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A B S T R A C T

Lignin, the most abundant aromatic natural polymer and the second richest source of organic raw material, is
considered as a potential source of energy, chemicals and carbon-based materials. In this work we have in-
vestigated the nature and reactivity of sp2 carbons obtained by the pyrolysis of soluble Kraft lignin, a byproduct
of paper making process. The formation of carbons from Kraft lignin deposited onto high surface area silica was
studied by vacuum pyrolysis at different temperatures, using pristine and acid-washed lignin. Among the various
techniques adopted for the material characterization, the Raman measurements showed that the procedure
successfully yields carbon atoms organized in sp2 domains, on the surface of silica, whose dimensions are sub-
micrometric. The identification of a very stable peroxyl radical onto carbon-modified silica represents a major
result, because these species are known to be usually transient. The observed peroxyl radicals are detectable only
when both pyrolytic carbon and silica are present. The reactions of pyrolytic carbon onto silica with oxygen and
nitrogen monoxide were studied by electron paramagnetic resonance (EPR). The kinetics and reversibility of the
reaction with oxygen, as well as the reaction with nitrogen monoxide, were investigated.

1. Introduction

Carbon is the most important element for life on Earth due to the
role it plays in organic chemistry because of the flexibility of its
bonding, and carbon-based systems show an unlimited number of dif-
ferent structures with a variety of physical properties [1]. Even if it is
one of the elements known from the ancient times, up to recent years
new carbon materials have been discovered and extensively studied for
various applications, viz. fullerenes, nanotubes, graphenes and gra-
phitic carbon nitride [2,3]. As it is well known, in one of its allotropic
forms carbon is the hardest of the known materials, and in another one
it is among the softest. Diamond is transparent, electrically insulator
and very hard, contrary to graphite, that shows a blackish colour and is
an electrically conductive, soft material. The change of hybridization
from sp3 to sp2 induces a modification of the crystallographic structure
from cubic to hexagonal. Besides these pure allotropic forms, if both
hybridization states are present or if there is a low amount of other
elements (especially oxygen) or a variable amount of defects (in par-
ticular free radicals and dangling bonds), a huge variety of

carbonaceous materials having properties in between can be produced.
Among the known carbonaceous solid materials, charcoal is the

widest available and affordable. Charcoal is defined as the residue of
solid non-agglomerated organic matter, of vegetable or animal origin,
that results from thermal carbonization in the absence of air, at a
temperature above 300 °C [4]. The physical properties of charcoal are
unique, indeed the material can be a good (or poor) electrical con-
ductor, it can show a high (or low) specific surface area, and it can have
variable densities depending on the initial feedstock and the highest
temperature employed in the carbonization procedure [5]. Charcoals
and carbonized charcoals (biocarbons) and high-valued carbon nano-
materials can be prepared from a wide variety of biomasses [6,7]; the
structure of such carbons depends not only on the temperature of
preparation but also on the nature of the starting material. For these
materials, surface area, particle size, porosity, inorganic content, as
well as temperature and degree of carbonization, are all important
parameters for classification [8].

