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Abstract—Lignocellulosic materials (LCMs) obtained after an ozone treatment of pine wood are studied via
diffuse reflectance ultraviolet (DRUV) spectroscopy, Raman spectroscopy, and f luorescence spectroscopy.
The Raman spectra show that ozonation degrades lignin and hemicelluloses and lowers the content of amor-
phous cellulose. The Raman spectra of ozonized LCMs are deconvoluted to individual components for the
first time. Based on results from analyzing the Raman and DRUV spectra, it is concluded that the aromatic
structures of biomass with conjugated –С=С– and >С=О bonds simply degrade, while delignification with
ozone is accompanied by a multiple increase in the f luorescence of the LCMs. It is shown that the lumines-
cence spectral characteristics of LCMs are governed by the absorption of ozone, allowing us to identify the
ranges of ozone consumption corresponding to the dominant degradation of lignin and polysaccharides in the
biomaterial.
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INTRODUCTION

Special attention is now being given to developing
innovative technologies that meet the environmental
requirements. Ozone is considered an environmen-
tally friendly reagent, since the only product of ozone
decomposition is oxygen, and reactions in which it
participates occur at ambient temperature and atmo-
spheric pressure. The progress made in recent years in
the field of ozone synthesis has considerably reduced
the cost of ozone, naturally raising the interest in O3
and expanding its fields of application [1]. Ozone is a
strong oxidizing agent that actively interacts with aro-
matic and unsaturated compounds, so it is used to
treat pulp and paper industry wastewater of phenolic
compounds (lignin (LG) derivatives). Other industries
in which it is used can be found in [1, 2].

A great deal of experimental data on the interaction
of plant biomass and ozone has been accumulated
worldwide. The prospects for using ozone to remove
LG from plant raw materials and the economic feasi-
bility of ozonation for the subsequent production of
cellulose (CL), monosaccharides, and bioethanol
were demonstrated in [3, 4]. The advantages of ozone
as a delignifying agent with respect to biomass include
its selectivity with respect to LG, while CL and hemi-
celluloses (HCs) exhibit relatively high resistance to
ozone [4–11].

Studies of the efficiency of delignifying biomass
under different conditions of ozonation have allowed
us to determine optimum conditions for using this
process [5–8]. It is known that for pine wood, ozona-
tion is most effective at a 60–65% content of moisture
(MC) in the sample, at which (according to results
from determining the content of LG in ozonized sam-
ples) the degree of delignification can be as high as
40% [7, 9]. High-performance liquid chromatography
was used to show that the products of ozonation are
aliphatic acids (e.g., formic, oxalic, and glyoxalic) that
are subsequently oxidized during prolonged ozone
treatment [7, 9].

Lignocellulosic materials (LCMs) from ozonized
pine wood have been studied by a number of physico-
chemical means (infrared (IR) spectroscopy, Raman
spectroscopy, diffuse reflectance ultraviolet (DRUV)
spectroscopy, X-ray diffraction, thermal analysis) [6–
11]. It was shown in [7] that delignification with ozone
is accompanied by the degradation of HCs and the
amorphous part of CL. It has been reported that the
degree of polymerization of CL of LCMs falls as the
period of ozonation grows.

The authors of [11–13] studied the physicochemi-
cal properties of CL-containing materials via f luores-
cence (FL) spectroscopy. It was first shown in [11] that
the delignification of hardwood with ozone creates a
material characterized by strong FL in the visible
790
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region. It was reported that FL spectroscopy can be
considered one of the most sensitive methods of con-
trolling the ozonolytic delignification of wood.

This work is a continuation of a cycle of studies of
the physicochemical properties of LCMs from
ozonized biomass. It focuses on studying the transfor-
mations of pine wood, which is one of the most abun-
dant species of wood on the planet. Softwood differs
from hardwood by its cellular texture and HC struc-
ture. It is characterized by strong CL polymerization
and a higher content of CL than that in hardwood.
The structure of softwood LG also differs considerably
from the LG structure of hardwood species [14, 15]. In
terms of actual practice, interest in studying the trans-
formation of softwood is also due to the enormous
amount of industrial waste that can be used as a feed-
stock for further chemical processing [15].

The aim of this work was to study the transforma-
tion of pine wood at different stages of ozonation via
Raman, DRUV, and FL spectroscopy; and to explore
the possibilities of these nondestructive methods in
terms of their information content in analyzing the
degradation of LG and other components of biomass.

EXPERIMENTAL
Pine sawdust (Pinus sylvestris) with particle sizes of

0.315–0.63 mm served as our test material. The MC in
each sample was 60–65%, relative to the weight of
oven-dried wood (o.d.w.), and MC = ( /mo.d.w.) ×
100%. To prepare the samples, 0.15–0.20 mL of distilled
water was added to a weighed portion (0.30–0.35 g) of
air-dried wood (MC = 8%/go.d.w., determined as in
[16]). The resulting mixture was kept in a closed con-
tainer at t = 20°C for 5–7 days to allow the wood to
swell. The final MC was controlled gravimetrically.

