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The heterogeneity of lignin presents challenges in fabricating lignin-derived carbon materials with well-
defined structures. This study investigated the use of magnesium as a fractionating agent via precipitation
to modify the heterogeneity of lignin, which was then integrated with the MgO templating technique to
produce functionalized porous carbon with tailored porosity. First, alkaline-dissolved spruce kraft lignin
was precipitated under varied pH conditions, resulting in magnesium-lignin (Mgl) complexes with
different degrees of higher molecular weight lignin fractions. These complexes underwent a pre-heating
treatment at 700 °C, facilitating the formation of nano-sized MgO domains within the carbon matrix. Acid
leaching was subsequently carried out, followed by a high-temperature post-heating treatment at 1400 °C
to remove the magnesium oxide (MgO), leaving behind nano-sized porous structures. The variation in

fractionation pH affected the form of magnesium in the MgL complex, influencing MgO crystal formation
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Accepted 22nd April 2025 during pyrolysis and allowing for tunable pore sizes in the resulting carbon during templating. Additionally,

the presence of magnesium enhanced carbon yields after heat treatment at 1400 °C, with stoichiometric
optimizations involving magnesium and pH increasing yields from 35% to 49%. These findings establish
the groundwork for precise and more sustainable design of lignin-derived porous carbon materials.
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Sustainability spotlight

Lignin is often burned as a low-grade fuel, wasting its rich chemical potential and contributing to unsustainable practices. Our work presents a technique that
simultaneously fractionates lignin and incorporates a Mg salt to create well-defined pore structures while enhancing carbonization yields. By stoichiometrically
optimizing mixture components, we effectively applied chemical science to improve the resource efficiency and minimize waste. This process aligns with UN
Sustainable Development Goal 12: Responsible Consumption and Production, paving the way for greener industrial transformation. Moreover, the resulting
porous carbon materials can be applied in energy storage, catalysis, and environmental remediation, further paving the way for achieving UN Sustainable
Development Goals 6 (Clean Water and Sanitation), 7 (Affordable and Clean Energy), and 13 (Climate Action).

This versatility stems from their conductivity, stability, high
specific surface area, and customizable pore structure.”*
Currently, state-of-the-art carbon materials are predominantly
derived from petroleum refining, which is unsustainable and

1 Introduction

Humankind faces pressing challenges today in the areas of
climate change, environmental pollution, and energy crisis.

These bring out an increasing need to discover economically
viable and environmentally friendly solutions. Carbon and its
derivatives are highlighted as ideal materials for developing
solutions to these problems due to their applicability in energy
storage, catalysis, adsorption, and gas capture and storage.'
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the main contributor to the challenges mentioned above.?
Meanwhile, lignocellulosic materials, particularly lignin, hold
great promise as precursors for carbon production. With its
high carbon content (>60%), exceptional tunability due to its
abundance of oxygen and aromatic functional groups, and low
cost, lignin stands out as a highly desirable and sustainable
choice.*® Such conditions boosted research towards improving
the lignin refining processes and subsequent valorization. In
fact, carbon materials derived from various lignin have
demonstrated exceptional performance across different appli-
cations, such as batteries,”® supercapacitors,®™ catalysts,
and environmental remediation.'>*®
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A significant challenge, however, exists when utilizing lignin
as a carbon precursor - its inherent heterogeneity, reflected in
its broad molecular weight distribution (polydispersity) and
complex chemical structure. This leads to uneven properties
and performance when it is used in the preparation of chem-
icals and materials, significantly hindering its high-value utili-
zation."” The primary solution identified for this dilemma is
through lignin fractionation, where lignin is segregated into
distinct fractions with reduced heterogeneity.'”'® Various frac-
tionation methods such as pH-controlled precipitation, partial
solubility in solvents, and membrane technologies have been
developed. These processes are crucial in the effective engi-
neering of lignin to value-added materials with reproducible
properties and improved performance."” Indeed, carbon mate-
rials derived from lignin have shown improvement in their
target performance after fractionation because of the increase
in their uniformities and shifts in their molecular weight
distributions.**?* However, when producing carbon materials,
the feasibility of large-scale production is also crucial. Current
lignin fractionation techniques often fall short in this regard.
Relying on organic solvents and acids can be costly and
hazardous, and their recovery and treatment can be quite
energy intensive.” Fractionation through membrane filtration,
on the other hand, offers significant industrial potential due to
its operational ease and environmental benefits, but the
expensive instrumentation and the poor solubility of most
commercial lignin are major limitations.”** A fractionation
technique that limits the use of aforementioned chemicals and
equipment, while producing large quantities of more uniform
lignin for high-value carbon production, is therefore desired.

Nonhazardous and abundant metal ions, such as zinc, iron,
and magnesium, have shown significant potential as fraction-
ating agents for this purpose. Their ability to precipitate dis-
solved lignin or co-precipitate with it and provide
functionalization at the same time has been extensively
demonstrated, enabling applications in supercapacitors,”**
catalysts,”?** adsorbents,®*” and hydrogels.”® Most of these
studies, however, focus primarily on the ability of metal ions to
facilitate synthesis, particularly in “one-step” or “one-pot”
processes,>***” with an emphasis on structuring the material as
desired. Systematic understanding and control over the metal-
lignin interactions during fractionation itself is still lacking,
which limits the optimization of the structure and functionality
of the resulting materials. Additionally, the effects of metal
fractionation on lignin molecular weights are rarely linked to
the ensuing synthesis or material yields.

