose mixtures with various inorganic additives have 
been investigated by EPR. The EPR behavior of pure cellulose and 
cellulose mixtures with inorganic salts (NaCl, Na2B4O7, and 
H3BO3) with oxygen exposure does not differ significantly between 
these two types of chars [4, 5]. Feng et al. found that the EPR spec-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (3). Variations of EPR parameters for pure cellulose chars at room temperature with air exposure time for heating time/duration: 350 °C/1h (•) and 550 

°C/1h ( ), from reference [42]. 
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trum of a 350 °C/1h cellulose/NaCl char is largely insensitive to air 
exposure at room temperature, like the corresponding pure cellulose 
char. Thus, it appears that the addition of NaCl, Na2B4O7 or H3BO3 
does not change the EPR-detected oxidation behavior of the low-
temperature chars. In contrast, the presence of other inorganic addi-
tives in cellulose chars, such as alkali carbonates, alkali bicarbon-
ates and calcium acetate (Li2CO3, K2CO3, Na2CO3, NaHCO3 or 
calcium acetate), dramatically changes the room-temperature oxida-
tion behavior of cellulose chars. EPR behaviors of the chars of 
these cellulose mixtures during exposure to air at room temperature 
also strongly depend on the charring temperature. The following 
patterns summarize the EPR results. 

FORMATION OF “NEW” RADICALS BY CHAR OXIDA-
TION 

The low-temperature chars prepared from cellulose/inorganic 
mixtures (Li2CO3, K2CO3, Na2CO3, NaHCO3 and calcium acetate) 
at temperatures 250-400 °C all display very similar EPR spectra 
during air exposure (Fig. 4). The free radical concentration in these 
chars increases rapidly during the initial air-exposure period. Corre-
spondingly, the peak-to-peak EPR linewidth and g-value also in-
crease rapidly. Upon prolonged air exposure (more than a week), 
the free radical concentration decreases slowly accompanied by a 
slow and small decrease in linewidth, but the g-value does not 
change during this slow process. Similar EPR variations were ob-
served in an atmosphere of pure O2. This pattern indicates that air 
or O2 exposure of these chars involves at least two different types 
of chemical processes, the production and annihilation of free radi-
cals. The “new” radicals formed in chars (250-400 °C) during air 
(O2) exposure have g-values from 2.0030 to 2.0048, which are 
larger than those of “old” free radicals in the corresponding chars 
generated directly by pyrolysis. The concentration of new radicals 
is comparable with, or in some cases higher than, that of the “old” 
free radicals. These “new” free radicals presumably form at non-

radical sites of the char surface, not primarily through a direct reac-
tion of O2 with “old” free radical centers, since the latter process 
only transforms carbon-centered radicals into ephemeral peroxy 

free radicals and do not increase the total concentration of free radi-
cals. The g-values of the “new” free radicals are similar to the g-
values of various oxygen-containing polycyclic aromatic hydrocar-
bons [41, 43, 44]. 

Evacuation of the air-exposed low-temperature cellu-
lose/Na2CO3 chars indicates that there are two different types of 

desorption processes with different thermal activation characteris-
tics, i.e., simply evacuating the sample at room temperature does 

not restore the EPR signal. Vacuum evacuation at temperatures of 
140 to 210 °C enhances the EPR intensity; however, subsequent 

evacuation at 310 °C decreases the EPR intensity and the EPR sig-
nal of the original, unexposed char appears to be recovered. The 

cellulose/alkali carbonate (or bicarbonate) chars obtained at higher 

pyrolysis temperatures (450, 500, 550, and 600 °C/1h), show com-

pletely different EPR behavior on exposure to air from that de-
scribed above for the low-temperature chars (charring temperature 