On the other hand, vegetal biomass contains variable amounts of
lignin (LG), a complex three-dimensional polymer composed of
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phenylpropanoid units. It seems plausible that biocarbons derived from
LG possess a graphite-like structure. Recent work reported that pyr-
olysis of lignocellulosic wastes is an easy, green route to prepare gra-
phenes [9,10]. The LG base structure has in principle great potentiality
to be rearranged in extended graphene-like aromatic layers, as de-
monstrated under microwave plasma irradiation [11] and also by
pyrolytic treatment [12]. LG pyrolysis yields carbonaceous residues rich
in polycyclic aromatic hydrocarbons [13,14], and polymeric carbon
with fine sorption properties can be obtained from olive stones LG
biomass [15]. It is also reported that softwood pyrolysis yields graphene
sheets rearranged in turbostratic carbon [12]. LG can be considered as a
waste material as it is the major by-product of second generation bio-
ethanol production [16]. In particular, Kraft LG is obtained as a by-
product of the paper pulping process. In the Kraft process the insoluble
LG polymer present in wood is decomposed into smaller units under
high temperatures (170–180 °C) in the presence of strong alkali solu-
tions (sodium hydroxide) and sulfides. During the process the LG
polymer backbone is broken and sulfides are included in the structure
rendering it water soluble. The pyrolysis of LG, i.e. the treatment at
high temperature in the absence of oxygen, leads to the elimination of
sulfur and oxygen present in the polymer, thus leaving carbon as a
residue. The LG backbone hydroxyphenylpropanoic units then can re-
arrange easily to give graphite-like extended aromatic structures. It is
well known that the pyrolysis of Kraft LG proceeds in two steps ac-
cording to the pyrolysis temperature. In the temperature range
200–400 °C carbon dioxide is produced together with volatile sulfur
compounds [17], while in the range 500–600 °C carbon monoxide is
evolved from phenols decomposition. Hydrogen gas production begins
at 500 °C [18] indicating that, above this temperature, carbon defects
are cured. The bulk pyrolysis of LG at high temperature (> about
3000 °C) is known to yield high-ordered carbon [19], and moreover
supported carbons on inert inorganic materials can have very inter-
esting properties and applications since they possess a conductivity by
the sp2 carbon sheets together with chemical reactivity and other re-
levant structural features; indeed inert supports (i.e. silica, hexagonal
boron nitride, alumina and Si3N4) and pristine materials can be used for
their preparation [20–24]. In this context, we showed that pyrolysis of
Kraft LG deposited onto porous micrometric silica is an easy, effective
route for silica surface modification with pyrolytic carbons [25]. A re-
cent study described the free radicals in biochars from high temperature
fast pyrolysis [26], but to the best of our knowledge the formation of
radical species in the carbonaceous phase from pyrolysis of silica-sup-
ported LG has not been investigated.

In this work we deemed interesting and informative to study the
nature and the reactivity of pyrolytic carbons generated on high surface
area silica by using the vacuum pyrolysis technique. The pyrolytic
carbons were extensively characterized by various techniques, that is
Raman spectroscopy, electron paramagnetic resonance (EPR), thermo-
gravimetric analysis (TGA) and attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-IR). The reactivity of the carbon
phase was investigated by reaction with oxygen and nitrogen mon-
oxide. Interestingly, stable peroxide radicals obtained by reaction with
atmospheric oxygen were observed and thus further investigated.

2. Materials and methods

2.1. Precipitated silica zeosil 1165

Precipitated silica Zeosil 1165 was purchased from Rhodia (Bollate,
Italy) and used as received. Zeosil 1165 possesses a four level fractal
hierarchical structure consisting of primary particles of ca. 10 nm
forming particle aggregates of ca. 300 nm giving in turn hard agglom-
erates; the latter structure ultimately forms soft agglomerates of
100–200 μm average size. Soft aggregates are disrupted by stirring in
solvent dispersions. No evidence of a mesoporous structure is present.
The total surface area, experimentally determined by nitrogen

adsorption/desorption isotherms (B.E.T. method), was
160–165 m2 g−1. The water content, determined by TGA considering
the weight loss in the 100–130 °C range, was 3–4%. The dispersive and
specific components of the surface energy, measured in a previous work
[27] by inverse gas chromatography (IGC), are γsd = 96.0 mJ m−2 and
Isp = 142.6 mJ m−2, respectively.

2.2. Kraft lignin

LG alkali low sulfur content was purchased from Sigma-Aldrich
(Milan, Italy). The declared average molecular weight was 10,000 Da
and the total sulfur content determined by elemental analysis is 2.89%
(w/w). The product is soluble in water giving an alkaline solution. The
amount of inorganic sulfate ion was determined to be 1.3% (w/w). The
ash content at 600 °C was 17% with respect to dry LG. The amount of
sulfate in ash was 44% (w/w). A titration with hydrochloric acid (37%
w/w, Carlo Erba Reagents, Milan, Italy) performed by pH-meter mea-
surements showed an equivalent point at 0.026 mmol H+ for 100 mg
LG. For further information about characterization see Ref. [17].