A set of tests was performed with different dura-
tions of the ozone treatment of pine wood samples
having weights of 0.45–0.50 g. Ozonation was con-
ducted in a f low unit equipped by temperature con-
troller (25°C) in fixed bed reactor. The unit consisted
of an ozone generator (Medozon 03/05), a photome-
ter for determining the concentration of ozone
(Medozon 254/3), and a catalytic cartridge for the
decomposition of unreacted ozone described in [1].
An ozone–oxygen mixture with a 60 ± 2 mg/L con-
centration of ozone passed through the reactor at a
flow rate of 1 × 10−3 L/s. The linear f low velocity was
1 cm/s. Due to the constancy of the sample volume,
the tests were performed at a constant residence time
(0.8 ± 0.05 s) in the reaction zone.

The amount of absorbed ozone Qr(t) at time t was
calculated from the kinetic curves of the ozone con-
centration dependence according to the equation

(1)
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r
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where U is the f low rate of the gas mixture (L/s); 
and  are the current ozone concentrations at the
inlet and outlet of the reactor with the test sample,
respectively (mol/L); and m is the weight of o.d.w.
Qr(t) (mmol/g) is calculated per gram of o.d.w. The
error in determination Qr(t) was 10%.

The ozonized LCM samples were washed with dis-
tilled water to remove water-soluble products. Original
air-dried sample (1) and ozonized LCMs with differ-
ent durations of ozonation (О1–О6) were studied via
Raman, DRUV, and FL spectroscopy.

Raman spectra were recorded on a Bruker Equinox
55/S instrument equipped with an FRA 106/S attach-
ment. The wavelength of excitation was 1064 nm, the
laser power was 850 mW, and the size of the laser spot
was 0.1 mm. The spectrum was recorded with accu-
mulation over 1024 scans at a resolution of 4 cm−1 in
the region of 100–3600 cm−1. Spectra were recorded
for five randomly selected points of the sample. The
experimental Raman spectra were normalized to the
1096 cm−1 band according to [17], and the average
intensities of certain bands in the Raman spectrum
were determined. The error of determining the inten-
sity at the maximum was 5%.

The spectrum of the original sample into individual
components was deconvoluted according to Leven-
berg and Marquardtusing the OPUS 6.0 software
(Bruker, Germany). The spectra were deconvoluted
into five individual components. The choice of the
number of model bands and the position of their max-
ima was based on literature data on the Raman spectra
of LCMs [17–20]. Variations in the shape of compo-
nent lines showed that the best option was
90%Gauss + 10%Lorentz for components 1–4 and
75%Gauss + 25%Lorentz for component 5. The
model spectrum of the original sample was used as the
first approximation of the ozonized samples. At the
first stage, the intensities of the model bands were
optimized while the line width and position of the
maximum were fixed. At the second stage, the line
width was optimized while the intensities were fixed.
At the third stage, the positions of the maxima and the
width of individual bands were refined. The root-
mean-square error of the model spectrum’s deviation
from the experimental spectrum was 10%.

The DRUV spectra of the wood samples (100 mg)
were recorded on a Specord M-40 instrument (Carl
Zeiss Jena, Germany) with an integrating sphere in a
range of 220–820 nm. A sample of BaSO4 was used as
a reference in recording the DRUV spectra. (The
reflection of this sample was assumed to be 100%).
The spectra were processed using the Kubelka–Munk
function (F(R)), which is the ratio of the coefficient of
absorption to the medium’s coefficient of scattering:
F(R) = k/s = (1 – R)2/2R. This allows us to determine
the absorption of an infinitely thick layer of a sample

*tC
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Fig. 1. Kinetic curves of ozone absorption by pine wood. 
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at a given wavelength. The error of F(R) determination
is 10%.

Excitation and emission spectra were recorded at a
temperature of 25 ± 0.2°C on a Fluorolog-3 FL spec-
trometer (Horiba, France) equipped with double
monochromators in the channels of excitation and
emission, and a 450-W high-pressure xenon lamp as
the source of excitation. The signal was recorded using
an FL-1073 detector based on an R928P photomulti-
plier operating in the mode of single photon counting
at room temperature. Before recording the spectra, the
air-dried samples were pressed into 150-mg pellets.
Each sample was placed in the holder at an angle of
35° with respect to the beam of excitation to eliminate
the effect of reflected light. The spectral width of the
slits of the excitation and emission monochromators
was 2 nm. The FL spectra of the wood samples were
recorded for λexc = 360 and 400 nm. The spectra were
integrated using the Opus 6.0 software (Bruker, Ger-
many).

