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PHOTOCATALYTIC CONVERSION OF LIGNIN IN THE PRESENCE
OF TITANIA AND IRON TITANATE FILMS

A. S. Kramar,'”? M. L. Malysheva,’ V. M. Anishchenko,’ UDC 544.526.5:544.227:615.332
P. O. Kuzema,' O. M. Stavinskaya,1 N. P. Smirnova,'
I.V. Laguta,1 R. V. Ivannikov, and O. P. Linnik’

The photocatalytic conversion of lignin, obtained from camelina (Camelina sativa), over titania and iron
titanate films has been studied with analysis of the products using laser desorptiopn/ionization and
high-performance liquid chromatography. The photocatalytic reaction over titania films leads to the
formation of the mixture of compounds, such as phenol, vanillic acid, resorcinol, and p-coumaryl alcohol. In
the presence of iron titanate films, the predominant reaction products are vanillic acid and p-coumaryl. The
highest antioxidant activity has been revealed in the case of lignin conversion products obtained over
nitrogen-containing iron titanate films under visible light exposure.
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INTRODUCTION

Effective use of renewable plant resources is one of the pathways for the implementation of the strategy of the
European Union “European Green Deal”, which contributes to environment preservation and human biosafety increase.
Biowastes containing polyphenolic compounds exhibit antioxidant and/or reducing properties and can be used, for example, as
a biodiesel stabilizers in energetics, as pharmacological agents with antioxidant and antimicrobial properties in medicine, as a
reducing agents in the “green” synthesis of metal nanoparticles, and as additives for the production of active polymer
packaging films in the food industry. Additionally, valuable chemical substances can be obtained in the result of their
processing. Biologically active substances can be isolated by extraction, pyrolysis [1, 2], and bioconversion [3]. They can be
obtained by catalytic [4,5], electrochemical [6], and photocatalytic processes [7-12].

Lignin is one of the most common natural polymers among cellulose and protein. Its content is 20% in grasses and
grains, 25% in poplar fibers, and 30% in softwood. Lignin is found to be present as a by-product of the cellulose chemical
cooking process as well as cellulosic ethanol production in large quantity [1]. Lignin is a branched natural polymer composing

of phenylpropanoid monomeric units (coniferyl, sinapyl, and p-coumaryl alcohols) with common bonds in the 3-O-4', a-O-4',
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5-5', B-B', 4-0-5', B-5', and B-1'" [5]. The chemical composition and structure of the polymer depend on the origin of raw
materials, methods of production and processing.

Thermochemical process [2], hydrodepolymerization, homogeneous catalysis [4, 5], and microbiological treatment
[10] are used for the chemical conversion of lignin, other by-products of wood processing, and paper production waste.
However, every method contain some disadvantages, such as a low yield of the target product, insufficient selectivity, and high
estimated cost of the process [1-6].

Photocatalysis is one of the alternative ways of converting bio-raw materials into aliphatic and/or aromatic organic
substances promoting the chemical conversion of lignin under the action of UV light at room temperature and atmospheric
pressure [9, 10].

Depolymerization efficiency, product yield, the effect of process conditions, the nature of a photocatalyst (usually
titanium dioxide or zinc-based powder), and the irradiation range have been analyzed in the literature. Authors of the work [9]
observed the formation of wvanillin after photocatalysis with TiO,/PEO; while several substances, namely
4-ethoxymethyl-2-methoxyphenol, succinic and vanillic acid, and vanillin were obtained in the work [10]. Vanillin, vanillic
acid, palmitic acid, biphenyl, and 3,4,4-trimethoxybenzaldehyde structures have been detected in [11] after irradiation of lignin
in the presence of TiO, P25 for 420 min. Carbonyl derivatives, vanillin, and vanillic acid were obtained by a combined
electro-photocatalytic system [6].

The use of photocatalysts in the form of powders results in certain difficulties associated with the separation of solid
particles of a suspension from reaction products by centrifugation and ultrafiltration. The use of photocatalysts in the form of
films avoids additional energy consumption and partial loss of reaction products during their extraction from the reaction
mixture. Recently, researchers are focused on the creation of the photocatalysts that capable of absorbing visible light, which
would promote the use of sunlight. The possibility of photocatalytic conversion of sodium lignosulfonate in the presence of
titanium dioxide and iron titanate films under simulated sunlight irradiation at different pH values was shown in [12].