Given that the pH, as well as the nature of the metal ion,
significantly influence metal-lignin interactions,*»* the afore-
mentioned gaps could be addressed by exploring pH-controlled
variations in metal-lignin complexation and fractionation
processes. In this study, magnesium ions (Mg”>") were used
because they precipitate effectively to form Mg(OH), within the
PH range of 10-13, which encompasses the same conditions for
lignin precipitation, as the pH goes down, enabling co-
precipitation or magnesium-lignin complexation.*** Addition-
ally, free Mg>* has shown to coagulate lignin down to pH 6.%
After fractionating the complex out of the mixture, magnesium
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can then be easily removed and recycled using a dilute acid,
simultaneously isolating the lignin fraction. More importantly, if
magnesium is retained and the magnesium-lignin complex is
subjected to carbonization, it could undergo dehydration and
form a magnesium oxide (MgO) template with its surrounding
oxygen. Upon removal of this template with dilute acid, the
resulting homogeneous porous carbons can be utilized for
various applications.*** This integrated fractionation-templat-
ing technique not only improves the reproducibility of carbon
properties and makes the process more streamlined but would
also facilitate a clearer analysis and understanding of the frac-
tionation-structure relationship. The main goal of this study was
therefore to assess both the lignin fractionation using magne-
sium and the subsequent production of porous carbon via MgO
templating. Special focus was placed on understanding the
underlying mechanisms during the fractionation process, and
how this can be leveraged to enhance material properties.
Additionally, stoichiometric optimization of lignin, additives,
and metal ions was explored to further improve the carbon yield.

2 Experimental section
2.1 Materials

Spruce kraft lignin (SKL, LignoBoost®), provided by Metgen Oy
(Kaarina, Finland), was stored in a refrigerator and subse-
quently acclimated to room temperature prior to every use.
LignoBoost® lignin was used in this study for its availability,
consistent quality, low salt content and high purity.*® These
characteristics provide a controlled environment, allowing
better assessment of magnesium-lignin interactions compared
to other technical lignins with more complex compositions and
structures. The hydroxyl group content of lignin was deter-
mined with *'P NMR spectroscopy using the protocol from
Meng et al,”” as detailed in the ESL{ The aliphatic-OH,
phenolic-OH, and carboxylic-OH groups were quantified as 2.4,
3.7, and 0.4 mmol g ', respectively, resulting in a total of
6.5 mmol g ' lignin-OH groups. Hydrogen peroxide (H,O,,
30%), hydrochloric acid (HCl, 30%), and nitric acid (HNOs3,
65%) were procured from Merck. 2-Chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane (C¢H;,ClO,P, TMDP, 95%), chromiu-
m(m) acetylacetonate (Cr(CsH,0,);, Cr(acac)s, 97%), deuterated
chloroform (CDCl;, 99.8% D), N-hydroxy-5-norbornene-2,3-
dicarboxylic acid imide (CoHgNOj;, e-HNDI, 97%) lithium
bromide (LiBr, =99%), magnesium sulfate (MgSO,, =98%), and
pyridine (CsH;N, anhydrous, 99.8%) were obtained from Sigma-
Aldrich. Dimethyl sulfoxide (C,HgOS, =99.9%) and sodium
hydroxide (NaOH, 98.3%) were acquired from Fisher Chemical.
Ethanol (C,H5s0H, =99.8%) was bought from VWR Chemicals.
Deionized water (ELGA Purelab Ultra, resistance: 18.2 MQ cm)
was used throughout the work.

2.2 Magnesium-lignin (MgL) complex preparation

Dispersions of SKL with 10% (w/v) concentration were prepared
by mixing 4 g SKL samples with 40 mL of NaOH solutions with
varied concentrations at room temperature, as outlined in
Table 1 and Scheme 1. The NaOH concentrations were chosen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 MgL complex synthesis conditions. Lignin is dissolved in 40 mL of solvent and then precipitated with 50 mL of precipitant

Complex Lignin, Lignin-OH Solvent (NaOH, OH ") Precipitant (MgSO,, Mg>*, HCI, H") Remarks®

MgL1 10.0% (w/v), 26.0 mmol 1.0% (w/v), 10.0 mmol 6% (W/v), 24.9 mmol Mg, —, — Excess Mg**

MgL2 10.0% (w/v), 26.0 mmol 1.0% (w/v), 10.0 mmol 6% (W/v), 24.9 mmol Mg, 0.25 M, 12.5 mmol Excess Mg”* and H'
MgL3 10.0% (w/v), 26.0 mmol 2.5% (w/v), 25.0 mmol 6% (w/v), 24.9 mmol Mg, —, — Excess OH ™

MgL4 10.0% (w/v), 26.0 mmol 2.5% (w/v), 25.0 mmol 6% (W/v), 24.9 mmol Mg, 0.25 M, 12.5 mmol Excess Mg”*

¢ Based on Mg(OH), formation, accounting for added HCI.

NS
W“QQO'
a\~

=

Lignin Dissolution

CPrecipitation & Fractionation)

Characterization

MgO-Carbon

Scheme 1 Schematic illustration of the preparation of MgL complexes and derived carbons in this work.

to ensure the dissolution of the majority of lignin, as described
by Melro et al.>* MgL1 and MgL2 were made less alkaline than
MgL3 and MgL4. The dispersions were mixed for 24 h under
constant agitation with a nutating mixer (VWR, USA). Using
a centrifuge (Hermle Z36HK, USA), the resulting mixtures were
then separated for 1 h at 10 000 rpm and 20 °C. The obtained
supernatants were transferred to glass vessels, and 200 mL of
deionized water was added to each of them to prepare the dis-
solved lignin solutions for precipitation and concurrent
fractionation.