RESULTS AND DISCUSSION
Ozonation

Figure 1 shows kinetic curves of ozone absorption
corresponding to different durations of treatment. The
curves fit into the single kinetic dependence charac-
teristic of ozone absorption under the given conditions
of treatment accepted in [7, 8] as optimal for the del-
ignification of pine wood. Figure 1 shows the values of
specific ozone absorption (Qr, mmol/g) that corre-
spond to the end of ozonation for the labeled samples.
It is evident from Fig. 1 that the rate of absorption fell
as the period of ozonation grew. Of the wood compo-
nents, LG reacted with ozone most actively, so it is
reasonable to expect delignification to be most effec-
tive for the initial portion of the kinetic curve and sam-
ples O1 and O2 (Qr = 0.8 and 1.0 mmol/g, respec-
tively), which were prepared under conditions of the
highest rate of ozone absorption (determined from the
slope of the curve). The rate of ozone absorption fell at
higher values of Qr. According to [7, 9], reaction prod-
ucts on the surface of the wood participate in reactions
with ozone at this stage of ozonation.

Raman Spectra

Figure 2 shows Raman spectra of the studied sam-
ples in the regions of 800–1800 cm−1 (Fig. 2a) and the
stretching vibrations of C–H bonds (Fig. 2b). The
spectra correspond to the Raman spectra of softwood
known from the literature [17–20]. The bands are at
1374 cm−1 (δС–Н in R3CH in CL and glucomannan)
[18], 1330 cm−1 (bending vibrations of Сar–OH or
Сar–O–CH3), 1267 cm−1 (Сar–O–CH3 and Сar–O of
the guaiacyl ring with С=О groups) [18], 1126 cm−1

(stretching vibrations of С–С and С–О in CL and
RUSSIAN JOURNAL O
glucomannan), 1096 cm−1 (νС–С and νС–О in HC
and CL) [19, 20], and 899 cm–1 (C–O–C stretching
vibrations of the C1 atom and four surrounding atoms
in β-glycosidic structures [21]). The spectrum of orig-
inal sample (1) displays intense bands of the C–C skel-
etal vibrations of aromatic rings (1600 cm−1) and bands
at 1632 and 1656 cm−1 (C=C vibrations in coniferyl
aldehyde and coniferyl alcohol, respectively) [20].

Figure 2b shows Raman spectra in the region of
C‒H stretching vibrations. The band at 3071 cm−1 was
attributed to the νС–Н of the aromatic ring; the band at
2899 cm−1 corresponds to the C–H stretching vibra-
tions of CL; and the band at 2940 cm−1 was attributed
to C–H stretching vibrations in the CH3 and OCH3
groups of LG and HC [18, 20]. Compared to the
Raman spectrum of original sample (1), an increase in
Qr in the spectra of the ozonized samples reduced the
intensity of the bands at 1600, 1632, 1660, 3071, and
1267 cm−1 (attributed to LG) and the intensity of the
band at 1126 cm−1 (attributed to glucomannan). The
intensity of the band at 2940 cm−1, which corresponds
to the C–H stretching vibrations in the methoxy
groups of LG and HC, was also reduced (Fig. 2).

Figure 2c presents the (I/I0)1600 values (intensity I
at the maximum of 1600 cm−1 of the ozonized LCM,
normalized to intensity I0 in the spectrum of the orig-
inal sample) as a function of specific ozone consump-
tion (curve 1). The figure also shows a similar depen-
dence of the content of Klason LG (curve 2) recorded
in [7]. It is evident from Fig. 2c that (I/I0)1600 fell as Qr
rose, testifying to the degradation of the aromatics.
The drop is most pronounced when Qr ≤ 1.0 mmol/g.
(I/I 0)1600 is almost constant at higher values of Qr it is
40–42% of the initial value. In addition, curve 2 sug-
gests that LG degrades in ozonized LCMs: the content
of LG is 28.5% in the original sample and 14.8% at
Qr = 1.0 mmol/g. The degradation of aromatics is
most evident from the Raman spectra. This meets our
expectations, since Raman spectroscopy provides
F PHYSICAL CHEMISTRY A  Vol. 97  No. 4  2023
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Fig. 2. Raman spectra of LCMs from ozonized pine wood in the region of (a) 100–1800 and (b) 2600–3200 cm−1; 1 (blue line),
О1 (grey dashed line), О2 (dotted line), О3 (fine black line), О4 (black dashed line), О5 (bold black line), and О6 (bold grey line).
Parameters (I/I0) at (c) 1600 cm−1 and (d) 2899, 2940, and 899 cm−1; and Klason LG content [9] in the LCM as a function of
specific ozone absorption. 
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information directly from the part of a sample’s sur-
face that is delignified upon ozone treatment, in con-
trast to the content of LG per gram of o.d.w., which is
the average content of LG in the bulk of the sample.