2.3. Acid-washed lignin

Acid-washed LG was prepared by adding dropwise concentrated
hydrochloric acid (37% w/w) to a Kraft LG solution (1 g L−1) up to pH
1. The precipitate was collected after filtration through 0.45 μm Nylon
filters. The residue was washed with a small amount of deionized water
(the total yield of the process is 60% w/w). The ash content of acid-
washed LG was 0.9% (w/w) with respect to the dry compound. The
sulfate content of acid-washed LG was 30 μg g−1 (0.003% w/w).

2.4. Pyrolysis experiments

For the preparation of carbon-derivatized silica, 50 mg of LG (Kraft
or acid-washed) was dissolved in a proper solvent. In the case of Kraft
LG, 50 mL of deionized water was used, whereas 150 mL methanol
(HPLC gradient grade, VWR, Milan, Italy) was used for acid-washed LG,
due to its low solubility in water. After the complete dissolution of LG,
1 g of Zeosil silica was added, the suspension was submitted to soni-
cation for 30 min and the solvent was removed under vacuum. For the
pyrolysis, 100–200 mg of sample were placed into an alumina com-
bustion boat. The sample was placed inside a quartz tube inserted into a
cylindrical oven (Watlow ceramic fiber heater, i.d. 38 mm, length
305 mm, electrical power 600 W). The vacuum (10−3 Pa) was obtained
by a double stage diffusion and rotary vacuum pump. The heating rate
of the oven was 600 °C h−1 and the final temperature was kept for
20 min. Several pyrolysis temperatures (in the range 600–1200 °C)
were explored in the above conditions. Each pyrolysis has been per-
formed in triplicate to evaluate the reproducibility of the experiment.
The reactivity of the pyrolytic carbons with atmospheric oxygen was as
well investigated under ambient conditions after the pyrolysis of the
material with the above reported procedure.

2.5. Study of the reactivity of the pyrolyzed material with nitrogen
monoxide

The pyrolysis was performed by using the apparatus shown in
Scheme 1 following the reported procedure with the exception that the
sample (20 mg Kraft LG) was pyrolyzed directly inside an EPR quartz
tube.

The sample was kept under dynamic vacuum until it reached am-
bient temperature, then the sample was kept under static vacuum by
closing the valve on the sample. At this point, the three way valve was
operated in order to connect the gas cylinder with the reservoir, that
was filled with nitrogen monoxide. In order to better purify the gas, the
reservoir was cooled with liquid nitrogen, then the vacuum valve was
opened while keeping the nitrogen monoxide frozen. Subsequently,
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under static vacuum conditions, the valve over the sample was opened
to permit the contact with the gas and the liquid nitrogen was gently
removed from the reservoir while keeping the reservoir temperature
below −50 °C. This gas-cleaning procedure was used in order to re-
move eventual traces of NO2 formed through the oxidation of NO in the
presence of (possible) oxygen traces.

2.6. Raman spectroscopic measurements

Raman spectra were measured by a micro-Raman set-up (Horiba
Jobin-Yvon Labram HR) with<1 cm−1 spectral resolution, using a
100× objective (laser spot < 1 μm) and an excitation laser at
632.8 nm wavelength. The power on the samples was 6 mW.

2.7. Electron paramagnetic resonance measurements

The EPR instrument used for the measurements was a Bruker, EMX,
X-band continuous wave spectrometer equipped with a EPR cavity
Bruker ER4119HS. The measurements at different temperatures were
made by using the Bruker kit for controlled temperature experiments.