Solutions for precipitation consisted of 6% (w/v) MgSO, dis-
solved in either deionized water or 0.25 M HCI to allow the
formation of different lignin fractions based on their interac-
tions with Mg>" under varying pH conditions. The concentration
of MgSO, was chosen based on the quantity of lignin-OH groups
that could theoretically interact with Mg®". Furthermore, the
amounts of lignin, Mg>* and OH ™~ ions mixed in MgL3 and MgL4
were stoichiometrically balanced for the formation of Mg(OH),,
while an excess of Mg”" was added in MgL1 and MgL2. The
process was facilitated by a dosing system (905 Titrando, Met-
rohm, Switzerland), which ensured the controlled delivery of the
precipitants. Exactly 50 mL of the precipitant was added to the
dissolved lignin solution in a span of 1 h, at regular intervals of
4 s, while under continuous stirring. Each addition consisted of

© 2025 The Author(s). Published by the Royal Society of Chemistry

the same volume of precipitant. At the end of precipitation,
another 1 h was allotted for ripening of the solids, wherein the
mixtures were just stirred, and no additional precipitant was
added. The pH was monitored throughout the whole process
using a pH electrode (Solitrode 6.022.100, Metrohm, Switzer-
land). Nitrogen gas flow was also kept above the solution surface
to prevent the interference from atmospheric CO,. A tightly
sealed Teflon™ (PTFE) lid covered the vessel and had designated
holes for the pH electrode, dosing connections, and gas source.
Following the ripening, the resulting solid-liquid mixtures were
centrifuged at 10 000 rpm for 30 min at 20 °C, yielding a clear
phase separation. The solid residues were washed multiple times
with deionized water and afterwards dried in an oven at 105 °C.
The resulting solid magnesium-lignin complexes (MgL1, MgL2,
MgL3, and MgL4) were then ground and subjected to charac-
terization experiments and further processing. To ensure repro-
ducibility, the synthesis was conducted twice, with parallel
measurements performed for verification.

2.3 Magnesium-lignin (MgL) complex carbonization

The MgL complexes were initially carbonized at 700 °C for 1 h,
with a heating rate of 10 °C min~" under a nitrogen gas stream
(500 mL min~") in a tube furnace (VST 12/600, Carbolite, United

RSC Sustainability, 2025, 3, 2883-2898 | 2885
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Kingdom), followed by cooling to room temperature. The
carbonized complexes were then designated as pre-washed MgL
(MgL-AW, including MgL1-PW, MgL2-PW, MgL3-PW, and
MgL4-PW). Subsequently, they were crushed and ground with an
agate mortar and pestle before being immersed in 1.0 M HCI
solution under a fume hood. The resulting suspensions were
sonicated for 1 h and then left to age for 24 h at room temper-
ature with constant stirring. Following that, they were filtered
with a 0.2 um filter (47 mm Nuclepore™ Polycarbonate Track-
Etched Membranes, Cytiva Whatman™, United Kingdom), and
the residues underwent washing with deionized water and
ethanol before drying at 40 °C under vacuum. At this stage, the
carbonized complexes will be referred to as acid-washed MgL
(MgL-AW, including MgL1-AW, MgL2-AW, MgL3-AW, and MgL4-
AW). Finally, high temperature MgL carbons (MgL-HT, including
MgL1-HT, MgL2-HT, MgL3-HT, and MgL4-HT) were obtained by
subjecting the acid-washed MgL samples to a second carbon-
ization at 1400 °C for 1 h. This was done in a high-temperature
tube furnace (ETF 50/17, Entech, Sweden), under an argon gas
stream (350 mL min '), at a rate of 4 °C min~". The samples were
then cooled to room temperature.

2.4 Thermal analysis

Thermogravimetric analysis (TGA), differential thermogravim-
etry (DTG), and normalized heat flow (NHF) analysis of the MgL
complexes were carried out using a thermogravimetric analyzer
(SDT 650, TA Instruments, USA), with a heating rate of
10 °C min~" from 30 °C to 900 °C and nitrogen (100 mL min~ ")
as the purge gas. The samples were oven-dried at 105 °C over-
night prior to the analysis.

2.5 Fourier transform infrared spectroscopy

The infrared (IR) spectra of MgL complexes were obtained using
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy (Nicolet iS50, Thermo Fisher, USA) with
64 scans and covering the wavenumber range 4000-500 cm ™.
The samples were mounted directly atop the ATR unit and
measured with the pressure stamp.

2.6 Molecular weight distribution

The molecular weight distribution and polydispersity of the
MgL complexes were determined based on the protocol by
Zinovyev et al.*® using a high-performance size exclusion chro-
matograph (1100/1260 series, Agilent, USA) equipped with
a refractive index detector (Optilab™ Refractive Index Detector,
Wyatt Technology, USA) and a MALS detector (DAWN™ Multi-
angle Light Scattering, Wyatt Technology, USA). First, the
magnesium in the complexes was removed by washing with
dilute HCI until the pH of the washings reached around 2.5.
Subsequently, the magnesium-free lignin was freeze-dried and
dissolved in 0.05 M lithium bromide (LiBr) in dimethyl sulf-
oxide (DMSO) at a concentration of 5 mg mL ™. The mixtures
were stirred overnight and then filtered over a 0.44 pm nylon
syringe filter (Agilent, USA) before injection into the column (X-
stream H,O 103 A, Jordi Labs, USA). Based on the described
protocol, the absolute molecular weights (M) can be determined
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without relying on standard calibrations using the following
equation:

P a

Cc X %2
de

where M is the molecular weight, I is the light scattering
intensity, ¢ is the mass concentration, and dn/dc is the refractive
index increment, which is 1.5 mL g~ ' in this case.

2.7 CHN analysis

The C, H, and N elemental compositions of MgL complexes,
MgL-PW, MgL-AW, and MgL-HT, were analyzed using a CHN
analyzer (FLASH 2000, Thermo Scientific, USA).

2.8 Inductively coupled plasma-optical emission
spectrometry (ICP-OES)

The S, Mg, and Na elemental compositions of MgL complexes,
MgL-PW, MgL-AW, and MgL-HT, were analyzed using an ICP-
OES analyzer (Optical Emission Spectrometer Optima 5300
DV, PerkinElmer, USA). Approximately 0.1 g of each solid
sample was dissolved by adding 5 mL of concentrated HNO;
and 1 mL H,0,, followed by digestion in a microwave digester
(Multiwave 3000, Anton Paar, Austria) for 65 minutes. After
digestion, the solutions were diluted with 50 mL deionized
water. Calibrations of the ICP-OES instrument were then per-
formed with 1, 5, and 20 mg L™ in 1.5% HNO; of SpectraScan
standards (SS-1152 for S and SS-028226 for Mg and Na). When
the measured concentrations of the samples exceeded the
calibration range, the samples were further diluted. The
elemental content in each sample was then calculated based on
the initial sample weight and dilution factor.