Figure 2d shows (I/I0)2899 and (I/I0)2940 values as a
function of Qr. It is clear that the intensities of the
bands at 2899 and 2940 cm−1 changed symbatically
upon an increase in Qr, since the bands overlap. The
contour of the spectrum in Fig. 1b was preserved for
the ozonized samples.

The band at 1096 cm−1 (С–С and С–О stretching
vibrations of CL) was attributed to crystalline CL [17,
22]. The intensity of the band at 899 cm−1, attributed
to the asymmetric vibrations of the glucopyranose ring
of CL, characterizes the relative content of amorphous
and crystalline CL [21, 22]. It is evident from Fig. 2d
that (I/I0)899 falls at a 1.4–2.4 mmol/g rate of ozone
consumption, i.e., in the range of ozone consumption
where the degradation of aromatics by ozone is least
effective (Fig. 2c). The drop in (I/I0)899 testifies to the
degradation of the amorphous part of the CL during
ozonation. It should be noted that the same conclu-
sion was reached in [7] from X-ray diffraction data in
studying LCMs from ozonized pine wood.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
Deconvolution of the Raman Spectra

The Raman spectra were deconvoluted into five
individual components in the region of 1500–
1700 cm−1: components 1 and 2 with maxima at 1580
and 1599 cm−1 (skeletal vibrations of the aromatic
ring); component 3 at 1620 cm−1 (stretching vibrations
of C=O conjugated with the aromatic ring); and com-
ponents 4 and 5 at 1632–1636 and 1656 cm−1, which
correspond to the C=C stretching vibrations in
coniferyl aldehyde and coniferyl alcohol, respectively.
The choice of bands was based on the respective struc-
tures in softwood LG [17, 20]. The position of the
maxima of decomposition components 1–3 and 5
remained constant for the different samples, while it
varied from 1632 to 1636 cm−1 for component 4.

As an example, Fig. 3a shows the Raman spectra of
samples 1, O1, O4, and O6 in the region of 1500–
1700 cm−1 and the decomposition of the spectra into
components. It is evident that modelling allowed us to
obtain satisfactory agreement between the experimen-
tal (blue) and model (red) spectra.

Figure 3b shows the dependence of integrated
intensity of spectrum A (defined as the area under the
spectrum contour) normalized to the integrated inten-
l. 97  No. 4  2023



794

RUSSIAN JOURNAL O

MAMLEEVA et al.
Fig. 3. (a) Deconvolution of Raman spectra into compo-
nents (samples 1, O1, O3, O6); (b) integrated intensity of
the Raman spectrum (A/A0) at 1500–1700 cm−1 and rela-

tive intensities (Ac/ ) of the decomposition components
with maxima at (1) 1580, (2) 1599, (3) 1620, (4) 1632–
1636, and (5) 1656 cm−1 as a function of specific ozone
absorption; and (c) contribution of the decomposition
components (Aс1/A, Aс2/A, Ас3/A, Ас4/A, Ас5/A,
and Ас3,4,5/A) to the integrated intensity of the spectrum at
the different specific ozone absorption values. Depen-
dences of (1) Ас2/A and (2) Ас3,4,5/A on specific ozone
absorption (Qr). 
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sity of spectrum A0 of the original sample (curve 1).
The value of A/A0 fell by a factor of ~10 upon an
increase in the specific ozone consumption, due to
degradation of the aromatic systems. Figure 3b also
shows the relative intensities (Ac/ ) for decomposi-
tion components 1–5 as a function of specific ozone
absorption. It is evident from Fig. 3b that the intensity
of each decomposition component fell as Qr rose. The
drop was most pronounced for component 4 with a
maximum at 1632–1636 cm−1. It should be noted that
the greatest drop in the intensity of the decomposition
components corresponds to the ≤1 mmol/g range of
ozone consumption, which is consistent with the data
in Figs. 1 and 2c.

Figure 3c shows the contributions of the decompo-
sition components to the integrated spectrum for each
sample. The contribution from component 1
(Ас1/A0)(1580 cm−1) and Ас2/A was 10 and 40%,
respectively, for the original sample. Around fifty per-
cent of this contribution comes from Ас3,4,5/A. This
characteristic of the spectrum is the total contribution
from components with maxima at 1620, 1632–1636,
and 1656 cm−1 of the aromatic structures conjugated
with double bonds (–С=С–, >С=О). The depen-
dences of Ас2/A and Ас3,4,5/A on the specific absorption
of ozone (Qr) are shown by curves 1 and 2.