 400 °C) (Fig. 5). The EPR intensity of the high-temperature chars 
decreases rapidly with increasing air exposure time, apparently 

showing no short-term intensity increase. During air exposure pe-
riod, a narrow EPR component and a broad EPR component can be 

observed. The narrow EPR peak has the same linewidth and the 
same g-value as that of the unexposed chars. This is a different case 

from the high-temperature pure cellulose chars, where only one 
EPR peak was observed during the air exposure period and its 

linewidth increased with increasing air-exposure time. Moreover, 
the EPR measurements show that the interaction of air with high-

temperature pure cellulose chars occurs more rapidly upon air ex-
posure than with the corresponding cellulose/Na2CO3 chars. For 

this kind of high-temperature chars, the EPR signal reduction in-
duced by air exposure can be reversed by evacuating the air-

exposed samples at room temperature or by simply purging the air-
exposed samples with nitrogen. 

The coexistence of narrow and broad EPR components has also 
been observed during the air or O2 exposure of Yallurn brown coal 
[45], wood char, and sucrose/ZnCl2 char [37, 46]. A priori, possible 
interpretation of the two-resonance observation is that the narrow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Effects of air exposure on EPR characteristics of 350 oC/1h cellulose chars with different additives (Li2CO3, Na2CO3, K2CO3), from reference [27]. 
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EPR signal is generated by aromatic free radicals in the core of the 
char, which are not accessed by O2 and/or H2O, and have the same 
g-value and the same peak-to-peak linewidth as those of the unex-
posed char; the broad EPR signal represents surface free radicals 

that interact with O2. According to this interpretation, the fact that 
no narrow EPR component (from interior radicals) is present in 
pure-cellulose chars during air exposure implies that high-
temperature chars of pure cellulose have a very high surface-to-
volume ratio, so most of the radicals are at or near the char surface. 

EFFECT OF WATER VAPOR ON RADICAL FORMATION 

The spectral features at room-temperature upon exposure to O2 
of the cellulose/alkali carbonate (or bicarbonate) chars prepared at 
high heating temperatures are substantially different from those 
upon exposure to air [27, 29]. A rapid initial increase in free radical 
concentration with unchanged linewidth and g-value can be ob-
served on room-temperature exposure to pure O2 for high-
temperature cellulose/Na2CO3 char, but an initial decrease in radi-
cal concentration seen with air exposure is absent with O2 exposure. 
This behavior is apparently related to the free radical decreases 
when H2O vapor is introduced into the He/O2 gas stream. The anni-
hilation of radicals on the char surface by water may be related to 
the annihilation of radicals in cigarette smoke particulate matter 
[47]. The above O2 and H2O exposure patterns indicate that any 
interpretation of the air-exposure results just in terms of oxidation 

by O2 is oversimplified. The rapid radical concentration decrease 
seen in the air exposure of high-temperature cellulose chars does 
not necessarily mean that no “new” free radicals are formed in these 
high-temperature chars during air exposure, since the annihilation 
rate of free radicals induced by H2O can be larger than the rate of 
radical generation by O2, giving rise to a net decrease in EPR inten-
sity. However, it should be noted that the “new” free radicals gen-
erated by O2 have the same g-value as that of the “original” free 
radicals, about 2.0027. Thus, for the cellulose/Na2CO3 550 °C/1 h 
char, any simple interpretation in terms of O2 oxidation to form O-

centered radicals is not readily supported by the data.  

IN-SITU HIGH-TEMPERATURE EPR MEASUREMENTS 

Feng et al. performed in-situ EPR measurements during O2 ex-
posure of pure cellulose chars and chars of cellulose/inorganic mix-
tures at temperatures from 315 °C to 485 °C. Pure cellulose was 
isothermally pyrolyzed under flowing He atmosphere for a rela-
tively long period (~2h) and subsequently pyrolyzed under flowing 
O2/He mixture at the same temperature, and finally charred under 
flowing He gas. During the three different periods, EPR signal as 
function of pyrolysis time was in-situ recorded. O2 exposure at 315 
°C leads to a small increase in free radicals, but O2 exposure at 485 
°C results in substantial decrease in free radicals. These two process 
are irreversible because the O2-induced variation in the second pe-
riod (O2/He) cannot be recovered by subsequent He purging. This 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Room-temperature EPR variation with air-exposure time for cellulose/Na2CO3 chars obtained at various heating temperatures, reproduced from data 

in reference [27]. 
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indicates that O2 reacts with surface functional groups at 315 °C 

but with free radicals at 485 °C. 

