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Abstract. This study examined the feasibility of recycling wood waste to produce
organosolv lignin suitable as a precursor for carbon fibers. Mixed wood waste, pine, and
elm sawdust were used as feedstock. Lignin was isolated using an organosolv method with
a mixture of formic and acetic acids, which reduced the use of aggressive reagents and
facilitated environmentally friendly biomass processing. The structural, morphological,
and thermal properties of the resulting lignin samples were analyzed using scanning
electron microscopy, infrared spectroscopy, nuclear magnetic resonance spectroscopy,
thermogravimetric analysis, and Raman spectroscopy. The isolated lignin contained
aromatic, phenolic, hydroxyl, methoxyl, and methyl functional groups. Nuclear magnetic
resonance spectroscopy revealed a predominance of syringyl structural fragments over
guaiacyl ones, indicating favorable thermal stability for subsequent carbonization.
Composite fibers were fabricated from the resulting lignin using polyacrylonitrile as
the electrospinning polymer. The influence of the spinning solution composition and
heat treatment conditions on the fiber morphology and structure was studied. A lignin to
polyacrylonitrile ratio of 30:70 proved optimal, ensuring the production of continuous,
defect-free fibers with an average diameter of approximately 97 nm. After carbonization
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at 800 °C under a nitrogen atmosphere, carbon nanofibers with an average diameter of
approximately 47 nm and a developed porous structure were obtained. These results
demonstrate the potential of organosolv lignin obtained from wood waste as a renewable
precursor for carbon nanofibers and electrode materials for energy storage systems. The
carbonized fibers exhibited a developed specific surface area of 549.7 m?/g, while the
sample carbonized at 800 °C showed the highest electrochemical performance, with a
specific capacitance of 136.4 F/g for supercapacitors and a discharge capacity of 797
mAbh/g for lithium-ion batteries.

Keywords: lignin-based carbon fibers, electrospinning, energy storage systems,
lithium-ion batteries, supercapacitors

Funding: This research was conducted as part of the targeted funding program
of the Science Committee of the Ministry of Education and Science of the Republic
of Kazakhstan under Grant AP32721721, titled “Synthesis of lignin-based composite
carbon nanofibers for lithium-ion battery electrodes.”

For citations: Talgatkyzy A., Nazhipkyzy M., Otenov A., Seitkazinova A.,
Issanbekova A. Wood Waste-Derived Organosolv Lignin-Based Carbon Nanofibers
For Energy Storage Applications. 2026. No.3. Pp. 475-497. DOI: https://doi.
org/10.32014/2026.2518-1483.488

©Taararkeissl O.", Haskunkesel M., Orenos 9., CeiiTkasunosa O.,
HcanbexonBa A. 2026.
On-Dapabu areiHnarel Kazak yiaTThIK yHUBEpcHTeTI, Anmarkl, KasakcTaH.
*E-mail: asemtalgatkyzy140@mail.ru

AFAII KAJIJIBIKTAPBIHAH AJIBIHFAH OPTAHOCOJIbB JIUTHUH
HET'B3IHJAETT KOMIPTEKTI TAJTIIBIKTAPABI SQHEPTUSI CAKTAY
JKYWEJEPIHJIE KOJJAHY

Tanrarkei3sl 9cem — PhD noxropant, on-®Papabu areiHgarsl Kazak YATTBIK YHHBEPCHUTETi, AJIMATHI,
Kazakcran,

E-mail: asemtalgatkyzy140@mail.ru, https://orcid.org/0009-0005-5156-7212;

Hakunkbizbl MepyepT — XUMUSI FBUTBIMAAPBIHBIH KaHANAATH, Ipodeccop, an-Papadbu areiHaarst Kazak
VITTHIK YHUBEpPCHUTETI, AntMathl, KazakcraH,

E-mail: meruert82@mail.ru, https://orcid.org/0000-0002-3716-0476;

OTeHoB Oaiser — MarucTp, on-Papadbu areiHaarsl Kazak yITTeIK yHUBepeHuTeTi, Anmarsl, Kazakcran,
E-mail: adlet240603 @gmail.com, https://orcid.org/0009-0001-5026-5504;

CeiitkasunoBa Oiirepiv — PhD nokropant, on-®apadu arsigars! Ka3ak YITTBIK yHUBEPCUTETI,
Anmarsl, Kazakcran,

E-mail: aiko3126@mail.ru, https://orcid.org/0000-0002-1151-490X;

HcanbexoBa Asamaryn — PhD, accucrent-npodeccop, on-®apabu aremmparsl Kasak yITTBIK
yHHBepcuTeTi, AnMarsl, Kaszakcran,

E-mail: almagul 83 83@mail.ru, https://orcid.org/0000-0002-1535-1853.

AHHoTamms. byn 3eprreyge KeMIpPTEKTI TaNIIBIKTBI MaTepuajiapra apHaiFaH
MpEKypcop PpeTiHAe MalganaHyra >Xapamabl OPTaHOCOJNBB JUTHUHIH aily VIIiH

476


https://doi.org/10.32014/2026.2518-1483.488
https://doi.org/10.32014/2026.2518-1483.488

ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

arall KaJAbIKTapblH eHAeydiH MyMKiHxairi 3eprrengi. llukizatr peringe apanac
araml KaJJIbIKTapbl, Kaparail »XoHE Kaparaml YriHaijnepi mnaimamaHsuiael. JIuraHuH
KYMBIPCKa JKOHE CipKe KbBIIIKBUIAAPBIHBIH KOCMAChIH KOJJAaHATBIH OpPraHOCOJbB
omiciMeH OeiHIN anbIHABI, OYJI arpeccHBTI peareHTTepHAl MaliaaHyabl a3alThII,
OmoMaccaHbl JKOJIIOTHSUIBIK Kayilci3 eHaeyre MyMKIHmIK Oepemi. AJNBIHFaH JTUTHUH
YATUIEpiHIH ~ KYPBUIBIMIABIK, MOPQOIOTUSIIBIK JKOHE TEPMHSJIBIK  KacueTTepi
CKaHepJIeyIi AIEeKTPOHABIK MHUKPOCKOMHS, WH(MPAKBI3BUT CIEKTPOCKONHS, SAPOIBIK
MarHUTTIK PE30HAHC CIEKTPOCKONHACHL, TEPMOTPaBUMETPUSUIBIK —Taijay >KoHE
Paman criekTpocKOHACH! apKbUIbl 3epTTeNAl. beliHin anblHFaH JIUTHHH KypaMbIHIA
apoMarThl, (DEHOJIBIK, THIPOKCHIIJIIK, METOKCHIIBIIK )KOHE METHIIBIK (DY HKITHOHAJIIBIK
TonTap 0ap eKeHi aHBIKTAIIbl. SIIPONIBIK MATHUTTIK PE30HAHC CIIEKTPOCKOMHUSICHIHBIH
JMEPEeKTepl TBAAMWIMIK KYPBUIBIMIBIK (parMEHTTEpre KaparaHda CHPUHTHIIIIK
(parMeHTTepiH OachklM €KeHIH KOpceTTi, Oyl KeiiHrl KapOOHHM3aLus YIIiH KOJaiibl
TEPMUSIIBIK, TYPaKTBUIBIKTHl KOpceTeAi. AJBIHFAH JIUTHWUH HETi3iHIe Wipy HoJuMepi
pETiHIE TOIMAKPUIOHUTPUIIIL Al 1aaHbII, JICKTPOCIIMHHUHT 9IICIMEH KOMITO3UTTIK
TaJIIBIKTap ANTBIHGL Mipy epiTiHAiCIHIHKYpaMbIMEH TEPMUSLIIBIK OHICY JKaF IaIapbIHbIH
TANIIBIKTAPABIH MOPQOIOTHACH MEH KYPBUIBIMBIHA ocepi 3epTreii. JIMrHUH MeH
nonuakpunoHuTpui g 30:70 KaTbIHACK! OHTAMIIBI OOJIBII, OpTalla AUAMETPI IaMaMeH
97 HM OoNaThIH Y3[IKCi3, aKayChI3 TaJIIBIKTapIbIH TY3UIyiH KaMTaMachl3 €TTi. A30T
armocepaceiaia 800 °C Temreparypajia kapOOHH3AIMSIAaH KSHiH OopTallia JuaMeTpi
mamaMeH 47 HM jKOHE JTaMbIFaH KEYeKTi KYPBUIBIMBI Oap KOMIPTEKTI HAaHOTAIIIBIKTAP
anbIHABl. HoTmkenep aram KaJJbIKTapbIHAH ajbIHFAH OPraHOCOJIBB JIMTHUHIHIH
KOMIPTEKTI HAHOTAJIIIBIKTap MEH YHEPTHUsl CAKTay KyielepiHe apHaIFaH 3J1eKTPOATHIK
MaTepuangap ajay YIIiH KaHAPTBUIATBIH MPEKYPCOp PETIHIET] MepCIeKTHBAIBIIBIFBIH
kepcereni. KapOonuzauusiian KeWiH ajblHFAH KOMIPTEKTI TaimbikTap 549,7 m?/r
00aThIH TaMbIFaH MEHIIIKTI 0eTKi aymaHsiMeH cunartaiibl, an 800 °C temneparypana
KapOOHM3AIMSIIAaHFaH YIIT1 €H JKOFaphl AJIEKTPOXUMUSUIBIK KOPCETKIMITEPi KOPCETTi:
cymnepkoHaeHcaropiap ymiH 136,4 ®/r MEHIIIKTI CHIABIMIBUIBIK JKOHE JINTUH-HOH/IBI
Oarapesuiap yiriH 797 MA ca¥F/T pa3psAThIK ChIABIM/IBLIBIK,