The contribution from the components changed
along with the increase in ozone consumption. The
contribution from the component with a maximum at
1599 cm−1 (Ас2/A) to the integrated spectrum grew
gradually as Qr rose. It grew by 9% for the O6 sample, as
is shown by curve 1, where the fraction of component 1
is virtually constant (9–10%). The total contribution
from components 3–5 to the integrated intensity was
reduced slightly: at Qr = 2.4 mmol/g (sample O6), the
value of the Ас3,4.5/A components with maxima at
1620, 1632–1636, and 1656 cm−1 fell by 9%, relative to
that of the original sample (Fig. 3c, curve 2).

These tendencies suggest that the degradation of α-
carbonyl aromatic structures and aromatics participat-
ing in conjugation with C=C bonds predominate
during delignification with ozone. This conclusion is
based on the fraction of these structures in the Raman
spectrum of the ozonized LCMs falling as the specific
consumption of ozone rises. According to results from
deconvolution, ozone treatment of the LCMs did not
produce new aromatic structures.

Data from the Raman spectra show that HCs were
partly degraded along with the aromatic structures of
LG in the ozonized samples, since a drop in the frac-
tion of amorphous CL is observed.

Diffuse Reflectance UV Spectra

Figure 4a shows DRUV spectra for the original
sample and some of the ozonized samples. The inset

0
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Fig. 3. (Contd.)
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shows the spectra in Kubelka–Munk units (F(R)).
The studied LCMs absorbed in a wide range of the
spectrum. They were characterized by a maximum at
280 nm, which is characteristic of aromatic com-
pounds with oxygen-containing substituents (primar-
ily phenols). The spectrum is a set of numerous over-
lapping absorption bands attributed to different struc-
tures [23–25]. Nonconjugated phenolic structures
(syringyl, guaiacyl) absorb at 250 and 295–300 nm.
Absorption in the region of 300–400 nm is associated
with more extensive conjugated systems, primarily
those that contain a guaiacyl rings, carbonyl oxygen,
and a double bond in the side chain [24, 25]. Typical
examples of these structures are ferulic acid (λmax =
321 nm) and coniferyl aldehyde (λmax = 342 nm) [26].
Even longer-wavelength absorption is characteristic of
the o-quinone structures and stable phenoxyl radicals
present in LG in trace amounts; the absorption of qui-
none methides formed by stilbene structures can
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
extend to 500 nm and beyond, into the long-wave-
length region of the spectrum [24, 26, 27].

The ozone treatment of wood reduces absorption
throughout the spectrum (Fig. 4a), as is clearly seen in
the inset of Fig. 4a. Upon an increase in Qr, the F(R)
values for wavelengths of 280, 360, and 400 nm fall and
exhibit a plateau (Fig. 4b). This effect is most pro-
nounced for F(R)360.

Comparison of the F(R) values normalized to that of
F(R)0 for the original sample allows us to compare the
efficiency of ozone treatment with respect to aromatic
structures that absorb in the different spectral regions. It
is clear from Fig. 4c that F(R)360/F(R) ~ 45% of the
initial value at, e.g., Qr = 2.0 mmol/g. The curves of the
dependence of F(R)/F(R)0 on Qr are similar for the
absorption bands at 280 and 400 nm. At Qr = 2.0–

2.4 mmol/g, F(R)280/F(R)  and F(R)400/F(R)  are
65–70 and 50–55%, respectively, relative to the initial
value. This means chromophores that absorb in these

0
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Fig. 4. (a) Diffuse reflectance UV spectra of samples 1, O1, O3, and O6; the inset shows the DRUV spectra in Kubelka–Munk
units; dependences of (b) F(R) and (c) F(R)/F(R)0 on Qr at λ = 280, 360, and 400 nm: 1 (blue line), О1 (grey dashed line),
О2 (dotted line), О3 (fine black line), О4 (black dashed line), О5 (bold black line), and О6 (bold grey line). 
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regions of the UV spectrum are less effectively
degraded by ozone. Using DRUV spectra, it was
shown that chromophores which absorb near 360 nm
(structures with an α,β-double bond and a conjugated
carbonyl group, stilbene structures) are predomi-
nantly degraded by ozone. This is consistent with the
familiar selectivity of the action of ozone on double
bonds and data on the deconvolution of Raman spec-
tra, which show that ozonation results mainly in the
degradation of aromatic structures that participate in
conjugation with C=C and C=O bonds.