2.9 X-ray diffraction (XRD)

The diffraction patterns of MgL-PW, MgL-AW, and MgL-HT
were acquired using an X-ray diffractometer (AXS D8 Discover,
Bruker, Germany) with CuKa. radiation (A = 1.5406 A) under
40 kV accelerating voltage and 40 mA emission current. The
diffraction angle (26) range was set from 10° to 80°, with an
increment of 0.04° and data collection of 10 s per step. The
interlayer spaces between graphene layers (dgy,) were then
calculated from the (002) plane values using the Bragg equation:

A
= 2
d 2 sin 0 )

where A is the wavelength of the X-rays and @ is the angle of the
peak (in degrees). The apparent crystallite thickness along the
c-axis (L) and the apparent crystallite width along the g-axis (L,)
can be obtained from the (002) and (100) planes, respectively,
using the Scherrer formula:

K2
L=
B cos 0

(3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.10 Scanning electron microscopy (SEM)

The surface morphology and topography as well as the
elemental components of the MgL complexes, MgL-PW, MgL-
AW, and MgL-HT were investigated using a scanning electron
microscope (LEO Gemini 1530, Zeiss/LEO, Germany), equipped
with an X-ray detector (UltraDry Silicon Drift, Thermo Scientific,
USA) operating at an accelerating voltage of 2.70 kV. The
samples were ground, and the powders were adhered to carbon
tapes and analyzed without further preparation.

2.11 Transmission electron microscopy (TEM)

The internal structures of MgL-HT were analyzed using
a transmission electron microscope (JEM-1400 PLUS, JEOL Ltd,
Japan) in bright-field mode with an accelerating voltage of 80
kv. The samples were diluted in ethanol to a 1.0% (w/v)
concentration before analysis.

2.12 Raman spectroscopy

The Raman spectra of MgL-HT carbon samples were acquired
using a Raman microscope (Renishaw Ramascope, UK). An Ar-
ion laser with an excitation wavelength of 514 nm and a laser
power of 25.0 mW, spanning the wavenumber region from 2000
to 800 cm ™', was used. The spectrometer was calibrated against
a Si standard (520 cm™"). For the measurements, less than 1 mg
of each sample was mounted on a standard microscopy glass
slide, and the spectra were collected directly without any pre-
treatment. The Raman spectra were deconvoluted into one
Gaussian-shaped band (D3, at about 1500 cm™') and four
Lorentzian-shaped bands (G, D1, D2 and D4 at about 1580,
1350, 1620, and 1200 cm™', respectively) according to the
methodology suggested by Sadezky et al.** and using a Raman
deconvolution software.*

2.13 Nitrogen physisorption

Nitrogen physisorption measurements were carried out using
a gas sorption analyzer (Autosorb-1, Quantachrome Instru-
ments, USA). Prior to analysis, the samples were degassed at
150 °C for 15 h to remove all physically adsorbed materials
trapped in the pores. The apparent surface area (SAggr) was
determined by the Brunauer-Emmett-Teller (BET) method*' in

the pressure range of 0.05-0.20P/P,. The pore size distribution

was assessed using the quenched solid density functional
theory (QSDFT) model** to account for the surface geometrical
inhomogeneity. The total volume of pores was calculated at
a relative pressure of P/P, = 0.99.

3 Results and discussion
3.1 MgL complex formation and fractionation

In general, lignin exhibits colloidal characteristics under alka-
line conditions. However, when the pH of the solution is low-
ered, the negatively charged groups in lignin undergo
protonation. This eliminates the electrostatic repulsive forces
responsible for stabilizing lignin as a dispersion, resulting in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

the precipitation or coagulation of lignin.** As shown in Fig. 1a-
d, this process was monitored by potentiometrically measuring
the pH while adding MgSO, and HCI to the SKL dissolved in
NaOH. Also, as depicted in Fig. 1e, there are three potential
mechanisms by which Mg®" can precipitate or coagulate lignin
out of the solution:

(A) Mg>" ions form solid Mg(OH), under alkaline conditions,
leading to the decrease in the pH of the solution, the
gradual resurgence of H-bonding in lignin, and subse-
quently to the indirect precipitation of lignin out of the
solution.

(B) Mg(OH), is slightly positively charged below its isoelec-
tric point, which is at pH 12. This allows it to interact
with the negatively charged groups of lignin (pK, > pH),*
serving as the nuclei to which lignin can coagulate
around. Ragnar et al.** determined and summarized the
pKa values of lignin groups.

(C) As the pH is further reduced, either through the forma-
tion of Mg(OH), or by the addition of H', the system will
attempt to equilibrate the solution by dissolving the
previously formed Mg(OH),. This process liberates the
Mg*" ions, which can then interact with the negatively
charged groups of lignin, facilitating their coagulation.*

In MgL1 and MgL2, where less quantity of NaOH was used to
dissolve the lignin, the majority of the initially added OH™ ions
were used to deprotonate the lignin. Consequently, only
a limited amount of OH™ ions remained accessible for the
precipitation of Mg(OH),. Calculations presented in the ESIT
also reveal that the precipitation of Mg(OH), is not favorable at
approximate pH levels below 10.35, a range prevalent in most of
the events in MgL1 and MgL2 systems. The main mechanism in
these two systems under alkaline conditions is therefore lignin
coagulation due to free Mg*" ions (Fig. 1e(C)). In the case of
MgL2, wherein an excess of H' ions was introduced, an intricate
interplay of reactions arose. This may have involved both the
coagulation of free Mg** ions with lignin as well as the stabili-
zation of free Mg>" ions under acidic solutions. During this
process, Mg>" ions may have become trapped inside the
evolving lignin matrix as the pH is continuously decreased. For
MgL3 and MgL4 solutions, initially having pH levels around
12.5, precipitation took place as soon as Mg>" was added
(Fig. 1e(A)). As the pH of the solution gradually lowered, the
formed Mg(OH),, which became slightly positively charged,
coagulated lignin (Fig. 1e(B)) until the hydroxide parts dissoci-
ated and only the Mg®" remained interacting with lignin
(Fig. 1e(C)). Such is the case observed in MgL4. Conversely, in
the MgL3 solution, where no excess H' ions were added, the pH
did not drop below 10.35. Thus, more of the Mg(OH), precipi-
tate remained in it compared to the other systems. Notably, the
results obtained here aligns well with the remarks outlined in
Table 1.