The oxidation behaviors of cellulose/Na2CO3 chars were also 
investigated by in-situ high-temperature EPR and compared with 
results of the pure cellulose char. Cellulose/Na2CO3 mixture was 
first charred under He at 315 or 485 °C for a relatively long period 
and then exposed to O2/He mixture gas at the same temperature 
with simultaneous EPR measurement. Compared with the pure 
cellulose chars, the EPR signals for the cellulose/Na2CO3 chars are 
much more sensitive to O2 exposure. O2 exposure at both low- and 
high-temperatures results in initially rapid increase in free radicals. 
This indicates a rapid reaction of O2 with surface functional groups 
or non-radical sites on the char surface to form additional new radi-
cals during the initial O2 exposure at 315 °C ~ 485 °C. However, 
these new radicals disappear upon further O2-exposure, possibly via 
decomposition or gasification of radical-related groups [29].  

INTERACTION OF OXYGEN WITH PECTIN CHAR CON-
TAINING NA 

Pectin (methyl esters polygalacturonic acid) is an abundant 
polysaccharide in herbaceous plants. The cured tobacco leaf, for 
example, contain ca. 10-14 % pectin by dry weight [48]. The for-
mation of pectin char with added sodium has been studied by DSC, 
DTA, SEM, and 

13
C CPMAS NMR. A commercial citrus pectin 

(Hercules) containing 2 wt % Na was charred in an inert atmos-
phere at temperatures from 250 to 600 °C [49]. Fig. (6) summarizes 
the variation of the EPR spectral parameters with charring tempera-
ture for the pectin chars during air exposure. The pectin chars pro-
duced at 250 °C to 500 °C show a pronounced initial increase in 
free radical concentration when exposed to air at room temperature, 
indicating that additional free radicals are formed as intermediates 
during air exposure. Correspondingly, the peak-to-peak EPR 
linewidth and g-value also increase rapidly. However, with pro-
longed exposure the free radical concentration decreases slowly 
accompanied by a slow and small decrease in linewidth, but the g-
value does not change during this slow process. The above air ex-
posure pattern of pectin chars is similar to that of the low-
temperature cellulose/Na2CO3 chars (300-400 °C), in contrast to the 
pure cellulose chars.  

When the charring temperature is increased to 550 °C or to  
600 °C, the increase in free radical concentration upon air exposure 
becomes slow accompanied by an abnormal variation in linewidth. 

The air-exposure pattern of high-temperature pectin chars is differ-

ent from that of the high-temperature cellulose/Na2CO3 chars (450-
600 °C). For the latter, there is an initial rapid decrease in free radi-
cal concentration upon air exposure and no increase in free radical 
concentration can be seen during the whole air-exposure period. 
This phenomenon may be related to the observations of Waymack 
et al. [49] who showed that the uronic acid groups initially bound to 
sodium or potassium salts in pectin decompose during pyrolysis 
between 200 and 400 °C to produce a metal complex in the char 
that apparently inhibits/shields the carbonaceous char from oxida-
tion at the oxidation temperatures less than ca. 550 °C. Tempera-
tures in excess of 600 °C are needed in either oxygen or inert gas to 
decompose the metal–char complex and allow oxidation of sur-
rounding carbon.  