In studying DRUV spectra of ozonized aspen
wood, the authors of [11] also observed the predomi-
nant degradation of chromophores that absorb at
λabs = 360 nm, while structures that absorb at 280 and
400 nm account for 30–35 and 40% of the initial
value, respectively. The conventional orders of the
drop in the effect of ozone treatment are 360 → 280 →
400 nm for aspen wood and 360 → 400 → 280 nm for
pine wood. It is therefore clear that nonconjugated
phenolic structures with λabs = 280 nm in pine wood
display more resistance to ozone than the nonconju-
gated phenolic structures in aspen wood. This differ-
ence can be attributed to the different structures of
softwood (guaiacyl) and hardwood LG (syringyl–
guaiacyl).

Fluorescence Spectra

The FL excitation spectra of a set of pine wood
samples (Fig. 5a) are characterized by a maximum at
400 nm. They are identical for all samples except for
their intensity. Shoulders at 430, 460, and 520 nm that
indicate different types of f luorophores are observed
RUSSIAN JOURNAL O
for all samples. The obvious difference between the
spectra in Fig. 5a and the absorption spectra in Fig. 4a
with a maximum near 280 nm can be attributed to the
inhomogeneity of the chemical structure of LG and
the relatively low FL quantum yield of nonconjugated
phenolic structures that absorb in the given spectral
region. Another reason for the mismatch between the
positions of the maxima in the absorption and FL
excitation spectra could be the so-called “inner filter
effect” associated with the suppression of FL due to
the high absorbance of the sample, which is strongest
in the range of 260–300 nm. The most intense FL is
characteristic of biphenyl groups, certain phenylcou-
marane and stilbene structures [28], and quinone
methide groups. The last groups absorb near 500 nm
and are apparently responsible for the small shoulders
in the region of 500–550 nm seen in the excitation
spectra shown in Fig. 4 [27].

The FL spectra of the LCM samples shown in
Fig. 5b are characterized by an emission maximum at
452–453 (λexc = 360 nm) and 470–475 nm (λexc =
400 nm). The dependence of the position of the FL
band of wood on the quantum energy of radiation
incident on the surface of the wood is characteristic of
plant substrates. This effect was observed in studying
the structure of softwood and hardwood in [29] and
the FL spectra of LCMs from ozonized aspen wood
in [11].

The FL properties of LCMs thus differ from those
of LG preparations, which behave as a single f luoro-
phore where the electronic energy of excitation is
transferred according to the Förster mechanism to
energy acceptor structures with lower singlet levels.
The radiative transition from these levels competes
F PHYSICAL CHEMISTRY A  Vol. 97  No. 4  2023
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Fig. 5. (a) Fluorescence excitation spectra of LCM samples, (b) FL spectra of LCM samples from pine wood (λexc = 360 and

400 nm), and dependences of (c) FL intensity Inorm and (d) relative FL intensity (Inorm/ ) on Qr; λexc = (1) 360 and
(2) 400 nm; data of [11]: λexc = (3) 360 and (4) 400 nm; 1 (blue line), О1 (grey dashed line), О2 (dotted line), О3 (fine black line),
О4 (black dashed line), О5 (bold black line), and О6 (bold grey line). 
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with the intersystem crossing to triplet energy levels
[25–31]. This mechanism of energy transfer between
fluorophores is partly inherent in the studied LCM as
well, which is supported by a fairly large difference
between the energies of FL excitation and emission.
We may also assume the FL maximum at ~450 nm
(λexc = 360 nm) can be attributed to structures acti-
vated by the secondary absorption of radiation emitted
by f luorophores with λexc = 360 nm.

It is evident from Fig. 5b that the FL spectra of the
ozonized samples are characterized by greater inten-
sity that is not accompanied by a change in the posi-
tion of the maximum or the contour of the spectrum.
This finding is consistent with the data from the
Raman spectra, showing that new aromatic structures
do not form upon ozonation of the LCM.

The intensity of FL depends on that of the absorp-
tion of exciting radiation, so the normalized values
(Inorm) as a function of specific ozone absorption are
discussed below (Inorm is the intensity of FL normal-
ized to F(R) at λexc = 360 nm (Inorm = I/(F(R)360) and
λexc = 400 nm (Inorm = I/(F(R)400)). The dependences
of Inorm on Qr are shown in Fig. 5c. A comparison of
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
curves 1 and 2 shows that the Inorm values for λexc =
400 nm are higher throughout the region of Qr. This is
consistent with the spectra of excitation, which display
a maximum at λabs = 400 nm.

The Inorm/  values (where  is the intensity
of the original sample’s FL) allows us to assess the
effect ozone treatment has on the FL of the LCM.
Figure 5d shows that compared to the original sample,
Inorm/  grows by 3–4 and 6–7 times at λexc = 400
and 360 nm, respectively, while approaching satura-
tion upon an increase in Qr. The stronger increase in

(Inorm/ )360 meets expectations and is attributed to
the data of UV spectra, which show the LCM struc-
tures that absorb at 360 nm suffered the greatest deg-
radation by ozone.