The main aim of the present study is to identify products of the photocatalytic conversion of lignin obtained from the
extracts of camelina seeds (Camelina sativa) in the presence of titania and iron titanate film photocatalysts. The antioxidant
activity of the obtained photocatalytic conversion products was determined by a test reaction with the stable free radical
2,2-diphenyl-1-picrylhydrazyl.

EXPERIMENTAL

Water-soluble lignin was obtained according to the following procedure. Crushed plant material, 30 g (an extract from
camelina seeds) was treated with 500 mL of 96% ethanol for 6 h in a Soxhlet extraction apparatus to extract low molecular
weight compounds. The purified extract was transferred to a 2-liter round-bottomed flask with a magnetic stirrer, 500 mL of
5% nitric acid was added and kept under stirring (300 rpm) in a water bath at 80°C for 3 h. The cooled reaction mixture was
filtered and washed with distilled water on a Schott filter under reduced pressure. The sediment that remained on the filter was
dissolved with 25% ammonia to convert lignin into a water-soluble form of ammonium salt. After filtration and evaporation,
the lignin fraction was obtained in the form of oil.

The synthesis of TiO,, unmodified (Ti,Fe,0O,), and nitrogen-modified (N/Ti,Fe,0,) iron titanate films was performed
according to the procedure developed by us [13, 14].

Photocatalytic experiments were performed in an open-type quartz reactor with a volume of 40 mL, which contained a
film and a lignin solution of a specified concentration (0.04 mL per 100 mL of solution) at pH 2. The stirring was performed at a
constant temperature of the reaction medium of 293+1 K. The light source was a 300 W xenon lamp (Sciencetech 101-9118,
Canada) with a simulated sunlight (SSL) or visible (Vis) cut-off filters. The distance between the lamp and the reactor was
20 cm. The analysis of samples taken before and after 360 min irradiation was performed by matrix-free laser
desorption/ionization time-of-flight mass spectrometry (LDI MS) and high-performance liquid chromatography (HPLC).

LDI MS studies were performed using an Autoflex II mass spectrometer (Bruker Daltonics Inc., Germany) equipped
with a nitrogen laser (337 nm). Samples were deposited onto a steel target and subjected to laser desorption/ionization in pulse
mode. The duration of the laser pulse was 3 ns, the frequency was 20 Hz. Spectra were recorded in linear mode with an ion
extraction delay of 10 ns and an accelerating voltage of 20 kV. The resulting spectra were the sum of 20 individual spectra
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obtained as a result of irradiating 25 pulses at each point of the target with the deposited sample. It should be noted that the
ionization efficiency is higher in the form of alkali metal adduct ions for most organic molecules, in contrast to the form of
protonated ions. Therefore, mass spectra obtained in the positive ion registration mode in matrix-free LDI conditions were
interpreted considering the high probability of formation of sodium and potassium metal ion adducts, which are always present
in samples due to contact with solvents, water, and glassware.

An Agilent 1100 chromatograph (Agilent Technologies, Germany) with a diode-matrix detector and a Zorbax C18
column 4.6 x 250 mm (a grain diameter of Sum) were used for HPLC studies. The volume of the injected sample was 25 pl.
Elution was performed according to the following procedure: 0-5 min — 100% A + 0% B at a flow rate of | mL/min, 10 min —
0% A +100% B at a flow rate of 1 mL/min, 20 min—0% A + 100% B with an acceleration of the flow rate to 1.5 mL/min, where
A was aqueous solution of 0.05 M H,PO,) and B was methanol. The injection volume was 25 pl, and the column temperature
was 20°C. The detection was performed at a wavelength of 206 nm with the preservation of spectra of the UV-visible range
every 2 s.

The reaction with a stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used to evaluate the antioxidant
activity of solutions containing lignin photocatalytic conversion products [12]. According to the standard DPPH test procedure,
1 mL of the test solution was added to 2 mL of 70% ethanol and 2 mL of a 0.15 mM DPPH solution in 70% ethanol. The
concentration of stable radicals was determined at different time intervals after the beginning of the reaction by
spectrophotometry observing the change in intensity at the maximum absorption of the DPPH solution at 520 nm. A solution
with the same DPPH concentration, but without test solutions was used as a control.