Although the EPR signal of low-temperature pectin chars (350 
°C) cannot be restored by evacuating or purging the sample with N2 
at room temperature, subsequent evacuation at higher temperatures 
(> 210 °C) enhances the EPR signal dramatically. With further 
evacuation at 310 °C of this maximum-intensity sample, the EPR 
intensity decreases and the EPR intensity, linewidth, and g-value, 
nearly returns to the values of the original, unexposed char. How-
ever, for the 550 °C/1 h pectin char, N2-purging at room-
temperature restores the maximum free radical concentration that 
appeared during the preceding air exposure period, but this restored 
EPR signal has a smaller peak-to-peak linewidth and the EPR line-
shape of the original, unexposed char cannot be restored. Obvi-
ously, such a desorption pattern of the pectin char generated in 1 h 
at 550 °C is different either from that of the 350 °C/1 h pectin char 
or from that of the 550 °C/1 h pure-cellulose char and cellu-
lose/Na2CO3 char. 

INTERACTION OF TOBACCO CHAR WITH OXYGEN 

Tobacco is a complex material that consists of 6-15% cellulose, 
10-15% pectin, roughly 2% lignin, and a variety of other organic 
components. The most abundant metal ions are K, Ca, and Mg, 
respectively [51]. In one study [28, 42], tobacco was washed with 
acid and water to remove the content of inorganic components. The 
untreated tobacco and water-washed tobacco were then pyrolyzed 
at temperature from 300 to 600 °C for one hour; the effect of air-
exposure on their EPR spectra was compared. The variations of 
EPR parameters of the unwashed tobacco chars during air exposure 
are similar to those of the corresponding Na-containing pectin 

 

 

 

 

 

 

 

 

 
 

 

Fig. (6). Effects of air exposure time (room temperature) on EPR characteristics pectin chars prepared at by heating in the absence of air for 1 hour at the indi-

cated temperatures [42]. 
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chars, except for different linewidth of the 550 °C/1 h tobacco and 
550 °C/1 h pectin chars [28, 42]. Two typical air-exposure behav-
iors, one representing the low-temperature 330 °C/1h char and the 
other representing the high-temperature 550 °C/1h char, are shown 
in Fig. (7). The low-temperature char of treated tobacco (charring at 
330 °C for 1 h) still exhibits the characteristic initial increase in free 
radical concentration, which is ascribed to the effect of inorganic 
components, but the increase is significantly reduced relative to that 
of the corresponding char of unwashed tobacco. This shows that the 
inorganic components was not completely removed by washing.  

For a high-temperature char of water washed tobacco (charring 
at 550 °C for 1 h), the EPR intensity decreases dramatically and 
then increases significantly at the early stage of air exposure, in 
contrast to the initial increase in EPR intensity observed in the un-
treated tobacco char. The process associated with increase in EPR 
intensity becomes less obvious in the treated tobacco chars due to 
the reduced inorganic content. This result suggests a complicated 
chemical interaction involving the creation and destruction of car-
bon-centered and oxygen-centered radicals. These results also con-
firm that the presence of certain alkaline and alkaline earth metals 
promote the formation of new free radicals during tobacco pyroly-
sis, which may have implication for radical formation in the oxy-
gen-deficient “pyrolysis zone” inside the hot coal of a burning ciga-
rette [50].  

MECHANISMS OF FREE RADICAL FORMATION IN 

BIOMASS CHARS 

Free radicals are important to explain oxidation or gasification 
of carbonaceous materials [4, 11, 27, 29, 41, 42]. However, it is not 
clear whether free radical reactions have dominant importance in 

the charring or char oxidation of these materials. The various 
changes observed in the EPR spectra are entirely due to free radi-
cals and free radical processes. A variety of mechanisms have been 
suggested for generation of free radicals during charring or char 
oxidation. Schemes 1-7 shown in Fig. (8) summarize much of the 
known, hypothesized, or a prioi anticipated radical processes; these 
include radical formation processes (Schemes 1, 5a, and 6c), radical 
propagation processes (Schemes 2, 3, 4, 6a, and 6b), and radical 
termination processes (Schemes 7 and the reverse of 6c). A detailed 
discussion of the suggested mechanisms has been given [27]. 