Tyiiin ce3mep: JMIHUH HEri3iHIEri KOMIPTEKTI TaJIIBIKTAp, SJIEKTPOCIHMHHUHI,
SHEPTHs CaKTay KYyHenepi, TUTHH-UOHIIBI OaTapesiiap, CylepKoHaeHcaTopIap
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AnHoTanuss. B 1aHHOM wHccienoBaHMM H3y4Ye€Ha BO3MOXKHOCTH NepepabOTKH
JPEBECHBIX OTXOMOB ISl MOJyYEHHUs] OPTaHOCOJIbB JINTHUHA, IPUTOAHOTO B KaueCTBE
MpeKypcopa A YDIEPOAHBIX BOJOKHHUCTBIX MaTepuasioB. B kauecTBe CHIpbs
HCIOJB30BAJIN CMEIIAHHBIE JAPEBECHBIE OTXOIbl, ONMUIKH COCHBI M ONMIKH Bf3a.
JIMTHUH BBIAESUIN OPraHOCOJIBB-METOAOM C HCIHOJIb30BAHHEM CMECH MYpPAaBBHHON U
YKCYCHOH KHCIJIOT, YTO TO3BOJIIET CHM3UTh HCIOJIB30BAHME arpecCHBHBIX PEAreHTOB
U CIIOCOOCTBYET HKOJIOTHUECKH Oe3omacHoil mepepadoTke Ouomacchl. CTpyKTypHBIE,
MOpQOIOTHYECKHE W TEPMUYECKHE CBOWCTBAa MOJIYYECHHBIX O0Opa3loB JIMTHUHA
HCCIIEZIOBAIM  C HCIOJb30BAHMEM CKaHUPYIOIIEH JJIEKTPOHHOM MHKPOCKOIHNH,
HHPPAKPACHON CIEKTPOCKONHHU, CHEKTPOCKOIIUH SAEPHOTO MAarHUTHOTO pPE30HAaHCa,
TEPMOTpaBUMETPUUECKOTO aHanu3a M PamaH-criekTpockonuu. BriieneHHbIl TUrHUH
cozieprKaIl apoMaTHuecKkue, GeHOIbHbIE, THAPOKCHIBHBIC, METOKCHUIIbHBIE U METHUJIbHBIC
(yHKIMOHAJIBHBIE TPYMIBL. JlaHHBIE CIIEKTPOCKONHH SIAEPHOTO MArHUTHOTO PE30HAHCa
BBISIBHJIM IIPE00JIalaHie CHPUHTMIIBHBIX CTPYKTYPHBIX ()parMEHTOB HaJl I'BasILIUIIbHBIMH,
YTO YKa3bIBae€T Ha OJAarompHATHYIO TEPMHUUYECKYIO CTAOMIBHOCTB VISl MOCIHEIYIOLIEeH
kapOoHu3anuu. Ha ocHOBE MOIy4eHHOTO JIMTHUHA METOIOM AJIEKTPOCIIMHHHUHTA OBLIH
M3TOTOBIIEHBl KOMIIO3UTHBIE BOJOKHAa C HCIOJb30BAHMEM IOJIMAKPUIOHUTPUIIA B
KauecTBe mojuMepa i popmoBanus. MccaenoBaHo BIMsSHUE cOCTaBa NPSAMIBHOTO
pacTBopa M ycJIOBUI TepMUUECKOH 00paboTKK Ha MOP(OIOTHIO M CTPYKTYPY BOJIOKOH.
OnTUManeHBIM 0Ka3aJoCh COOTHOUIEHHWE JMTHUHA M mnonuakpuioHutpuia 30:70,
oOecreunBaroiee GOpMUPOBAHUE HEMPEPHIBHBIX 0€34e(EKTHBIX BOJIOKOH CO CPEIHUM
nuaMeTpoM okosio 97 M. locne kap6onuzanuu npu 800 °C B atMocdepe a3oTa ObLIH
MIOJTyYEHB! YITIEPOHBIE HAHOBOJIOKHA CO CPETHUM AMAMETPOM OKOJIO 47 HM U pa3BUTON
MOPUCTON CTPYKTYypoH. IlonydueHHble pe3ynbTaThl AEMOHCTPUPYIOT MEPCIEKTUBHOCTh
OPTaHOCOJIbB IUTHUHA U3 IPEBECHBIX OTXO/I0B B KA4€CTBE BO30OHOBIISIEMOT0 IPEKypcopa
JUTS TIOY4EHHUs] YITIEPOAHBIX HAHOBOJOKOH M AJIEKTPOAHBIX MaTepHaNIOB Ul CHCTEM
XpaHEHUS! YHEPTUH. YIIEPOAHBIE BOJOKHA IMOCIe KapOOHH3AalUU XapaKTepU30BaINCh
Pa3BHUTOH yIeIBbHON MOBEPXHOCTHIO 549,7 M?/1, ipu 9TOM 00pasel, KapOOHH3UPOBAHHBIH
npu 800 °C, mpoaeMOHCTPUPOBAT HAWITYUILIUE NEKTPOXUMUYECKHE XapaKTEPUCTUKU:
yaenbHyto éMKocTh 136,4 O/r anst cynepKoHIEHCATOPOB U Pas3psiiHyto EMKOCTh 797
MA "4/T [ TUTUH-UOHHBIX OaTapeil.

KuroueBsble ci1oBa: yriepogHble BOJOKHA HA OCHOBE JIMTHUHA, YJIEKTPOCIIHMHHUHT,
CHCTEMBI XpaHEHHS YHEPTUH, JIUTHI-UOHHBIE Oarapeu, CyNepKOHCHCATOPHI.
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Introduction. Global climate change, depletion of fossil resources, and the
increasing demand for sustainable energy technologies have accelerated the search for
environmentally friendly functional materials. In recent years, considerable attention has
been focused on renewable biomass-derived materials capable of reducing environmental
impacts while maintaining high technological performance. In this context, carbon
materials obtained from renewable resources have emerged as promising candidates for
advanced energy storage applications.

Carbon occupies a special place among the elements in nature and is characterized
by a variety of allotropes and functional properties. Carbon occurs in various structural
forms, such as graphite, diamond, fullerenes, carbon nanotubes, and nanofibers, each
of which has unique physicochemical properties (Shokrani Havigh and Mahmoudi
Chenari, 2022). Carbon materials are of particular interest due to their high electrical
conductivity, thermal and chemical stability, mechanical strength, low weight, and
flexibility for functionalization (Zhu et al., 2025). These properties are especially
important for electrochemical energy storage systems, where electrode materials require
high conductivity, structural stability, and efficient ion transport. For this reason, research
has increasingly focused on synthesizing carbon materials not only from traditional raw
materials but also from biomass, polymers, and industrial waste (Hossen et al., 2026;
Wang et al., 2026; Jang et al., 2022).

One of the important structures among carbon materials is carbon fibers, which
are characterized by high modulus, mechanical strength, corrosion resistance, and
high electrical and thermal conductivity (Jiao et al., 2025). In recent years, carbon
nanofibers obtained by electrospinning have attracted particular attention. This method
allows fibers with nanometer-scale diameters to be obtained from polymer solutions
or melts under a high-voltage electric field. The resulting fibers are characterized by
a high specific surface area, controllable porosity, and nanoscale structure (Jeon et
al., 2025). These properties make electrospun carbon nanofibers promising electrode
materials for electrochemical energy storage devices, particularly lithium-ion batteries
and supercapacitors (Sun et al., 2025).

One important approach to producing carbon fibers is the use of biomass-based
precursors. Lignocellulosic biomass is considered a promising raw material because of
its abundance, renewability, and low environmental impact. Lignocellulose is the main
structural component of plants and consists primarily of cellulose, hemicellulose, and
lignin. Among these components, lignin is the main aromatic polymer and contains a
high proportion of carbon.

Lignin is one of the most widely distributed but least efficiently utilized biopolymers.
Globally, 50-70 million tons of lignin are produced annually, but about 95% is burned
for energy production or used as a low-value fuel (Guo et al., 2025). Such utilization
limits the economic value of lignin and contradicts modern strategies for biomass
valorization and sustainable resource management. However, its carbon-rich aromatic
structure makes lignin a promising precursor for carbon materials, particularly carbon
fibers (Di Martino et al., 2025; Cao et al., 2024). Therefore, converting lignin into high-

479




ISSN 2224-5227 3.2026

value carbon nanofibers represents an important approach for both resource utilization
and sustainable electrode development.