RESULTS AND DISCUSSION

TiO,, unmodified (TixFeyOZ), and nitrogen-modified (N/TixFeyOZ) iron titanate films are selected as catalysts to study
the photocatalytic conversion of lignin [12, 13]. By X-ray diffraction analysis, it is determined that the TiO, film is crystallized
to anatase after treatment at 450°C, whereas the iron-containing films with the ratio of Fe: Ti = 1:1 contain mixed phases of
pseudobrookite (Fe,TiOs) and landauite (Fe,Ti,O,) [13, 14]. The crystallite size of the formed semiconductors is 15 nm and
23-25 nm in the case of anatase and iron titanates.

Changes in the optical absorption spectra, namely the intensity decrease/increase at A = 355 nm and a shoulder in the
region of 255-300 nm, indicate the photocatalytic conversion of lignin with the participation of the films. Absorption spectra of
the lignin solution during light irradiation at A > 330 nm in the presence of TiO, films (Fig. 1a) reveal a monotonous decrease
pointing on polymer degradation. However, the photoconversion of lignin with the participation of iron titanate films under the
action of light at A > 330 nm leads to an increase in the intensity of the band in the region of 250-300 nm and an alternating
decrease/increase in the intensity of the main band (Fig. 1b). Such changes may be associated with the oxidation processes of
lignin monomer units, which lead to the formation of aromatic compounds with higher extinction coefficients [12]. According
to the literature data [13, 14], intermediate fragments are formed, which are transformed into oxybenzene derivatives. The
authors do not exclude re-polymerization processes under certain conditions [16, 17]. It should be noted that a significant effect
of visible light irradiation on the evolution of absorption spectra is not observed.

The analysis of absorption spectra of the lignin solution during irradiation in the presence of film photocatalysts cannot
allow to estimate the photoconversion degree and determine its products. Therefore, the photocatalytic process efficiency is
estimated by the qualitative and quantitative characteristics of reaction products using LDI-MS and HPLC methods. The
results of the identification of lignin photocatalytic conversion products by time-of-flight mass spectrometry with laser
desorption/ionization in the positive ion mode are shown in Table 1. Determination of fragmented ions of the corresponding
m/z signals of the studied compound before and after irradiation in the presence of film samples is performed taking into
account the model structure of lignin (the ratio of phenylpropanoid monomer units depends on the origin of raw material) [18]
and literature data.

Light absorption by lignin (photolysis) at A > 330 nm results in changes of the lignin polymer structure, which is
confirmed by the presence of intense peaks in the m/z range of 84-200, attributed to the formation of ions with the hydrocarbon
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Fig. 1. Evolution of absorption spectra of lignin solution under the
action of light at & > 330 nm in the presence of TiO, (a) and Ti,Fe O
(b) films at pH 2 (before (1) and after 360 min of irradiation (2)).

z

chain length of C5-C,. According to [19], the absorption of light by lignin leads to the formation of several radicals (R"+ RO +
ROO"), which participate in its depolymerization to oligomers/monomers by opening 3-O-4 bonds.

In comparison of the LDI-MS spectra of the initial solutions and solutions after photolysis with the ones after
irradiation with SSL at . > 330 nm in the presence of TiO,, Ti,Fe O,, and N/Ti,Fe O, films, the disappearance of signals with
mlz 429-465 (the m/z=449 peak is low intensive peak in the case of N/Ti,Fe O,) is observed indicating the conversion of
monolignol oligomeric C,,-C,, fragments occurs.

Redistribution of relative intensities of the signals is a sign of a conversion mechanism that differs from photolytic
processes (Table 1). The appearance of the signal at m/z=145 with the highest absolute intensity as well as its increase at
m/z=147 and its decrease at m/z 84, 104 and 207 are noted for all three samples after photocatalytic process. The presence of
peaks with m/z 550-650 (C,;-Cs,) in the mass spectra of the lignin solutions exposed SSL irradiation over TiO, and Ti Fe O,
films indicates the formation of associates of low-molecular-weight species formed in result of photoconversion.

Effective conversion of lignin molecule under the action of visible light is fixed in the presence of TiFe O, and
N/Ti,Fe O, films, which are characterized by favorable energy positions of the conduction and valence bands as well as the
certain energy of band gap providing the generation of reactive species and direct interaction of the target compound with the
initially formed charge carriers [13]. It should be noted that the most intensive peak with m/z = 145 is registered for all samples
after acting both sources of light, excluding the one after visible light irradiation in the presence of TiO, film. Peaks with m/z at
450-610 are absent in the mass spectra (the signal with m/z 579 is low-intensive in the case of Ti Fe O,). The intensity of peaks
with lower m/z values (145, 147) is increased, while the signals with m/z 413, 429, and 449 are decreased/disappeared
indicating the conversion of lignin molecules into lower-molecular-weight compounds.