O2-based mechanisms have often been suggested for the forma-
tion, transformation or annihilation of free radicals in chars [5, 27, 
29, 33, 42]. However, Harker et al. have investigated role of free 
radicals in oxidation of cellulose char and concluded that the free 
radicals in chars are not highly reactive to oxygen due to the -
character of unpaired electrons [35]. DeGroot et al. suggested that 
functional groups could be major active sites even though free radi-
cals are reactive species in carbon and they further indicated that 
sodium chloride could catalyze the formation of “active sites” dur-
ing carbonization and thus enhances char combustion [4, 5]. But 
EPR-detected oxidation behaviors of pure cellulose char and cellu-
lose/NaCl char observed at room temperature are not significantly 
different. Free radical intermediates have been observed only rarely 
during the reaction of O2 with related carbonaceous solids [45]. The 
air oxidation or gasification of most carbonaceous materials occurs 
at temperatures above 200 °C [11]. 

The presence of alkali carbonates or bicarbonates, the oxidation 
of both low- and high-temperature chars can occur even at room 
temperature, whereas the EPR characteristics of low-temperature 
pure-cellulose chars is relatively insensitive to air or O2 exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (7). Variations of EPR intensity, peak-to-peak linewidth and g-value on air exposure to air at room temperature for untreated and treated Burley tobacco 
chars, 330 oC/1h (left) and 550 oC (right). 
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This difference may be anticipated to be due to effects of the inor-
ganic compounds, most specifically the catalytic oxidation of chars 
by oxygen [33, 40], which leads to a facilitation of oxidation and a 
lowering of the temperature required for oxidation. As demon-
strated by comparing the air-exposure behavior with O2-exposure 
and O2/H2O-exposure behaviors of cellulose/Na2CO3 chars, the 
overall air-exposure results can not be ascribed only to the oxida-

tion by O2, and water is a major factor for the rapid attenuation of 

radical concentration accompanying air exposure. This latter pat-
tern implies a possible role for processes such as that seen in 
Scheme 4, assuming the manifestation of efficient •OH-initiated 
propagation/termination mechanisms that quickly quench the free 
radical concentration. Scheme 5b also involves a decrease in un-
paired electron concentration with the formation of diamagnetic 
species (e.g., Q) and could perhaps contribute to the slow decrease 
in EPR intensity at long air or O2 exposure times. 

DISCUSSION 

The EPR results reviewed so far are important to explain the 

different char structures from different biomass after pyrolysis and 

combustion [51]. The knowledge may also be relevant to under-

stand the role played by endogenous inorganic compounds or other 

additives in altering combustion products, such as smoke constitu-

ent formation in cigarettes and biomass conversion products. For 

example, it has been shown that pyrolysis of a low-temperature 

(300 °C) pectin char at high temperature (600 °C) yields signifi-

cantly less benzo[a]pyrene in its pyrolysate than a similarly heated 

cellulose char (350 °C) [52, 53]. In the case of tobacco, it has been 

shown that the charring temperature of pectin (which contains en-

dogenous metal ions) in tobacco leaves (ca. 250 °C) is nearly the 

same as in isolated pectin [15]. Tang et al. also showed that most of 

the pectin in such plants is not intimately associated with cellulose 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). Schemes 1-8 showing various proposed mechanisms for involvement of radical reactions in biomass char surface chemistry (from reference [27]). 
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[54]. Pure cellulose does not contain endogenous metal ions, which 

decomposes at a higher heating temperature (ca. 300 °C). For cellu-

lose chars prepared at 300 to 450 °C in the absence of O2, it is clear 

that the addition of alkaline or alkaline earth metal ions to the cellu-

lose significantly alters their EPR behavior, e.g., when they are 

subsequently exposed to air at room temperature, an overall en-

hancement the amount of surface oxygen-centered radicals is ob-

served. A similar but opposite effect occurs in chars of water 

washed tobacco due to the removal of endogenous metal ions. 