2.8. Thermogravimetric analysis

The instrument used for TGA analysis was a Mettler Toledo TGA1
XP1. 8–10 mg of sample were inserted in an alumina crucible closed
with a perforated lid. A blank performed with the empty crucible was
subtracted from the curves. The heating rate was 10 °C min−1, while
the gas flow rate was 4 L h−1. When nitrogen was used, a gas with low
level (< 20 ppb) of oxygen was employed (gas cylinder with internal
built-in purifier BIP filter from Sapio). For the analysis under nitrogen,
the sample was purged with the gas at least for 30 min before starting
the analysis. For the analysis under air, an oil-free membrane pump
equipped with a pulsation damper and condensate drain was used.

2.9. Infrared spectroscopic measurement

ATR FT-IR measurements were performed using a Perkin Elmer
1600 FT-IR equipped with a Specac Mk II Golden Gate system. A total of
256 scans were recorded over 900–4000 cm−1 (resolution 2 cm−1).
The pressure applied on the sample was about 60 MPa.

3. Results and discussion

3.1. Pyrolytic carbon from kraft LG on zeosil silica

Fig. 1 shows the Raman spectra of four samples prepared at different
temperatures (650 °C, 750 °C, 900 °C and 1100 °C). A subtraction of the

background signal collected on a reference Zeosil silica sample was
performed to better evidence the effect of our treatment on the pristine
silica.

The spectra clearly show a G band (1580 cm−1) originating from
the stretching mode of sp2 CeC covalent bonds. An intense D band
(1320 cm−1) is also present, indicating a highly defective material.
Both the G and D peaks become increasingly marked as the pyrolysis
temperature increases, while their intensity ratio does not change sig-
nificantly.

In particular, after thermal treatments the presence of defects in the
carbon lattice is evidence by the increase of a D peak, due to inter-
valley resonant Raman scattering [28]. For a single carbon mono-layer,
recent work have developed a method for quantifying the amount of
disorder from the measurement of the ratio between the integrated
intensity of the D and G peaks [28,29]. In this single carbon mono-layer
approximation, the average distance between defective sites LD is re-
lated to the ratio of the integrated intensity of the D and G peaks, ID/IG,
which can be expressed as [28,29]:
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where LD = 1/√s is the distance between defects. Each defect is en-
closed in a damaged region of radius rs, around which there is an ac-
tivated region, between rS and rA, which is the main reason for the
increase of the D peak with disorder. In Ref. [28] the ID/IG changes are
ascribed to the damages deriving from an intentional ion implantation.
If we consider the damage deriving from other processes, for example
the functionalization with diazonium salts, it gives a slightly different
values of this ratio [30,31]. For this exemplificative case of damage
from functionalization with diazonium salt, Wang and collaborators
[30] used smaller values of rS and rA with respect to those used for
implanted samples, because a covalent attachment site is less damaging
for the lattice than an implanted ion. Thus in our calculations we em-
ployed the same values rS = 0.07 nm and rA = 1.0 of Ref. [30]. As
regards the other two parameters, we used CA = 4.97 and CS = 0.94
which give ratios in agreement with the results of Table 1 of Ref. [29],
which are close to the values employed in Ref. [28].

In Table S1 (Supplementary material) we report the values position
w and line-width Γ of the G and 2D Raman peaks, the ratios of the
integrated intensity ID/IG, the area concentration of defects s and the
average distance between reacted sites LD obtained from ID/IG using Eq.
(1). Our Raman spectra reveal that increasing the temperature from 650
to 750, 900 up to 1100 °C, the ID/IG ratio increases monotonously from

Scheme 1. Apparatus for the reaction with nitrogen monoxide.

Fig. 1. Raman spectra of pyrolyzed Kraft LG@silica obtained under high vacuum after the
subtraction of the background signal obtained from a reference pristine Zeosil silica
(opens symbols; spectra from samples obtained at different temperatures are offset for
clarity). Continuous lines are multi-Lorentzian fits to the G and D bands.
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2.6 to 3.2, due to the creation of sp3 defects in the carbonic network,
with a consequent reduction of LD from 2.0 nm to 1.7 nm, in the ap-
proximation of applying the model of Eq. (1), developed for single
carbon monolayer. These values are indicative, since they depend on
the parameters used in Eq. (1).