Among the different types of lignin, organosolv lignin is particularly attractive for
carbon fiber production. Organosolv lignin is relatively pure, sulfur-free, and has a low
molecular weight, making it suitable for electrospinning (Parot et al., 2023). In contrast,
kraft lignin has a highly condensed structure and may be limited in some applications
because of its sulfur content (Karppi et al., 2025). These differences in lignin structure
and composition can directly affect the morphology, porosity, conductivity, and
electrochemical properties of the resulting carbon fibers (Li et al., 2025).

One of the most effective methods for converting lignin into carbon fibers is
electrospinning (Su et al., 2026). Lignin-based fibers obtained by this method are
subsequently converted into carbon nanofibers through stabilization and carbonization.
However, the low molecular weight and insufficient viscosity of pure lignin prevent its
direct electrospinning (Yan et al., 2025). Therefore, lignin is often blended with polymers
such as polyacrylonitrile (PAN), polyethylene oxide (PEO), or polyvinyl alcohol (PVA),
or subjected to chemical modification (Dai et al., 2025; Martinez Canovas et al., 2026;
Desidério et al., 2026). These limitations remain important challenges for the large-
scale fabrication of lignin-derived carbon fibers.

In recent years, lignin-based carbon fibers have attracted increasing attention as
electrode materials for advanced energy storage devices, particularly lithium-ion batteries
and supercapacitors. Their high specific surface area, porous structure, and ability to be
modified with heteroatoms can improve their electrochemical characteristics (Sun et
al., 2025). For lithium-ion batteries, the electrical conductivity, structural stability, pore
structure, and surface chemistry of carbon fibers are important for lithium-ion storage
and transport. In supercapacitors, high specific surface area, accessible pores, and good
electrical conductivity are essential for efficient charge storage and rapid ion transport.

The main advantages of lignin-based carbon fibers include their renewable origin,
low cost, environmental benefits, and high carbon content. Among lignin types,
organosolv lignin is particularly promising because of its relatively high purity and
suitability for electrospinning. Despite these advantages, challenges associated with
lignin heterogeneity, limited electrospinnability, structural changes during thermal
treatment, and electrochemical performance remain. Therefore, further research on
precursor composition, electrospinning, and thermal treatment is necessary to develop
organosolv lignin-derived carbon nanofibers with improved performance for lithium-
ion batteries and supercapacitors.

Materials and Methods. Pine and elm sawdust collected from furniture
manufacturing plants in Almaty were used as lignocellulosic raw materials for lignin
extraction. Polyacrylonitrile (PAN, molecular weight 100,000 g/mol, Sigma-Aldrich)
was used as a spinning polymer to produce fibrous materials. Dimethylformamide
(DMF, 99.8%, Sigma-Aldrich) was used as a solvent for preparing spinning solutions.

The morphology of the isolated lignin and electrospun lignin/PAN fibers was studied
using scanning electron microscopy. Lignin samples were examined using a Quanta
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2001 3D microscope (FEI, USA), and the morphological features of the resulting fibers
were further analyzed using a JEOL JSM-6490L A scanning electron microscope.

The chemical composition and functional groups of the isolated lignin were
determined using Fourier transform infrared spectroscopy on a PerkinElmer Spectrum
65 spectrometer. Spectra were recorded in the range of 450-4000 cm™! at a resolution
of 4 cm™. The obtained data were used to identify characteristic functional groups and
assess the purity of the isolated lignin.

The structural features of the carbonized fibers were studied using Raman
spectroscopy on a Solver Spectrum (NT-MDT) spectrometer using a 473 nm laser.
The signal accumulation time was 30 s. Analysis of the characteristic D- and G-bands
allowed us to evaluate the degree of ordering of the carbon structure and changes in
graphitization after heat treatment.

The thermal stability and degradation characteristics of the lignin/PAN fibers were
studied using thermogravimetric analysis. Measurements were carried out under a
nitrogen atmosphere over a temperature range from room temperature to 1000°C at a
heating rate of 20°C/min.

The molecular structure of the isolated lignins was further studied using proton nuclear
magnetic resonance spectroscopy (H NMR) on a JNM-ECA Jeol400 spectrometer
operating at 399.78 MHz. DMSO-ds was used as a solvent.

The combined use of SEM, IR spectroscopy, Raman spectroscopy, TGA, and H
NMR allowed us to characterize the morphology, chemical structure, thermal behavior,
and structural changes of lignin and the carbon fibers obtained from it.

Extraction of lignin from wood waste using the organosolv method. Lignin was
isolated from wood waste using the organosolv method, using a mixture of formic and
acetic acids. Pine, elm, and mixed wood waste sawdust were used as feedstock. An
8.5-gram sample of sawdust was placed in a reaction vessel, after which a mixture of
formic and acetic acids in a 70:30 volume ratio was added. The reaction mixture was
maintained with constant stirring at 115°C for 2.5 hours.

During the process, the lignocellulosic matrix of the wood gradually degraded, and
the lignin dissolved. After completion of the process, the reaction mixture was cooled
to room temperature, after which the insoluble residue was separated by filtration. To
precipitate lignin, distilled water was added to the resulting extractin a 5:1 volume ratio,
and the mixture was heated to 105°C. Dilution with water resulted in the formation and
subsequent precipitation of lignin particles.

After 30 minutes of holding time, the resulting precipitate was separated by
centrifugation at 5000 rpm for 5 minutes. The precipitated lignin was washed repeatedly
with distilled water until a neutral pH was achieved, then dried at room temperature
for 24 hours. To remove residual moisture, the samples were further held in a vacuum
drying oven at 60°C for 1 hour (Figure 1).
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Figure 1. The process of obtaining lignin from wood waste.

The use of the organosolv process produces lignin that is virtually free of sulfur
compounds and residual carbohydrates, which is an important advantage for its
subsequent processing into carbon fiber materials.