REFERENCES 

[1] Antal, M.; Varhegyi, G. Cellulose pyrolysis kinetics: the current state of 

knowledge. Ind. Eng. Chem. Res. 1995, 34, 703-717. 

[2] Armstrong, J.; Jackson, C.; Marsh, H. Electron spin resonance in carbonized 
organic polymers--II. Effects of adsorbed oxygen. Carbon 1964, 2, 239-252. 

[3] Bradbury, A.; Sakai, Y.; Shafizadeh, F. A kinetic model for pyrolysis of 
cellulose. J. Appl. Polym. Sci. 1979, 23, 3271 - 3280. 

[4] Bradbury, A.; Shafizadeh, F. Chemisorption of oxygen on cellulose char. 
Carbon 1980, 18, 109-116. 

[5] Degroot, W.; Shafizadeh, F. Influence of inorganic additives on oxygen 
chemisorption on cellulosic chars. Carbon 1983, 21, 61-67. 

[6] Jackson, C.; Wynne-Jones, W. Electron spin resonance in carbonized organic 
polymers--I. Carbon 1964, 2, 227-237. 

[7] Krzesinska, M.; Pilawa, B.; Pusz, S.; Ng, J. Physical characteristics of carbon 

materials derived from pyrolysed vascular plants. Biomass Bioenergy 2006, 
30, 166-176. 

[8] Milsch, B.; Windsch, W.; Heinzelmann, H. EPR investigations of charred 
cellulose. Carbon 1968, 6, 807-812. 

[9] Wind, R.; Li, L.; Maciel, G.; Wooten, J. Characterization of electron spin 
exchange interactions in cellulose chars by means of ESR, 1H NMR, and dy-

namic nuclear polarization. Appl. Magn. Reson. 1993, 5, 161-176. 
[10] Lewis, I.; Singer, L. Electron spin resonance and the mechanism of carboni-

zation. Chem. Phys. Carbon 1981, 1-88. 
[11] Donnet, J. B.; Bansal, R. C.; Wang, M. J. Carbon Black: Science and Tech-

nology; CRC Press: 1993; pp. 67-88. 
[12] Bardet, M.; Hediger, S.; Gerbaud, G.; Gambarelli, S.; Jacquot, J.; Foray, M.; 

Gadelle, A. Investigation with 13C NMR, EPR and magnetic susceptibility 

measurements of char residues obtained by pyrolysis of biomass. Fuel 2007, 
86, 1966-1976. 

[13] Freitas, J.; Bonagamba, T.; Emmerich, F. Investigation of biomass-and 
polymer-based carbon materials using 13C high-resolution solid-state NMR. 

Carbon 2001, 39, 535-545. 
[14] Miser, D. E.; Baliga, V. L.; Sharma, R. K.; Hajaligol, M. Microstructure of 

tobacco chars and the origin of associated graphite as determined by high-
resolution transmission electron microscopy (HRTEM). J. Anal. Appl.  

Pyrol. 2003, 68, 425-442. 
[15] Sharma, R.; Wooten, J. B.; Baliga, V.; Hajaligol, M. Characterization of 

chars from biomass-derived materials: pectin chars. Fuel 2001, 80, 1825-
1836. 

[16] Sharma, R. K.; Wooten, J. B.; Baliga, V. L.; Martoglio-Smith, P. A.; Hajali-

gol, M. Characterization of Char from the Pyrolysis of Tobacco. J. Agric. 

Food Chem. 2002, 50, 771-783. 

[17] Shim, H.; Hajaligol, M.; Baliga, V. L. Oxidation behavior of biomass chars: 
pectin and Populus deltoides. Fuel 2004, 83, 1495-1503. 

[18] Wooten, J.; Seeman, J.; Hajaligol, M. Observation and characterization of 
cellulose pyrolysis intermediates by 13C CPMAS NMR. A new mechanistic 

model. Energy Fuels 2004, 18, 1-15. 
[19] Jensen, A.; Dam-Johansen, K.; Wojtowicz, M.; Serio, M. TG-FTIR study of 

the influence of potassium chloride on wheat straw pyrolysis. Energy Fuels 

1998, 12, 929-938. 