The Raman analysis indicates that the method successfully yields C
atoms arranged in sp2 domains, immobilized on silica, whose dimen-
sions are small as compared to the laser spot size (μm2). FTIR spectra
show the depletion of the −OH group signal at 3400 cm−1 while in-
creasing the pyrolytic temperature (spectra not shown). The peak is
absent in the sample pyrolyzed at 1200 °C. Carbonyl stretching at
1620 cm−1 is visible in the non-pyrolyzed mixture of LG with silica but
its intensity decreases accordingly with increasing pyrolytic tempera-
ture; in particular, in the sample produced at 1200 °C, the peak close to
1620 cm−1 is completely vanished. This clearly indicates that the pre-
sence of functional groups decreases by increasing the pyrolytic tem-
perature, likely due the higher degree of condensation of the aromatic
structures [9,25,26]; moreover, the CeH in-plane bending of the ben-
zene ring decreases with increasing the pyrolysis temperature, which
enhances the formation of sp2 pyrolytic carbon, in good agreement with
the Raman findings.

The carbon content after pyrolysis was measured by TGA, per-
formed in air (the profiles are shown in Fig. S1, Supplementary mate-
rial). This analysis revealed that neat Zeosil silica showed a weight loss
of about 2% in the temperature range 200–1100 °C attributable to
elimination of water from vicinal silanol groups. The silica with ab-
sorbed lignin before pyrolysis showed a total loss of 7%, while the
samples pyrolyzed at 600 °C and 1200 °C showed weight losses of 5 and
4%, respectively. Moreover, the samples show a variable amount of
absorbed water (10–20% w/w), released in the range 90–110 °C due to
the hygroscopic properties of the silica used. The batch-to-batch re-
producibility, evaluated on the TGA data, showed relative standard
deviations (RSDs) below 0.5%.

The nature of the pyrolytic carbon onto Zeosil silica was assessed
also by using EPR spectroscopy. The EPR spectra were measured at
ambient temperature, showing a singlet signal clearly attributable to
carbon centred radicals (g factor 2.0026), in agreement with recent
work on fast pyrolysis of bulk lignocellulosic biomass [26]. Cr3+was
used as internal reference for the calculation of the ‘g’ factor. The neat
Zeosil silica samples, either pristine or pyrolyzed in the same conditions
with no adsorbed LG, did not give detectable EPR signals. After the final
material was contacted with air, we detected new peaks (Fig. 2), due to
two peroxyl radicals [27]. From the simulation of the spectra
we obtained the following parameters: specie A:
g1 = 2.045, g2 = 2.0091, g3 = 2.0024 (giso = 2.0188, with the re-
spective linewidths 7, 2 and 2 G); specie B:
g1 = 2.0285, g2 = 2.0102, g3 = 2.0024 (giso = 2.0137, with the re-
spective linewidths 8, 4 and 2 G). The specie B fits particularly well
with values reported for carbon or silicon peroxyl radicals [27], while
specie A could be tentatively related to a SiOO radical close to alkaline
centres. We never observed these radicals after pyrolysis of neither neat
silica nor LG alone but their signals were detectable only when the
precursor (mixture of both LG and silica) get pyrolyzed.

Surprisingly, the stability of the peroxyl radical was different from
that reported in literature [27]. The kinetics of the growing radical was

monitored for several days (see Fig. 3). During this period both the
carbon peak and oxygen peak show a maximum of intensity close to
200 h after opening the vessel, while the subsequent plateau was kept
for more than one month.

In order to better characterize the EPR signal, a saturation curve of
the signal was studied as function of the applied microwave power. In
fact, the saturation curve gives information about the relaxation time of
the species. Lower is the relaxation time and lower is the saturability of
the sample. Furthermore, if the spectrum is due to an overlap of dif-
ferent species having different saturation levels, this could be a method
for a better characterization. For the carbon-centred signal, a very low
saturation was observed up to 100 mW of applied microwave power
(see Fig. 4), thus indicating the typical behaviour of highly conjugated
carbon radicals, which possess good relaxation efficiency. The shape of
the saturation curve might be typical of a non-homogeneously broa-
dened resonance line [32,33].