As a result of the process, three samples of organosolv lignin were obtained: from
mixed wood waste with a yield of 19.3%, from elm wood with 18.0%, and from pine
sawdust with 16.7%. To evaluate the structure, morphology, and physicochemical
properties, the obtained samples were analyzed using scanning electron microscopy,
infrared spectroscopy, thermogravimetric analysis, and proton NMR spectroscopy.

Production of Lignin-Based Fibers by Electrospinning. Lignin-based composite
fibers were produced by electrospinning using a NanoFiber laboratory setup (AME
Energy, Shenzhen, China, model AME-11). The general schematic of the experimental
setup is shown in Figure 2.
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Figure 2. Diagram of the experimental installation for electrospinning.

During fiber formation, the operating voltage was maintained at 13 kV. The spinning
solution feed rate was varied between 0.4 and 0.8 ml/h, and the distance between
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the capillary and collector was varied from 100 to 180 mm. The formed fibers were
deposited on a rotating drum, which served as a collector.

Polyacrylonitrile (PAN), organosolv lignin, and dimethylformamide (DMF) were
used to prepare the spinning solution. The lignin content was varied over a wide range-
from 0 to 100% by weight relative to the PAN mass (0, 10, 20, 30, 40, 50, 60, 70, 80, 90,
and 100%)-which allowed us to evaluate the influence of solution composition on the
fiber formation process and their morphological characteristics.

The solutions were prepared at room temperature by continuously stirring the
components until a homogeneous, viscous system without visible undissolved particles
was obtained. The resulting spinning solutions were used to subsequently form
continuous lignin-containing fibers by electrospinning.

Thermal Stabilization and Carbonization of Fibers. The resulting lignin-
polyacrylonitrile composite fibers were subjected to a two-stage heat treatment,
including preliminary stabilization in an air atmosphere and subsequent carbonization
in a nitrogen atmosphere.

The heat treatment was performed in a PT-T1600-L6012CB3 three-zone tube
furnace (Zhengzhou Protech Technology Co., Ltd., China) with a maximum operating
temperature of 1600°C and a temperature control accuracy of £1°C. The samples were
heated at a rate of 5°C/min to final temperatures of 800, 900, and 1000°C. Once the set
temperature was reached, the samples were held for 60 minutes.

Carbonization was performed in a continuous nitrogen flow at a gas flow rate
of 120 ml/min, which provided an inert atmosphere and prevented oxidation of the
material during high-temperature treatment. After heat treatment, the samples were
cooled to room temperature under a nitrogen atmosphere. Schematic illustration of the
transformation of lignin/PAN fibers during thermal stabilization and carbonization is

shown in Figure 3.
3 4 5
W W
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30,70 lignin/PAN From the substrabe removed fram thermal stabilization carbomnization
on the substrate thee substrate Process Process

Figure 3. Schematic illustration of the transformation of lignin/PAN fibers during thermal
stabilization and carbonization.

The morphological features and structural characteristics of the resulting carbon
fibers were studied using scanning electron microscopy, thermogravimetric analysis,
elemental analysis, and Raman spectroscopy.

Electrode Fabrication and Electrochemical Testing. To evaluate the electrochemical
characteristics of the resulting carbon nanofibers, electrodes for supercapacitors and
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lithium-ion batteries were fabricated. A 0.4 mm thick SS316L stainless steel foil was
used as the current collector. Before applying the active material, the substrate surface
was mechanically treated with P1000 abrasive paper and then polished with GOI No.
3 paste, which increased surface roughness and improved the adhesion of the electrode
coating. The substrates were then sequentially cleaned in an ultrasonic bath using
ethanol and distilled water, followed by drying at 120°C for 2 hours.

The active mass was prepared by mixing carbon nanofibers, acetylene black, and
polyvinylidene fluoride (PVDF) in a 70:15:15 weight ratio. N-methyl-2-pyrrolidone
(NMP) was used as a solvent, gradually added while vigorously stirring the components
until a homogeneous suspension was obtained. The resulting mixture was uniformly
applied to the surface of the current collector, forming an active layer approximately
400 um thick with an area of 1 x 2 cm? After coating, the electrodes were dried in a
vacuum oven at 120°C for 12 hours to completely remove the solvent.

The electrochemical characteristics of the fabricated electrodes were initially studied
in supercapacitors using cyclic voltammetry and galvanostatic charge-discharge.

To evaluate the potential of the obtained carbon nanofibers as anode material for
lithium-ion batteries, CR2032 half-cells were assembled in a sealed glovebox filled with
argon (99.99% purity). Metallic lithium served as the counter and reference electrodes.
A single-layer Celgard 2500 polypropylene membrane served as the separator, and a
1 M LiPFs solution served as the electrolyte. The carbon nanofibers fabricated in this
study served as the working electrode (Figure 4).
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Figure 4. Schematic illustration of the preparation of carbon nanofiber electrodes for supercapacitor
and lithium-ion battery applications.

The electrochemical characteristics of the lithium-ion half-cells were evaluated
by cycling in charge-discharge modes, determining their specific capacity and cyclic
stability.
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Results and Discussion. Study of the Physicochemical Properties of Organosolv
Lignin Obtained from Wood Waste. The morphology of organosolv lignin isolated
from mixed wood waste (MWW), pine, and elm sawdust was analyzed using scanning
electron microscopy. As shown in Figure 5, all samples exhibited a developed porous
structure with irregularly shaped macropores. The largest pores were observed in the
lignin sample obtained from pine sawdust, with pore sizes exceeding 100 um. For lignin
from mixed wood waste and elm, the macropore sizes were approximately 100 um. The
formation of this structure is due to the specific characteristics of organosolv extraction
and subsequent precipitation of the lignin, resulting in the formation of a loose, porous
material. This morphology is favorable for the subsequent production of carbon fibers,
as it facilitates more uniform dissolution of the precursor and the formation of a
homogeneous spinning solution.

Figure 5. SEM images of the obtained lignins: (a) lignin from MWW; (b) pine lignin;(c) lignin from elm.