FTIR spectra (Fig. 2a) were obtained to study the dried MgL
complexes. Most of the differences were found in the peak
intensities, which decreased after lignin dissolution. This trend
was notable across several peaks that are assigned as
follows:***” (1) the peaks at 1594, 1510, and 1425 cm™ ' corre-
spond to ring stretching and the peaks at 1265 and 1211 cm ™"

RSC Sustainability, 2025, 3, 2883-2898 | 2887
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Fig. 1 Potentiometric (pH) curves illustrating the formation of magnesium-lignin (MgL) complexes through lignin precipitation: (a) MgL1; (b)
MgL2; (c) MgL3; (d) MgL4. (e) Proposed mechanism of lignin precipitation or coagulation by magnesium set at a final pH of 9.5.

are attributed to ring bending. These peaks arose from aromatic
groups that are commonly found in lignin. (2) The peak at
2935 cm ™' indicates C-H stretching of the OCH; group and
CH,OH group and those at 1452 and 1462 cm ™" are due to C-H
bending of OCH; and CH,OH groups. (3) The peak at 1078 cm™*
represents the C-O deformation in secondary alcohols and
aliphatic ethers, and the peak at 1030 cm ™' signifies C-O
deformation of methoxy groups. (4) The peak at 1145 cm ™'
corresponds to C-H in-plane deformation, and the peak at
850 cm ™' indicates C-H out-of-plane deformation, both for
lignin G-units. In addition, the wide peak at 3330 cm ™' is
attributed to the aromatic and aliphatic hydroxyl groups in the
material and is typically broad if H-bonding is present.*” Out of
the complexes, MgL2 had the broadest peak at 3330 cm™ ',
comparable to that of SKL. In contrast, MgL1, MgL3, and MgL4
did not have very apparent peaks at 3330 cm ' due to the
absence of H-bonding when they were dissolved,** precipitated,
and coagulated. The minute peak in 3700 cm ™", observed solely
in MgL3, is recognized as a brucite lattice vibration,**** which
signifies the presence of remaining Mg(OH), in a crystalline
form. The peak observed at 1709 cm ™' corresponds to the C=0
stretching of unconjugated carbonyls. Upon the dissolution of
lignin with NaOH, this peak disappeared, possibly due to eno-
late formation resulting from nucleophilic attacks from the
abundant OH . In addition, the absence of the peak at
1365 cm ™, which is due to the ring stretching of lignin units
with a hydroxyl group at the 4-position (phenyl-OH), also
suggests deprotonation by OH™ ions.*” In both cases, the peaks
reoccurred only in MgL2 after protonation with excess acid.
The absolute molecular weights of magnesium-liberated
lignin  fractions determined by

were size-exclusion
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chromatography. Fig. 2b shows the comparison among the four
MgL complexes and the original SKL, normalized by the peak
height on the differential refractive index (RI) response. Table 2
presents various molecular weight parameters. Generally,
higher molecular weights (HMWs) were obtained for MgL
complexes compared to SKL. Specifically, the MgL1, MgL3, and
MgL4 lignin fractions show peak molecular weights being
shifted to the left, corresponding to earlier elution times, with
differences among them attributed to the fractionation pH. This
suggests that the magnesium and acid were unable to precipi-
tate the lower molecular weight (LMW) fractions, either due to
their higher solubility because of their smaller sizes or the
propensity of HMW lignin to precipitate Mg>* and H" first, at
the operating pH values. This behaviour aligns with the findings
of Sundin and Hartler,* who reported that the precipitation of
kraft lignin by metal cations could only partially precipitate
lignin with molecular weights between 1 and 5 kDa, while LMW
lignin at <1 kDa does not precipitate at all. Consequently, HMW
lignin molecules became the most abundant after fractionation.
This behavior also corresponds to the acid precipitation
method, where HMW lignin tends to precipitate first when the
acid is added at higher pH values, around 10 to 11. This occurs
due to the reduced solubility of the HMW lignin after their
weaker acidic groups (which have a higher pK,) become
protonated.*® Meanwhile, some portion of the HMW lignin,
eluting around 20 min, are also missing in the MgL1, MgL3, and
MglL4 lignin fractions. This is most likely not due to fraction-
ation but rather to the insufficient dissolution of lignin at the
utilized NaOH concentration, as displayed in Fig. S2.t More-
over, the highly alkaline environment is very conducive to the
breakdown of lignin to LMW compounds.*"**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fractionation.

On the other hand, MgL2 exhibited a different behavior
compared to the three fractions discussed earlier. This is
primarily due to the formation of aggregates, clusters of lignin
molecules that appear as a single particle during light scat-
tering, thereby resulting in earlier elution of peaks (as shown in
Fig. S31) and subsequently to HMW values. Lignin aggregation
is mainly driven by hydrogen bonding, resulting from acid
precipitation of lignin, as well as -7 stacking due to HOMO-
LUMO interactions between aromatic groups in the lignin.**>*
As elaborated in Table 1, a certain amount of acid that resulted
in an excess was added to MgL2, rendering it highly susceptible
to aggregation. Meanwhile, the results presented in Table 2 for
MgL2 served as definitive confirmation of the presence of
aggregates in this sample, as unreasonably HMW values were
obtained.