In order to study the thermal stability of the radical we heated the

Table 1
Number of spins per gram of carbon radicals determined by EPR in the samples pyrolyzed
at two different temperatures.

Sample Pyrolysis temperature (°C) Number of spins/gram

Acid-washed LG@SiO2 700 2.3 × 1019

Acid-washed LG@SiO2 900 4.3 × 1018

Kraft LG@SiO2 700 1.9 × 1019

Kraft LG@SiO2 900 1.3 × 1018

Fig. 2. EPR spectrum collected on Kraft LG@silica (pyrolyzed at 600 °C) after contact
with air (oxygen reaction effect).

Fig. 3. Kinetics of the variation of carbon (triangles, left axis, measured at 3347 G) and
peroxyl (circles, right axis, measured at 3337 G) radicals in pyrolytic carbon from Kraft
LG@silica (pyrolyzed at 600 °C) after contact with air.

Fig. 4. Carbon saturation curves for Kraft LG@silica pyrolyzed at 900 °C (modulation
amplitude: 0.2 G); circles: EPR intensity (peak height, left axis), triangles: peak linewidth
(right axis).
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sample up to 167 °C with temperature steps of 20 °C each, while the
EPR spectra were recorded at ambient temperature, in order to permit a
better comparison and to avoid decay during measurements. The re-
lative peak heights of such experiments are plotted in Fig. 5. As it is
apparent, a complete decay of peroxyl radicals is observed only at
temperatures equal to or higher than 170 °C.

3.2. Pyrolytic carbon from acid-washed LG on zeosil silica

The Raman analysis, performed on samples produced from acid-
washed LG at different temperatures, does not provide any evidence of
graphitic carbon coverage, as the spectra were superimposable on the
Zeosil silica reference background. This could be due to the absence of
salts, especially alkalis that were proved to enhance the pyrolysis re-
action [17]. Despite that, the EPR spectrum measured at ambient
temperature, showed a peak clearly attributable to carbon centred ra-
dicals (g factor 2.0026). The saturation curve for this sample (Fig. 6)
showed a good relaxation efficiency (low saturability). In fact, the EPR
technique is a quite sensitive analysis by which low amount (< 1 ppm)
of radicals can be detected and identified. Even for this sample, when
the material was brought in contact with air, up to 800 h, new peaks
around 3330 G and 3310 G appeared (Fig. 7). From the simulation of
the spectra the following values g1 = 2.0133, g2 = 2.0097,
g3 = 2.0024 (giso = 2.0133, with the respective linewidths 8, 2 and
2 G) are associated to the peroxyl radical [27].

The kinetic of the reaction with atmospheric oxygen was measured
for the acid-washed LG sample too (Fig. 8), observing a slow signal
increase up to 300 h, after that the signal decreased. The behaviour was
similar to that observed for Kraft LG.

3.3. Spin radical concentration

Another method used to evaluate the quality of the carbon material
formed, i.e. the number of defects leading to free radicals (like those on
the zig-zag edges of the material), was the measure of EPR signal in-
tensity, in fact the double integration of the EPR signal is proportional
to the amount of radicals. Three independent calibration curves, signal
area (y) vs. concentration of radicals (x), were plotted by using the
stable radical 2,2,4,4-tetramethylpyperidinyloxide (TEMPO) as the
standard compound. The concentration of radicals in the pyrolyzed
samples, kept under high vacuum, was then expressed as number of
spins per gram of material and is reported in Table 1. As expectable,
while increasing the pyrolysis temperature the number of defects (i.e.
spins) decreased. This confirmed that Kraft LG produces a better
quality, less defective carbon material with respect to acid-washed LG,
and this behaviour is more evident at the highest pyrolysis temperature,
as the number of spin in acid-washed LG is three fold higher with re-
spect to Kraft LG. This is in accordance with the high temperature en-
hancement of graphenic materials due to alkali and inorganic salts.