[20] Baliga, V.; Sharma, R.; Miser, D.; McGrath, T.; Hajaligol, M. Physical 
characterization of pyrolyzed tobacco and tobacco components. J. Anal. 

Appl. Pyrol. 2003, 66, 191-215. 

[21] Morterra, C.; Low, M. IR studies of carbons--II: The vacuum pyrolysis of 
cellulose. Carbon 1983, 21, 283-288. 

[22] Morterra, C.; Low, M.; Severdia, A. IR studies of carbons--III: The oxidation 
of cellulose chars. Carbon 1984, 22, 5-12. 

[23] Low, M.; Morterra, C. Effects of NaCl on cellulose pyrolysis and char oxida-
tion. Carbon 1985, 23, 311-316. 

[24] Singer, L. S., Spry, W. J.; Smith, W. H. Proceedings of the Third carbon 

Conference, Pergamon Press, (1959), pp. 121-128. 

[25] Singer, L. S. A Review of Electron Spin Resonance in Carbonaceous Materi-
als Proceedings of the Fifth Carbon Conference, Pergamon Press, 1963, Vol. 

2, pp. 37. 

[26] Sancier, K. Effects of catalysts and CO2 gasification on the ESR of carbon 

black. Fuel 1984, 63, 679-685. 
[27] Feng, J.; Zheng, S.; Maciel, G. EPR investigations of the effects of inorganic 

additives on the charring and char/air interactions of cellulose. Energy Fuels 

2004, 18, 1049-1065. 

[28] Zheng, S.; Feng, J.; Maciel, G. In Situ High-Temperature EPR Investigation 
of the Charring of Tobacco and the O2-Induced and H2O-Induced Behavior 

of the Char. Energy Fuels 2005, 19, 2247-2253. 

[29] Zheng, S.; Feng, J. W.; Maciel, G. E. In Situ High-Temperature Electron 
Paramagnetic Resonance (EPR) Investigation of the Charring of Cellulose 

and Cellulose/Na2CO3 Mixtures and the O2-Induced and H2O-Induced Be-
haviors of These Chars. Energy Fuels 2005, 19, 1201-1210. 

[30] Maskos, Z.; Khachatryan, L.; Cueto, R.; Pryor, W.; Dellinger, B. Radicals 
from the pyrolysis of tobacco. Energy Fuels 2005, 19, 791-799. 

[31] Grinberg, O.; Williams, B.; Ruuge, A.; Grinberg, S.; Wilcox, D.; Swartz, H.; 
Freed, J. Oxygen effects on the EPR signals from wood charcoals: Experi-

mental results and the development of a model. J. Phys. Chem. B 2007, 111, 
13316-13324. 

[32] Wen, W. Mechanisms of Alkali Metal Catalysis in the Gasification of Coal, 
Char, or Graphite. Catal. Rev. 1980, 22, 1-28. 

[33] Wood, B.; Sancier, K. The mechanism of the catalytic gasification of coal 

char: A critical review. Catal. Rev. 1984, 26, 233-279. 
[34] Abragam, A. The Principles of Nuclear Magnetism; Clarendon Press: Ox-

ford, 1961; pp 435-439. 
[35] Harker, H.; Gallagher, J.; Parkin, A. Reaction of carbon with oxidizing 

gases: The role of unpaired electrons. Carbon 1966, 4, 401-409. 
[36] Kudynska, J.; Buckmaster, H. Low-temperature oxidation kinetics of high-

volatile bituminous coal studied by dynamic in situ 9 GHz CW-EPR spec-
troscopy. Fuel 1996, 75, 872-878. 

[37] Czechowski, F.; Jezierski, A. EPR studies on petrographic constituents of 
bituminous coals, chars of brown coals group components, and humic acids 

600 °C char upon oxygen and solvent action. Energy Fuels 1997, 11, 951-

964. 