The resulting lignin samples were further analyzed using FTIR spectroscopy to
determine functional groups and assess the purity of the isolated product. The spectra
of samples obtained from various types of wood raw material are shown in Figure
6. Regardless of the wood source, all samples exhibit a similar set of characteristic
absorption bands, indicating successful lignin isolation while preserving its chemical
structure.

The broad absorption band at 3435 cm™ corresponds to the stretching vibrations of
hydroxyl groups found in the phenolic and aliphatic fragments of the lignin molecule.
The band at 2926 cm! is attributed to the stretching vibrations of the C-H bonds of
methyl and methoxyl groups. Intense bands at 1603 and 1512 cm™! are due to vibrations
of the aromatic ring and confirm the presence of the aromatic framework characteristic
of lignin. Furthermore, absorption bands at 1375 and 1270 cm indicate the presence
of syringyl (S) and guaiacyl (G) structural units in the lignin structure.

Despite the similarity of the spectra, the intensities of individual bands vary slightly,
due to the different ratios of syringyl and guaiacyl fragments depending on the type
of wood raw material. As is known, hardwood lignin contains more syringyl units,
while softwood lignin is dominated by guaiacyl structures. The increased content of
guaiacyl units promotes the formation of more intermolecular bonds, which positively
affects the thermal stability of the material and is an important factor during subsequent
carbonization.

Thus, the IR spectroscopy results confirm that the organosolv method effectively
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extracts lignin from various wood wastes while preserving its characteristic chemical
structure. The absence of bands corresponding to carbohydrate and sulfur-containing
impurities indicates a high degree of purity of the obtained samples and confirms their
suitability as precursors for producing carbon nanofibers.
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Figure 6. IR spectra of the obtained lignins.

Proton nuclear magnetic resonance spectroscopy ('"H NMR) was used to study
the molecular structure of the isolated lignin samples. The resulting spectra of lignin
isolated from mixed wood waste (MW W), pine, and elm sawdust are shown in Figure
7. The main chemical shifts corresponding to the characteristic structural fragments of
lignin, along with their assignments, are listed in Table 1.
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Figure 7. NMR spectra of the obtained lignins: (a) lignin from MWW; (b) pine lignin; (c) lignin from
elm.

Table 1. Characteristic signal assignment and chemical shifts in the "H NMR spectra of the extracted

lignins.
Chemical shift (ppm) | Appointment
0.80-1.2 Methyl and methylene protons
2.21 Aromatic acetate
2.45-4.73 Signals in this region refer to two aromatic protons in the structures of syringil
and guaiacylpropane
6.70-7.11 Aromatic protons

Analysis of the NMR spectra revealed that all studied samples have a similar set
of characteristic signals, indicating a similar chemical composition of the organosolv
lignins, regardless of the type of original wood feedstock. Signals corresponding to
protons of methyl and methylene groups of aliphatic side chains are observed in the
0.80-1.20 ppm range. The signal at 2.21 ppm corresponds to aromatic acetate fragments,
while the region between 2.45 and 4.73 ppm characterizes protons of syringyl and
guaiacyl structural units. Intense signals in the range of 6.70 and 7.11 ppm confirm the
presence of aromatic protons characteristic of the aromatic backbone of lignin.

These results indicate the preservation of the main structural elements of lignin
after organosolvent extraction. The presence of syringyl (S) and guaiacyl (G) units is
consistent with FTIR spectroscopy data and confirms that the extraction process does
not lead to significant changes in the chemical structure of the biopolymer. Moreover,
the slightly higher signal intensity in the region of syringyl structures may indicate their
predominance in the studied samples, potentially improving the thermal processability
of lignin and producing more uniform carbon fibers.

A comparison of the spectra of lignin isolated from mixed wood waste, pine, and
elm sawdust reveals no significant differences in either the location or intensity of the
main signals. This indicates a similar chemical structure for the obtained organosolv
lignins and confirms the effectiveness of the chosen extraction method for various types
of wood raw materials.

A comprehensive analysis of the results obtained using SEM, FTIR spectroscopy,
and '"H NMR revealed that lignin isolated from mixed wood waste is virtually
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indistinguishable in its morphological and structural characteristics from lignin obtained
from individual wood species. Given these comparable physicochemical properties,
as well as the urgency of the problem of recycling mixed wood waste, mixed wood
waste (MWW) was chosen as the primary raw material for the subsequent production
of carbon nanofibers.

This choice has not only scientific but also practical significance. In the wood
processing industry, waste from various wood species is typically not separated but
accumulates as a single mass, occupying significant space and creating additional
environmental burden. Using mixed wood waste as a raw material simultaneously
addresses the issue of its sustainable recycling and produces a promising precursor for
the synthesis of carbon nanofibers.

Physicochemical Characteristics of Lignin/PAN-Based Carbon Nanofibers. Optical
microscopy and scanning electron microscopy (SEM) were used to evaluate the
morphology and structure of the resulting fibers. The results are presented in Figure 8.

7% 8% 9%
b

Figure 8. Optical and SEM images of lignin\PAN fibers: (a) optical imanges; (b) SEM images.

According to the optical images (Figure 8a), the resulting lignin/PAN fibers are
continuous one-dimensional structures with a uniform surface. A more detailed SEM
study (Figure 8b) revealed the effect of the spinning solution concentration on the
morphology of the resulting fibers. At a solution concentration of 7 wt.%, the fiber
diameter ranged from 125 to 440 nm, at 8 wt.%, it ranged from 88 to 123 nm, and at 9
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wt.%, it increased to 215 to 440 nm. The thinnest and most uniform fibers were obtained
at a concentration of 8 wt.%, indicating an optimal combination of solution viscosity
and electrospinning conditions.

After determining the optimal spinning solution concentration, the effect of the lignin-
to-PAN weight ratio on fiber formation was studied. For this purpose, composites with
lignin contents ranging from 0 to 100 wt.% relative to the PAN weight were prepared.
The morphology of the resulting samples was examined by SEM, and the average fiber
diameter was determined using ImagelJ software. The results are shown in Figure 9.
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j

Figure 9. SEM images of lignin/PAN fibers: (a) pure lignin; (b) 90/10 lignin/PAN; (c) 80/20 lignin/
PAN; (d) 70/30 lignin/PAN; 1 60/40 lignin/PAN; (f) 50/50 lignin; (g) 40/60 lig-nin/PAN; (h) 30/70 lignin/
PAN; (i) 20/80 lignin/PAN; (j) 10/90 lignin/PAN.