In terms of the resulting heterogeneity, the polydispersity
indices of MgL lignin fractions decreased, with the exemption
of MgL2, in comparison to SKL (Table 2). Previous studies have
found that the molecular weight and polydispersity of lignin
affected the resulting yield and structures of pyrolysis products.
The study by Guo et al.*® on alkali lignin pyrolysis revealed that
while evolution temperature ranges and the volatile product
species were not significantly affected, the final residual weight
appeared to be impacted to a certain extent by the molecular
weight and polydispersity of the fractions. Higher residual
weights were then observed when fractions were more poly-
disperse, and this has also been reported by other studies.***”
Furthermore, it was found that the ratio of evolved gases and

Table 2 Number-average molecular weight (M), peak molecular
weight (M), weight-average molecular weight (M,,), and polydispersity
(M\,/M,,) of lignin fractions obtained from magnesium fractionation

Sample M, (kDa) M, (kDa) M,, (kDa) M,/M,, (kDa)
MgL1 8.8+ 1.1 11.6 £ 5.3 46 £+ 22 51+1.9
MgL2 11.8 £ 0.9 7.3 £2.6 648 + 194 55.6 + 20.6
MgL3 13.4 £ 5.5 13.0 £ 4.5 51£5 4.2 +£2.1
MgL4 74 +1.1 7.8 £2.0 30+4 4.0 £ 0.1
SKL 6.7 £ 0.8 5.6 £ 0.2 36 £2 5.4 +£04

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) FTIR spectra of MgL complexes. (b) Refractive index molecular weight distributions of lignin fractions obtained from magnesium

functional groups obtained from the fractions after pyrolysis
can vary depending on the molecular weight of the precursor
lignin. Lignin which have LMW distributions had also been
found to be graphitized earlier than HMW lignin, as the
temperature was increased.’® The removal of the LMW fraction
after fractionation with magnesium can be advantageous for
energy and environmental applications as it prevented the
growth of graphitized carbons with morphologies that featured
mirror-like surfaces with higher densities and low porosities. In
fact, when synthesizing carbon nanofibers, it was found that
HMW and lower polydispersity enhanced the overall mechan-
ical performance.*

3.2 High temperature treatment of MgL complexes

The thermal stabilities of MgL complexes along with SKL and
Mg(OH), were analyzed, and the results are presented in
Fig. 3a-c as TGA, DTG, and NHF curves. All the precipitated
MgL complexes have much higher percentage of residual weight
than SKL, with MgL3 retaining the most material, followed by
MgL4, MgL1, and MgL2. Contrary to what was mentioned in the
earlier section, the results of TGA show no clear relationship
between the residual weights and molecular weights, nor poly-
dispersities. This discrepancy is mainly attributed to the pres-
ence of magnesium in different forms, influenced by the
fractionation pH. Data from prior studies also suggest that
carbon precursors impregnated with magnesium demonstrated
better resistance to mass loss at higher temperatures.****% This
can be understood better by examining Mg(OH), and lignin
pyrolysis reactions, as the magnesium in the complexes closely
resembles the Mg(OH), structure, either after precipitating with
hydroxide or after interacting with charged oxygen groups in
lignin. Mg(OH), dehydrates to form MgO around 327 °C,* in
accordance with the following equation:

Mg(OH), 2 MgO + H,0 (4)

Pyrolysis and gasification reactions in lignin, on the other
hand, occur over a large temperature range, with the highest

RSC Sustainability, 2025, 3, 2883-2898 | 2889
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Fig. 3 (a) Thermogravimetric analysis (TGA), (b) differential thermog-
ravimetry (DTG), and (c) normalized heat flow (NHF) curves of MglL
complexes, SKL, and Mg(OH),.

rate of decomposition around 360-400 °C. The reactions can be
divided into two stages: alkyl chain conversion and breaking of
some unit linkages (150-420 °C) and aromatic substituent
conversion and charring (380-800 °C).** Throughout this
process, magnesium and its forms affect how lignin is thermally
decomposed. In the TGA and DTG results, the first major
deviation from the source SKL can be observed in the first stage
of pyrolysis around 200-400 °C, where the percentage weight
losses significantly decreased for all MgL complexes, culmi-
nating in the DTG peaks around 360-390 °C. Previously re-
ported analyses®™® of the pyrolysis of model lignin dimers
revealed that a- and B-ether bonds, which are the most common
linkages in lignin, representing more than 56%,° are readily
cleaved at these temperature ranges. Specifically, the cleaving of
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a-ether (Ph), B-ether (Ph, Cy-OH), and a, B-ether (Ph) have onset
temperatures of 200 °C, 250 °C, and 250 °C, respectively,
generating quinone methide intermediates and radical species.
The suggested cleaving mechanism involves the heterolytic C-O
separation initiated by the donation of an electron pair from the
O-H in the phenolic structure.®**”*® However, this mechanism
is less feasible in the presence of magnesium, which localizes
the negative charge of the phenolate anion, as depicted for a-
ether (Ph) in Fig. 4. Such is the case for MgL1, MgL3, and MgL4,
where their phenyl-H have been dissociated, as previously dis-
cussed in their FTIR spectra. In MgL2, magnesium was not so
successful in inhibiting the cleaving mechanism because the
phenyl-H was protonated following the addition of excess acid.

Starting at 300 °C, C-C bonds between alkyl chains become
unstable and react, and compounds with one to three carbon
atoms such as methane, acetaldehyde, and carboxylic acids
form. These reactions provoke the rupture of the branches
between aromatic rings and are responsible for the highest
decomposition rate around 360-390 °C, and the consequent
release of phenolic compounds such as p-cresol, guaiacol, and
syringol.®* Coinciding with this is the endothermic dehydration
of Mg(OH),, as shown in the NHF curve in Fig. 3c. This process
seems to inhibit the exothermic lignin pyrolysis reactions at this
point, but specific mechanisms require further investigation. In
line with this, the complexes fractionated at higher pHs and
containing a higher magnesium content (details in Table 3)
experienced greater inhibition or lower percentage weight loss.
Meanwhile, the counterpart homolytic cleavage of o- and B-
ether bonds of non-Ph dimer groups took place at their onset
temperature in the range of 350-400 °C % and were not that
affected by the presence of magnesium because their phenyl-O
were methylated.