[38] Sekiguchi, Y.; Frye, J. S.; Shafizadeh, F. Structure and formation of cellu-
losic chars. J. Appl. Polym. Sci. 2003, 28, 3513-3525. 

[39] Ganga-Devi, T.; Kannan, M. Calcium catalysis in air gasification of cellu-
losic chars. Fuel 1998, 77, 1825-1830. 

[40] Kinoshita, K. Carbon: Electrochemical and Physicochemical Properties; 
John Wiley & Sons Inc.: New York, 1988; pp. 187-193. 

[41] Lewis, I.; Singer, L. Electron spin resonance study of the reaction of aro-

matic hydrocarbons with oxygen. J. Phys. Chem. 1981, 85, 354-360. 
[42] Feng, J.; Zheng, S.; Maciel, G. EPR investigations of charring and char/air 

interaction of cellulose, pectin, and. Energy Fuels 2004, 18, 560-568. 
[43] Bacsik, Z.; Mcgregor, J.; Mink, J. FTIR analysis of gaseous compounds in 

the mainstream smoke of regular and light cigarettes. Food Chem. Toxicol. 
2007, 45, 266-271. 

[44] Church, D.; Pryor, W. Free-radical chemistry of cigarette smoke and its 
toxicological implications. Environ. Health Perspect. 1985, 64, 111. 

[45] Dack, S.; Hobday, M.; Smith, T.; Pilbrow, J. Free-radical involvement in the 
drying and oxidation of Victorian brown coal. Fuel 1984, 63, 39-42. 

[46] Boyer, S.; Clarkson, R. Electron paramagnetic resonance studies of an active 
carbon: the influence of preparation procedure on the oxygen response of the 

linewidth. Colloids Surf. A 1994, 82, 217-224. 

[47] Maskos, Z.; Dellinger, B. Formation of the secondary radicals from the aging 
of tobacco smoke. Energy Fuels 2008, 22, 382-388. 

[48] Bokelman, G.; Ryan Jr, W. S. Analyses of bright and burley tobacco laminae 
and stems. Beitr. Tabak. Int. 1985, 13, 29-36. 

[49] Waymack, B.; Belote, J.; Baliga, V.; Hajaligol, M. Effects of metal salts on 
char oxidation in pectins/uronic acids and other acid derivative carbohy-

drates. Fuel 2004, 83, 1505-1518. 
[50] Baker, R. Smoke Chemistry Tobacco: Production, Chemistry and Technol-

ogy, Davis, D.; Nielsen, M., Blackwell Science: London, 1999, pp. 308-439. 
[51] Bourke, J.; Manley-Harris, M.; Fushimi, C.; Dowaki, K.; Nunoura, T.; Antal 

Jr, M. J. Do all carbonized charcoals have the same chemical structure? 2. A 
Model of the Chemical Structure of Carbonized Charcoal. Ind. Eng. Chem. 

Res. 2007, 46, 5954-5967. 

[52] Mcgrath, T.; Brown, A.; Meruva, N.; Chan, W. Phenolic compound forma-
tion from the low temperature pyrolysis of tobacco. J. Anal. Appl.  

Pyrol. 2009, 84, 170-178. 
[53] Mcgrath, T.; Wooten, J.; Geoffrey Chan, W.; Hajaligol, M. Formation of 

polycyclic aromatic hydrocarbons from tobacco: The link between low tem-
perature residual solid (char) and PAH formation. Food Chem. Toxicol. 

2007, 45, 1039-1050. 
[54] Tang, H.; Wang, Y.; Belton, P. 13C CPMAS studies of plant cell wall materi-

als and model systems using proton relaxation-induced spectral editing tech-
niques. Solid State Nucl. Magn. Reson. 2000, 15, 239-248. 

 

 
Received: May 15, 2010 Revised: June 26, 2010 Accepted: July 05, 2010 
 