The photocatalytic conversion of lignin with the participation of TiO, film under the visible light is similar to the
photolytic process. It apparently occurs according to the photosensitized decomposition mechanism, which involves the
absorption of a quantum of light by a lignin molecule, followed by the transfer of an electron to the conduction band of a
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TABLE 1. Values of Absolute (/) and Relative (/) Intensities of the Main LDI Peaks of Mass Spectra of Initial and
after Irradiation (360 min) Lignin Solution with A > 330 and A > 400 nm Light in the Presence of TiO,, Ti,Fe,O;, and

N/TiFe,O. Films
1, rel. units (1,1, %)
miz Initial Photolysis TiO, Ti,Fe,0: N/Ti,Fe,O. Possible ion
lignin 1 5 5 330 | 42400 | 22330 | 22400 | 2>330 | 2400 |2>330] %>400
84 138 2779 121 4430 223 1711 1492 3343 1781 CsH;0™
(16) (7 (45) 27) (20) (20) (19) (18) (17)
85 126 646 176 1389 281 721 557 1004 544 [CsHyO+H]"
(14) (11 (65) 3 (25) 3) (7) (6) )
91 95 136 [C3HgO5+H]'/C,H,0+Na]*
35) (12)
95 106 959 229 1711 323 840 727 1285 847 [CoHsO+H]"
(12) (16) (85) (10) (29) (10) (10) (7 3
97 109 743 140 212 573 516 [CoHzO+H]"
(12) (12) (52) (19) (7 (7)
104 350 5976 9466 822 1872 8350 2383 [C:H,05+H]
(39)  (100) (57) (10) (24) (46) (23)
145 4023 16597 926 8542 7691 18287 10558 [CHO+K]"
(67) (100) (82) (100) (100)  (100)  (100)
147 1335 6497 248 2775 2704 6547 3517 [C/HgO+K]"
(22) (39) (22) (33) (35) (36) (33)
207 134 1190 89 2228 190 748 1247 1640 1255 [CsHsO4+K]/CoH 1,05+K]"
(15) (20) (33) (13) (17 ©) (16) ) (12)
313 261 1361 658 2467 [C1H,sOs+Na]"
(96) 3 (58) 29
341 258 722 2429 398 [Cy;H,s0¢+Na]"
(95) (64) (28) )
353 212 87 340 812 478 [C1sH,s06+Na]"
(78) 5) (30) (10) (6)
381 230 445 928 [CaoHaO+Na]*
(85) (39) (11)
413 492 1270 271 3380 1130 1149 3845 3903 1642 [CaoHaOg+Na]*
(56) Q1) (100 (20) (100) (14) (50) @1 (16)
429 888 151 81 166 [CyHaOg+Na]*
(100) (56) (7) 2
449 183 114 513 415 275 [CarHagOg-H,O+Na+K-H]"
(17) (10) (7) 2) 3)
457 278 [C22H2500-H,0+K]"
(€20
465 175 [C21H2605-H,0+2K-H]"
(20)
551 75 572 115 320 [CaHaOs+CrHeO+K]
(28) (3) (10) 4)
579 155 753 283 917 137 [C1HasOs+CsHsO+2K-H]"
(57) 5) (25) (11 )
607 88 223 157 604 [C16H 505+C sH 505 -Na—2H,0]"
(32) (1) (14) (7
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Fig. 2. The content of phenol (a), vanillic acid (b), resorcin (c), and p-coumaryl alcohol (d) in the
lignin solution at pH 2 before and after irradiation at A > 330 nm and A > 400 nm in the absence
(photolysis) and presence of TiO,, Ti,Fe O, and N/Ti,Fe O, films.

semiconductor. Such processes are accompanied by the destruction/decomposition of an organic molecule, which is confirmed
by an increase in absolute intensity and the appearance of peaks with m/z values (145, 147), which are absent after photolytic
conversion.