The second stage of lignin pyrolysis began when the ortho-
methoxy groups became reactive around 380 °C and were
substituted by -OH, -CH3;, or —-H groups, leading to the evolu-
tion of methanol and methane at around 400-430 °C. Between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Flow chart of carbon synthesis from SKL.
Table 3 Elemental analysis of lignin and carbon materials
From CHN From ICP-OES From difference
Sample C (% wiw) H (% wiw) N (% w/w) S (% wiw) Mg (% wiw) Na (% w/w) 0 (% w/w)
SKL 62.7 + 3.1 5.04 £ 0.52 0.90 + 0.01 1.81 £ 0.05 0.01 £+ 0.001 0.19 £+ 0.02 29.3 £ 3.2
MgL1 54.5 + 0.5 4.94 + 0.03 1.79 £ 0.15 4.29 +0.14 3.38 £ 0.13 1.03 £+ 0.04 30.1 + 0.6
MgL2 55.5 + 0.4 4.98 + 0.02 1.34 £ 0.06 3.95 + 0.21 1.84 £ 0.11 0.88 £+ 0.06 31.5 £ 0.5
MgL3 48.5 + 1.3 4.61 + 0.11 1.15 £+ 0.04 4.03 + 0.13 5.00 + 0.18 2.39 + 0.29 343+ 14
MgL4 52.6 = 0.3 4.84 + 0.03 1.04 £ 0.03 3.80 + 0.16 3.40 £+ 0.22 2.24 + 0.19 32.1+0.4
MgL1-PW 68.1 + 3.5 1.16 £+ 0.07 1.02 £+ 0.02 4.23 +0.34 5.22 + 0.30 1.71 £ 0.21 18.5 + 3.5
MgL2-PW 73.8+ 24 1.14 £ 0.07 0.98 + 0.01 5.03 £ 0.11 4.03 = 0.37 2.03 £ 0.22 13.0 £ 2.4
MgL3-PW 63.9 + 5.2 1.11 £+ 0.06 1.01 £+ 0.05 4.02 + 0.15 6.76 = 0.34 3.39 + 0.29 19.8 + 5.2
MgL4-PW 67.7 £ 1.4 1.12 £ 0.06 1.04 £ 0.01 3.88 + 0.08 5.08 = 0.28 3.49 £+ 0.48 17.6 £ 1.5
MgL1-AW 75.4 + 1.3 1.40 £+ 0.06 1.11 £+ 0.03 4.33 +0.20 3.59 + 0.32 0.80 + 0.11 13.4+14
MgL2-AW 81.5 £ 1.0 1.29 £+ 0.01 1.00 £ 0.01 5.35 £ 0.14 1.23 £ 0.08 0.42 £+ 0.02 9.2 + 1.0
MgL3-AW 78.5 £ 2.7 1.51 £+ 0.02 0.99 + 0.01 4.13 + 0.22 3.66 = 0.28 0.13 + 0.01 11.1 £ 2.8
MgL4-AW 73.8 £ 0.7 1.42 £+ 0.01 1.14 £ 0.01 3.93 £ 0.11 4.30 £+ 0.45 1.35 £ 0.12 14.1 £ 0.8
MgL1-HT 85.6 £ 1.3 0.38 + 0.01 1.09 £+ 0.02 4.06 + 0.17 2.57 £ 0.08 0.04 £+ 0.01 6.3 £ 1.3
MgL2-HT 86.3 £ 2.1 0.30 £ 0.01 1.00 £ 0.01 2.42 4+ 0.10 1.24 £+ 0.12 0.02 £+ 0.02 8.7 +£21
MgL3-HT 88.0 £+ 3.0 0.38 &+ 0.02 0.98 + 0.03 3.16 £ 0.10 1.78 £ 0.19 0.01 £+ 0.01 5.8 £3.1
MgL4-HT 84.4 £ 5.7 0.39 £+ 0.06 1.04 £ 0.01 3.50 + 0.12 2.98 + 0.46 0.03 £+ 0.01 7.6 £ 5.7
SKL-HT 71.1 £ 16.7 0.14 £+ 0.02 0.66 + 0.08 0.61 + 0.01 0.06 £+ 0.001 0.01 &+ 0.001 27.4 +16.7

4 Calculation of uncertainty was performed using uncertainty propagation as described by Skoog et al. (2007).

500 and 800 °C, deviations from SKL are again observed in the
DTG curves of the complexes in the form of several local
maxima. These peaks can be attributed to the production of CO
from the remaining oxygenated groups in the residue, such as
the robust 4-O-5 ether linkage or hydroxyl substituents.®>”®
During this phase, magnesium primarily exists as MgO, an
oxide known to catalyze carbon coupling reactions, including
ketonization and aldol condensations while also enhancing the
removal of CO, and oxygenates in the volatiles.” The
pronounced local maxima of the complexes could have resulted
from competing CO and CO, evolution and catalyzed conden-
sation in the volatiles, along with ongoing aromatization and
polymerization of the char.

The preparation of the MgL complexes and their derived
carbon is illustrated as a mass flow chart in Fig. 5, while the
percentage yields are detailed in Table S1.f Carbon synthesized
at around 600-800 °C usually display abundant defects and
porosity with a large surface area that is suitable for adsorption,
catalysis, and supercapacitor applications. Meanwhile, hard
carbon for batteries requires higher temperatures (around 1000-

© 2025 The Author(s). Published by the Royal Society of Chemistry

1600 °C) to alleviate the decrease in the initial coulombic effi-
ciency (ICE) caused by solid electrolyte interface (SEI) film
formation.” Carbonizing in two stages presents the possibility of
utilizing both types of carbon for the aforementioned purposes.
Furthermore, two-stage carbonization was found to provide the
best ICEs, reversible capacities, and high-rate performances in
sodium batteries, as one-stage carbonization does not allow
enough time for carbon atoms to reorganize into a more optimal
structure.” Thus, the first stage carbonization was done at 700 °©
C. At this temperature, the magnesium in the carbon is in its
oxide form and can be removed using acid to form pores in the
material. Additionally, at this point, the NHF curves of the
complexes (Fig. 3c) are close to their minima. This can be related
to the end of the endothermic processes, such as Mg(OH),
dehydration, which contributes to higher mass retention in the
material. In the second stage carbonization, 1400 °C was chosen
for the reasons mentioned above. Temperatures higher than this
risk cause the pores to collapse as graphitization progresses.”
Among the MgL complexes, MgL3 and MglL4, where Mg”* and
OH™ were stoichiometrically balanced for Mg(OH), formation,
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gave the highest yields, retaining 49% and 44% from the lignin
after carbonization at 1400 °C, followed by MgL1 and MgL2 with
41% and 37% yields. Notably, MgL.3 had the highest magnesium
content and alkalinity, while MgL2 showed the opposite. SKL
yielded the lowest at 35%.