It is evident from Figs. 5c and 5d that the FL grows
substantially upon ozone consumption of ≤1 mmol/g.
This range of ozone consumption corresponds to the
linear section of the curve in Fig. 1. The rate of ozone
absorption is greatest in this part of the curve because
ozone reacts mostly with LG, and this region of Qr
corresponds to the greatest drop in the content of LG
in the LCM (Fig. 2c). The FL is virtually constant in

0
normI 0

normI

0
normI

0
normI
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Fig. 6. Dependences of the relative FL intensity

(Inorm/ ) of the LCM on (I/I0)1600 of the band at
1600 cm−1 in the Raman spectra; λexc = (1) 360 and
(2) 400 nm; curves 3 and 4 are data of [11], λexc = (3) 360
and (4) 400 nm. 
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the range of Qr = 1.4–2.4 mmol/g (Figs. 5c, 5d),
where the content of aromatic structures does not
change (Fig. 2c) and polysaccharides are partially
degraded (Fig. 2d). The rate of ozone absorption also
falls in this part of the curve in Fig. 1. The above cor-
relations between the dependence of FL intensity and
the kinetic curve of ozone absorption suggest that the
luminescence properties of LCMs can be controlled
by varying the conditions of ozone treatment for the
LCMs.

A multiple increase in the FL intensity of the LCM
sample after ozone treatment was observed when
studying ozonized aspen wood in [11], as is shown in
Fig. 5d (curves 3, 4). Since FL is attributed to the pres-
ence of LG, which is the component most effectively
degraded by ozone, and the formation of new aromatic
structures resistant to the action of O3 is not observed,
the change in the properties of the LG-containing
material formed after ozone treatment was proposed
as a factor responsible for the enhancement of FL.

When discussing data on the ozonation of pine
wood in this context, it should be noted that along
with intra- and intermolecular hydrogen bonds, the
ozonation-induced degradation of LG and LG–car-
bohydrate covalent bonds, which was observed in [7,
9, 10], hinders the nonradiative mechanisms of energy
loss in the form of vibrations and contributes to
enhancement of the emission of electromagnetic radi-
ation. The FL of a particular f luorophore is deter-
mined by the ratio of the probabilities of the radiative
and nonradiative dissipation of the energy of elec-
tronic excitation [29, 30], so the environment of the
fluorophore is an important factor. IR spectroscopy in
[7, 9] showed that the delignification of wood with
ozone is accompanied by the formation of numerous
aliphatic carbonyl and carboxyl compounds. The
resulting drop in the pH of the medium can play an
important role in changing the intensity of emissions
by shifting the protolytic equilibria toward the forma-
tion of nonionized species of the phenolic structures
of LG.

In addition, the increase in the intensity of the FL
of ozonized LCMs can be associated with a drop in the
abovementioned inner filter effect upon the removal
of LG capable of actively absorbing emitted radiation
and quenching FL, in analogy with concentrated solu-
tions of f luorophores. This version is supported by the
data in [12, 13], where an increase in the FL intensity
was observed upon a reduction in the content of LG in
the LCM.

The drop in the concentration of structures with a
low yield of FL after their degradation by ozone is
apparently an important factor as well, which can con-
tribute to an increase in the intensity of FL. These
structures can be C=O groups conjugated with an aro-
matic ring, since the authors of [13, 30] reported that
a reduced content of aryl–carbonyl groups in LG
preparations enhances their FL. This argument is sup-
RUSSIAN JOURNAL O
ported by data on the deconvolution of Raman spectra
that revealed their degradation by ozone. It is obvious
that reliable determination of the role of the above
mechanisms of changes in FL in the effect observed
upon ozone treatment requires more study with mod-
ern physical and physicochemical means to explore
the structure of LGs in LCMs and is beyond the scope
of this study.

Figure 6 shows the dependence of FL (Inorm/ )
on intensity (I/I0)1600 of the 1600 cm–1 band in the
Raman spectrum of the LCM. Since (I/I0)1600 charac-
terizes the content of LG, the data in Fig. 6 character-
ize the dependence of FL on the content of LG in the
LCM. (I/I0)1600 = 1 and (Inorm/ ) = 1 for the orig-
inal sample. The intensity of FL grows by several times
for the ozonized LCMs. The increase at λexc = 360 nm
upon a drop in (I/I0)1600 is double the one at λexc =
400 nm (curves 1, 2).

Figure 6 also suggests that in the same range of
(I/I0)1600 values, the increase in the FL of the LCM
from ozonized pine wood half that of LCMs from
ozonized aspen wood (curves 3, 4 from [11]). From a
formal viewpoint, these differences can be simply
attributed to the abovementioned changes in the UV
spectra of LCMs from ozonized aspen and pine wood.