Quantitative analysis of samples by HPLC shows that several low-molecular products are formed as a result of lignin
decomposition under the action of light, in particular, phenol, vanillic acid, resorcin, and p-coumaryl alcohol. It should be noted
that according to the identification of possible ions by the LDI MS method, [C6H6O+H]+, [C7H60+K]+, and [C8H804+K]+ ions
(Table 1) correspond to chromatographically determined products, namely phenol, vanillic acid, and p-coumaryl alcohol.
However, according to the established molecular formulas and the presence/absence of signals of a certain intensity, the
formation of other fragmented structures/conversion products is not excluded. According to the HPLC data, unlike the
photodecomposition of sodium lignosulfonate [12], a significant change in the concentration of phenol in the lignin solution
during photolysis under the action of light at A > 330 nm is not observed. A slightly higher phenol yield is formed as a result of
photolytic conversion and photosensitized conversion of lignin with the participation of a TiO, film under the action of light at
at A > 400 nm. The highest yield of vanillic acid (0.11 pg/mL), resorcin (0.04 pg/mL), and p-coumaryl alcohol (0.09 pg/mL),
which are not detected in the lignin solution before irradiation (Fig. 2b and c), are observed in the photocatalytic conversion
reaction in the presence of TiO, films (Fig. 2d). N/Ti,Fe O, and Ti,Fe O, films are promising for the synthesis of vanillic acid
(0.075 mg/g/mL) and p-coumaryl alcohol (0.055 pg/mL), respectively, under the action of light at A > 330 nm. It should be
noted that although the highest content of all products is fixed with the participation of the TiO, film under the action of various
irradiations, however, according to the results of LDI MS, more effective conversion of the polymer structure of the original
compound is observed in the presence of the N/Ti,Fe O, film, which is confirmed by the absence of m/z 457-607 and 313-381
signals accompanied by a significant decrease in the relative intensity of peaks (except for 145, 147) when compared to the
solution before irradiation and after photolysis.
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Fig. 3. Reduction of 2,2-diphenyl-1-picrylhydrazyl radicals at pH 2
upon contact with the initial lignin (1), products of its photolysis (2), and
products of photocatalytic conversion in the presence of TiO, (3),
Ti,Fe, O, (4), and Ti,Fe O, (5) films under the action of SSL and
N/Ti,Fe O, (6) under the action of light at A > 400nm .

The antioxidant capacity of lignin photocatalytic conversion products is determined in the test reaction of inhibition of
DPPH radicals. As can see from Fig. 3, the initial lignin exhibits low activity in the reaction with DPPH radicals (curve 1).
Sample, obtained by photolysis of a lignin solution at pH 2 without a photocatalyst under the action of simulated sunlight, is
characterized by slightly higher activity, reducing about 10% of radicals for 30 min (curve 2). Even higher reactivity is
observed for the solutions obtained with the use of TiO, (curve 3) and TixFeyOZ (curve 4) photocatalysts (a decrease in the
concentration of radicals ~20% within 30-60 min). The use of the N/Ti,Fe, O, catalyst under the action of SSL does not lead to
the formation of a significant amount of antioxidants (curve 5), while the solution obtained in the presence of the same catalyst
under visible light shows the best antiradical properties, reducing ~50% of DPPH radicals within 30-60 min (curve 6), which
may be associated with the appearance of antioxidants, such as phenol, resorcin, vanillic acid, and p-coumaryl alcohol, as well
as their synergistic action [20] with a complex of other compounds that can be formed as a result of lignin decomposition.

Thus, the photocatalytic conversion of the polymer structure of lignin over TiO, films and iron titanates is an approach
that allows to synthesize phenolic compounds under conditions that do not require their separation from the solid state of the
photocatalyst. The TiO, film is the most active photocatalyst for the synthesis of a mixture of hydroxybenzenes during the
photocatalytic conversion of lignin. Vanillic acid is formed mainly during photocatalytic processes with the participation of the
N/Ti,Fe O, film under the action of light at A > 330 nm (p-coumaryl alcohol is formed in the presence of Ti,Fe O,), while it is
inverse at at A > 400 nm. It is determined that the course of the process, the composition, and the ratio of products are mostly
affected by such factors as the nature of a semiconductor and the irradiation wavelength.

The antioxidant properties of lignin photocatalytic conversion products have been studied for the first time. It is
established that the most effective lignin conversion (as for antioxidant properties of the product) occurs with the participation
of the N/Ti,Fe O, film under the action of light at A > 400 nm. It is shown that the solution obtained under these conditions
reduces ~50% of DPPH radicals in 30 min.
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