The formation of peroxyl radicals is an equilibrium reaction:

(C@SiO2)% + O2 ⇄ (C@SiO2) O2%

Indeed, oxygen can lead to some irreversible reactions (oxidation)
on the substrate. The reversibility was demonstrated by putting the
sample having peroxyl radicals under high vacuum at ambient tem-
perature and measuring the amount of radicals by EPR at different
times. After 6 h under vacuum the radicals reached a plateau, corre-
sponding to a reversibility of about 70% (calculated with double in-
tegration of the EPR signal). The final radical species is compared with
the starting material showing a slight decrease of linewidth (from 2.48
to 2.31 G, see spectrum in Fig. S2, Supplementary material).

Fig. 5. Concentration of peroxyl radicals (squares, measured at 3337 G) and carbon ra-
dicals (circles, measured at 3347 G) determined by EPR in Kraft LG@silica as function of
temperature.

Fig. 6. Carbon saturation curves for acid-washed LG@silica pyrolyzed at 900 °C (mod-
ulation amplitude: 0.2 G); circles: EPR intensity (peak height, left axis), triangles: peak
linewidth (right axis).

Fig. 7. EPR spectrum collected on acid-washed LG@silica (pyrolyzed at 600 °C) after
contact with air (oxygen reaction effect).

Fig. 8. Kinetics of the variation of carbon (triangles, left axis) and peroxyl radicals (cir-
cles, right axis) in pyrolytic carbon from acid-washed LG@silica after contact with air.
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3.4. Effect of nitrogen monoxide

The reactivity of carbon radicals was studied also putting in contact
a gaseous radical compound with the pyrolyzed material in the absence
of other atmospheric gases. In fact, because of the porous nature of the
material, a gaseous radical seems be the best choice for studying the
reactivity of carbon radicals, for instance nitrogen monoxide, as it can
react with carbon radicals likewise the atmospheric oxygen.

(C@SiO2)%+ NO% ⇄ (C@SiO2) NO

This reaction is accomplished with a decrease in the total radical con-
centration of carbon. The reversibility of the reaction was studied after
putting the sample under high vacuum (6 h at ambient temperature)
and comparing the amount of radicals before and after the reaction. The
reversibility of the reaction resulted to be of about 82%. The EPR
spectrum acquired after the reaction showed an increase of the line-
width from 2.46 to 2.85 G (see spectrum in Fig. S3, Supplementary
material). This effect could be related to a partial reaction of NO ra-
dicals over radical sites in pyrolytic carbon. Even the saturation was
affected by the treatment; in fact, after the reaction the saturation oc-
curs at higher power. This behaviour can be correlated to a selective
irreversible reaction of the more reactive radicals (having less re-
sonance and thus easier saturation) with respect to less reactive radi-
cals.

4. Conclusions

Pyrolysis of lignin biomass onto silica for green preparation of
supported reactive carbons was investigated. The Raman analysis re-
vealed that lignin pyrolysis leads to production of carbon onto Zeosil
silica with atoms arranged in sp2 domains showing sub-micrometric
size. The material, extensively characterized also by other physical-
chemical techniques, showed the presence of exceedingly stable peroxyl
radicals if contacted with air for several days. When Kraft (alkaline)
lignin was used as the precursor, two different types of peroxyl radicals
were evidenced by EPR spectroscopy. The effect of temperature on
radicals at carbon/silica interfaces was also assessed, showing their
stability up to 170 °C. The study of the reversibility of the reaction with
oxygen indicated the presence of radicals having different reactivity
(i.e. showing either reversible or irreversible reaction). The results here
shown provide new insights in the pyrolysis products of Kraft lignin.
The defective nature of the material obtained might be advantageous in
view of a possible easy chemical functionalization, which mainly relies
on the presence of radicals. In the future, we will explore the functio-
nalization of such pyrolytic carbon materials, aiming at controlled
tuning of their magnetic, optical and electronic properties.
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