According to [9], the content of LG in pine wood is
~5% higher than in aspen wood. Approximately the
same difference in LG content is preserved for the
ozonized samples. The higher LG content in the
ozonized pine wood samples contributes to the occur-
rence of the abovementioned inner filter effect and
could be responsible for the lower FL of the LCMs
from pine wood in Fig. 6.
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Ozonolytic Delignification of Wood
Studies of the laws governing ozone absorption by

different types of biomass [6–10] have shown that
ozone reactions occur on the surface of the porous
structure of a biomaterial that is accessible to ozone
molecules. In this work, ozone treatment was carried
out under the optimum conditions of biomass delig-
nification, where LG mostly reacts with molecular
ozone dissolved in water in the porous structure of the
biomass [5, 6, 8]. Molecular ozone undergoes electro-
philic cycloaddition reactions with subsequent open-
ing of the aromatic ring and the formation of aliphatic
acids [9–11]. Molecular ozone reacts mostly with
functional groups that have high electron density [32].
A comparison of the activity of organic compounds in
reactions with ozone showed that the highest activity is
exhibited by unsaturated structures and stilbenes.
Next in the order of activity are syringyl and guaiacyl
structures and carbonyl-containing and polyaromatic
compounds [33, 34]. Aliphatic bonds in hydrocarbons
and carbohydrates undergo relatively slow oxidation
by ozone [32, 33].

Our ozonized samples differ in the values of Qr
obtained at different durations of ozonation, allowing
us to study the degradation of the biomaterial in stages.
The interaction between ozone and wood occurs in
the amorphous regions of a lignocarbohydrate com-
plex consisting mostly of polysaccharides and LG [7].
Aromatic structures accessible to the reagent consti-
tute the most reactive part of the structural organiza-
tion, so they are the first to degrade, as we can see from
the data of the Raman, UV, and FL spectra. It is
shown that conjugated aromatic structures are pre-
dominantly degraded, testifying to the selective effect
ozone has on the functional groups of LG in wood.

A comparison of these results and data in [11] from
studying properties of the luminescence spectra of
LCMs from ozonized aspen wood also suggests that
ozone has a selective effect on different aromatic
structures of LG. Hardwood LG contains guaiacyl and
syringyl structural subunits (ratio of 1 : 1), while ~90%
of softwood LG consists of guaiacyl structures [35]. It
is known that the rate constants of the reaction with
ozone differ by several orders of magnitude (105 and
>107 L/(mol s) for guaiacol and syringol, respectively)
for guaiacol and 2,6-dimethoxyphenol, which mimic
guaiacyl and syringyl residues, respectively [34]. The
stronger impact of ozone on hardwood and the modifi-
cation of the physicochemical properties of the LCMs
are determined by the structure of the native LG.

The predominance of guaiacyl structural units,
and thus the lower content of methoxy groups and
the stronger tendency of condensation due to free
position 5 in the aromatic ring of the guaiacylpropane
unit, play an important role in radical processes
involving phenoxyl radicals [24, 25]. Phenoxyl radicals
also form in reactions between ozone and phenolic
compounds [32]. The role of radical processes is min-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
imized in the ozonation of softwood under conditions
favorable for delignification with the participation of
molecular ozone [7–9].

In this work, UV, Raman, and FL spectroscopy
were used to obtain information on the properties of
an LCM surface, a portion of which was modified with
ozone. The use of these techniques allowed us to
observe the degradation of the aromatic structures of
LG and reveal the selective pattern of this process
under the action of a strong oxidizing agent (ozone).
Delignification was accompanied by a substantial
increase in the FL of the material. The degradation of
LG by ozone also results in the removal of glucoman-
nan—one of the structures of softwood HCs cova-
lently bound to LG—from the LCM.

At higher Qr values, ozone is consumed for both the
degradation of accessible aromatics and reactions with
products of delignification and the degradation of
polysaccharides. Oxidation of amorphous CL was also
observed. The revealed laws governing the change in
the physicochemical properties of LCMs correspond
to the activity of ozone with respect to a number of
organic compounds.

CONCLUSIONS
Regularities governing the decomposition of the

biomass structure during ozonolytic delignification
were studied using nondestructive means of research.
It was shown that the luminescence spectral properties
of LCMs are governed by the process of ozone absorp-
tion, which determines the ranges of ozone consump-
tion corresponding to the predominant degradation of
LG and polysaccharides of the biomaterial. It was
shown that specific features of modifying the physico-
chemical properties of LCMs during ozonation are
mainly determined by the structure of the native LG.

We may assume our combined ways of studying the
transformation of wood under the action of ozone by
means of Raman and fluorescence methods can also
be used to study the delignification of plant biomass by
other means.
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