As can be seen in Figure 9, composites with lignin-to-PAN ratios of 10/90, 20/80,
and 30/70 form continuous nanofibers with a smooth surface and no noticeable defects.
As the lignin content increases to 40-50 wt.%, isolated spherical beads begin to appear,
but the fibrous structure is maintained. Further increases in lignin content (60-80 wt%)
are accompanied by the intense formation of "beads on a string" defects, indicating a
decrease in jet stability during electrospinning. At a lignin content of 90 wt%, as well as
when using pure lignin without the addition of PAN, the formation of continuous fibers
is virtually absent; predominantly microspheres and agglomerates are observed.

The results show that increasing the lignin content leads to deterioration in the spinning
properties of the solution due to the insufficient molecular weight of the lignin and the weak
intertwining of the macromolecular chains. As a result, the influence of surface tension
increases, promoting the formation of spherical defects. At the same time, increasing the
PAN content ensures stable formation of continuous fibers, although accompanied by a
slight increase in their diameter. Based on morphological analysis, it was established that
a 30/70 (lignin/PAN) composition is optimal for producing defect-free nanofibers.

For further studies, fibers of the 30/70 (lignin/PAN) composition were selected and
subjected to thermal stabilization and carbonization at temperatures of 800, 900, and 1000°C.
The morphology of the resulting carbon nanofibers after carbonization is shown in Figure 10.

a b c

Figure 10. SEM micrographs of carbon fibers from 30/70 lignin/PAN carbonized at temperatures of:
(a) 800 °C; (b) 900 °C; (c) 1000 °C.
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SEM images show that after carbonization, the fiber diameter decreases compared to
the original lignin/PAN fibers. While the average diameter before thermal treatment was
over 88 nm, after carbonization, it varied depending on the process temperature and was
approximately 47 nm at 800°C, 130 nm at 900°C, and 75 nm at 1000°C. This decrease in
diameter is due to the removal of volatile components and non-carbon elements during
thermal decomposition of the organic matrix.

Along with the change in size, changes in the surface area of the carbon fibers are
observed. Carbonization at 800°C maintains a relatively uniform structure, whereas
increasing the temperature to 900-1000°C is accompanied by the appearance of localized
defects and increased surface roughness. This is due to further aromatization processes
and carbon structure rearrangement, accompanied by the removal of oxygen-containing
functional groups and the formation of a more ordered carbon matrix.

Thus, the results of morphological studies showed that the optimal conditions for
producing continuous, defect-free carbon nanofibers are the use of a spinning solution
with a concentration of 8 wt.%, a 30/70 (lignin/PAN) weight ratio, and subsequent
carbonization in the selected temperature range. The resulting fibers possess a well-
developed continuous structure and were used for further electrochemical studies.

The thermal stability of the resulting lignin/PAN fibers was studied using
thermogravimetric analysis (TGA). Differential thermograms (DSC) were also
constructed for a more detailed analysis of the thermal degradation processes. The
results are presented in Figure 11.
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Figure 11. Curves of TGA and DSC nanofibers from 30/70 lignin/PAN: (a) curves of TGA (b) curves
of DSC (¢).
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According to the thermogravimetric curves (Figure 11a), the thermal degradation
of the composite fibers occurs in several sequential stages. In the temperature range up
to 100°C, a slight weight loss is observed due to the removal of physically adsorbed
moisture. The main weight loss occurs in the range of 100-500°C, where the thermal
degradation of the composite components occurs sequentially. Polyacrylonitrile
degradation begins at approximately 290°C, while intense lignin degradation is observed
at approximately 400°C.

As Figure 11b shows, the two-stage nature of thermal decomposition is due to the
different thermal stability of the composite components and the presence of oxygen-
containing functional groups in the lignin structure. At this stage, dehydration reactions,
side chain cleavage, and removal of volatile products occur, accompanied by the
formation of a porous carbon structure.

According to TGA data, the total mass loss of the studied lignin/PAN fibers was
approximately 62%, while the residual yield of the carbon product (semi-coke) reached
38%. The relatively high yield of carbon residue indicates good thermal stability of the
resulting composite and confirms the potential of using organosolv lignin as a precursor
for the synthesis of carbon nanofibers.

These results are consistent with published data and demonstrate that softwood
lignin provides a comparatively high yield of carbon residue after carbonization.
This represents an important advantage in the development of carbon materials for
electrochemical energy sources.

To quantitatively evaluate the morphological characteristics of the electrospun fibers,
their diameters were analyzed using ImagelJ software. The fiber diameter distribution is
shown in Figure 12.
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Figure 12. SEM micrography (a) of lignin/PAN fiber with fiber size distribution (b).

To plot the histogram, 100 individual fibers were analyzed, ensuring statistical
reliability of the results. According to the data presented in Figure 12, the diameter of
the fibers obtained at a lignin/PAN mass ratio of 30/70 varied between 90 and 128 nm,
with an average diameter of 97 nm. The resulting distribution is characterized by a
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relatively narrow size range, indicating high homogeneity of the formed fibers and the
stability of the electrospinning process under the chosen synthesis conditions.

To study the crystal structure of the obtained carbon nanofibers, X-ray diffraction
(XRD) analysis was performed using Cu Ka radiation (A = 1.54 A). The diffraction
patterns of the samples carbonized at temperatures of 800, 900, and 1000 °C are shown
in Figure 13.
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Figure 13. X-ray patterns of the carbon fibers.

As can be seen in Figure 13, all the studied samples exhibited two broad diffraction
maxima located at 20 = 24.7° and 20 =~ 43.6°, corresponding to the (002) and (100)
planes, respectively. The broad shape of the (002) peak indicates a predominantly
amorphous structure of the carbon material and a low degree of graphitization, while
the (100) peak indicates the presence of a turbostratic carbon structure formed during
carbonization.

As the carbonization temperature increases, no significant change in the shape of the
diffraction maxima is observed; however, a slight shift is observed, indicating a gradual
restructuring of the carbon structure and an increase in its degree of order.

To quantify the structural changes, the interplanar spacings d(002) and d(100) were
calculated using the Bragg equation. The calculation results are presented in Table 2.

Table 2. Parameters of the interlayer distance of carbon nanofibers.

Samples {002} {100}
20 Distance, D (nm) 20 Distance, D (nm)
CNF 800 24.7251 0.356245 43.6751 0.207083
CNF 900 24.9251 0.357655 43.8751 0.26185
CNF 1000 24.9751 0.35979 442251 0.204634

As shown in Table 2, the interplanar spacing for the (002) reflection ranges from
0.356 to 0.360 nm, while for the (100) plane it ranges from 0.205 to 0.262 nm. These
values are typical of carbon materials with a turbostratic structure and are in good
agreement with the X-ray diffraction data.

Thus, the XRD results confirm that carbonization produces carbon nanofibers
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consisting predominantly of an amorphous carbon phase with individual ordered
graphene-like regions. Increasing the carbonization temperature promotes partial
structural ordering of the material, which is an important factor for increasing its
electrical conductivity and its future use as an electrode material for electrochemical
energy storage devices.

To assess the degree of structural ordering of the obtained carbon nanofibers, Raman
analysis was performed using a Solver Spectrum spectrometer (NT-MDT). The Raman
spectra of samples carbonized at temperatures of 800, 900, and 1000°C are shown in
Figure 14.
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Figure 14. Raman spectra of carbon fibers.

As can be seen in Figure 14, all studied samples exhibit two broad bands at ~1360
cm™ (D band) and =1585 cm™! (G band). The D band is associated with the presence
of structural defects and symmetry breaking in the carbon lattice, while the G band
corresponds to vibrations of sp>-hybridized carbon atoms and characterizes the degree
of structural ordering in the material.

Analysis of the spectra revealed that increasing the carbonization temperature
leads to an increase in the degree of graphitization of the carbon nanofibers. During
carbonization at 800 and 900°C, the degree of graphitization was approximately 22%,
while at 1000°C it increased to 26.7%. The obtained results indicate a gradual ordering
of the carbon structure with increasing heat treatment temperature, which is in good
agreement with the X-ray diffraction analysis results.

Additionally, the specific surface area of the carbon nanofibers was determined
using the BET method. For the 30/70 (lignin/PAN) sample, its value was 549.7 m%/g,
indicating the formation of a developed porous structure. A high specific surface area is
an important factor ensuring the efficient transfer of electrolyte ions and increasing the
contact area between the electrode and electrolyte.
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Thus, a comprehensive study using optical microscopy, SEM, EDS analysis,
thermogravimetric analysis, X-ray diffraction, Raman spectroscopy, and BET confirmed
the successful production of continuous carbon nanofibers based on a 30/70 (lignin/
PAN) composite. The resulting fibers are characterized by an average diameter of 97 nm,
a high specific surface area, and signs of partial graphitization, making them promising
electrode materials for supercapacitors and lithium-ion batteries.

Electrochemical Characteristics of Carbon Nanofiber-Based Electrodes. To evaluate
the practical potential of the obtained carbon nanofibers, electrodes for supercapacitors
and lithium-ion batteries were fabricated. The electrode fabrication process is described
in detail in the "Materials and Methods" section.

The electrochemical characteristics of the supercapacitor electrodes were determined
using cyclic voltammetry and galvanostatic charge-discharge. For the CNF 30/70
sample carbonized at 800°C, the specific capacitance, calculated from galvanostatic
charge-discharge curves at a current density of 0.1 A/g, was 136.4 F/g. According to
cyclic voltammetry at a scan rate of 10 mV/s, the specific capacitance was 92.3 F/g.
The obtained values demonstrate the excellent capacitive properties of the developed
electrode material and its potential for use in high-power energy storage systems.

In addition to supercapacitors, electrodes for CR2032 lithium-ion batteries were
fabricated, enabling the effect of carbonization temperature on the electrochemical
characteristics of the material to be assessed. It was found that the sample carbonized at
800°C exhibited the highest discharge capacity, with a specific capacity of 797 mAh/g.
Increasing the carbonization temperature to 900°C reduced the discharge capacity to
668 mAh/g, while for the sample processed at 1000°C, it was 594 mAh/g.

These results demonstrate that increasing the carbonization temperature does
not always improve electrochemical characteristics. Despite the increased degree of
graphitization at higher temperatures, the decrease in specific capacity is likely due to
a reduction in the number of structural defects and active centers involved in charge
accumulation. Thus, the optimal combination of structure and electrochemical properties
was achieved for the CNF-800 sample, which demonstrated high specific capacity and
stable operation during long-term cycling.

Conclusion. In this study, we developed an integrated approach to producing carbon
nanofibers from mixed wood waste using organosolv lignin as a carbon precursor. It
was found that lignin isolated from mixed wood waste, pine, and elm sawdust possesses
similar morphological and structural characteristics, making it possible to use mixed
wood waste as a promising raw material for producing carbon materials.

Optimal electrospinning conditions were achieved with a spinning solution
concentration of 8 wt% and a lignin/PAN weight ratio of 30/70, ensuring the
production of continuous, defect-free nanofibers with an average diameter of 97 nm.
After carbonization, porous carbon nanofibers were formed with a developed surface
area (549.7 m?/g) and signs of partial graphitization, confirmed by XRD and Raman
spectroscopy.

Electrochemical studies revealed that the sample carbonized at 800°C exhibited the
best performance, achieving a supercapacitor specific capacitance of 136.4 F/g and a
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lithium-ion battery discharge capacity of 797 mAh/g. These results confirm the potential
ofusing carbon nanofibers synthesized from mixed wood waste as electrode materials for
modern energy storage systems and demonstrate the feasibility of efficiently recycling
wood waste into high-value-added materials.
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