3.3 Characterization of MgL-derived carbons

The SEM images of carbons derived from MgL complexes are
presented in Fig. 6. After the first stage of carbonization, the
MgL-PW carbons were extensively coated with MgO, which is
evident from the charging effect observed on their surfaces. The
MgO was then significantly removed from the surfaces after
washing with acid, as can be seen in all MgL-AW samples.
Concurrently, pores were formed in the carbon structure in
places where the MgO previously occupied. The second stage of
carbonization resulted in higher degree of graphitization, as
indicated by the more organized structure of the carbons in
MgL-HT samples. Furthermore, the SEM images also confirmed
that MgL2 shows the highest degree of aggregation among the
studied complexes, which remained apparent even after the
acid washing step.

Table 3 presents the progression of the elemental composi-
tion of the materials throughout the process, as determined by
CHN and ICP-OES analyses. The carbon content decreased
following fractionation but steadily increased after carboniza-
tion. High uncertainty in the carbon measurement can also
indicate heterogeneity in the carbon. SKL-HT, which was ther-
mally treated and acid-washed without fractionation, exhibited
particularly high values. Initially, only a trace amount of
magnesium was detected in SKL, indicating that it was mostly
introduced through the addition of MgSO,. Consequently, the
sulfur content increased because of this. The addition of NaOH,
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on the other hand, increased the sodium content. Meanwhile,
the oxygen content, determined by difference, increased after
fractionation and the addition of the aforementioned chem-
icals. However, this oxygen content gradually decreased due to
carbonization, acid washing, and the subsequent trans-
formation of MgO to MgS, as will be discussed later.

XRD results at various stages of carbon synthesis are shown
in Fig. 7a-c. After the initial carbonization at 700 °C (Fig. 7a),
peaks corresponding to MgO (200) and (220) were observed at
42.9° and 62.2°, respectively.” The bases of these peaks were
broader for MgL1-PW, MgL3-PW, and MgL4-PW, suggesting
smaller crystallite sizes or the presence of microstrains
(distortions or dislocations) within the crystals. This also indi-
cates that MgO is more evenly distributed within the carbon
matrices of these three complexes, likely due to stronger inter-
action of magnesium with lignin before carbonization. In
contrast, MgL2-PW exhibited larger MgO crystallite sizes, as the
lignin and magnesium interaction weakened at lower pHs,
leading to phase separations between the neutral lignin and
charged magnesium, prior to carbonization. After washing with
acid (Fig. 7b), the MgO peaks diminished, while two broad
peaks with centers around 23° and 44° emerged. Removing
inorganics such as MgO in the carbon through HCI treatment
has been found to free up occupied active sites and improve the
capacity of carbon-based anodes in batteries.” This freeing-up
process could have been what amplified the graphitic regions
in the washed samples. The first observed peak (002) is related
to the spacing between graphene layers, while the second one,
overlapping with the MgO (200) peak, is due to contributions of
the (100) and (101) reflections.” These two peaks became more
defined after the second carbonization stage (Fig. 7c), where
more graphitization is expected.

Fig. 6 SEM images of MglL-derived carbons. Magnification: 50kx. Signal: InLens. The displayed 500 nm scale is applicable to all images.
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MgS is a major by-product obtained from the MgL-HT
carbons, with peaks observed at 29.8°, 34.5°, 49.6°, 61.9°, and
72.9°, corresponding to the (111), (200), (220), (222), and (400)
planes, respectively. A significant amount of sulfur came from
MgSO, during precipitation, as inferred from the sulfur content
progression in Table 3. Starting at 350 °C, the transformation of
sulfur was driven by thermochemical reduction of MgSO, and
aromatization. The thermochemical reduction of MgSO, by
organic compounds generates MgO, H,S, and CO,, during
which thiophenes are also increasingly produced both in the
solid and tar phases.”””® At temperatures above 700 °C (during
the MgL-HT carbonization process), a sharp degradation of
these thiophene compounds occurs, leading to significant H,S
formation. As pyrolysis progressed, these H,S chemisorbs on
the MgO surface, which has a high affinity for H,S.”>* Since
MgO is a basic oxide and H,S is a weak acid, they would undergo
an acid-base neutralization reaction following the mechanism
given below.

MgO + H,S — MgS + H,0 (5)

This explanation could perhaps clarify why MgS did not mani-
fest in MgL-PW and MgL-AW carbons but appeared in the MgL-
HT carbons. Some MgO persisted in the MgL-HT carbon due to
its inability to react, likely caused by its inaccessibility within
the carbon matrix.

The interlayer spaces between graphene layers (doo,), the
apparent crystallite thickness along the c-axis (L.), and the
apparent crystallite width along the a-axis (L,) were calculated
for MgL-HT carbons, and the results are presented in Table 4.
The dy, values ranged from 3.82 to 3.86 A, which is greater than
3.70 A, proposed by Cao et al®' as the distance needed for
sodium ions to overcome the energy barrier and intercalate
between the graphene layers when the carbon is used as the
anode material for sodium-ion batteries. Meanwhile, the L. and
L, of the MgL-HT carbons did not differ from each other
considerably, indicating consistent crystallite sizes of the
graphitic domains across all synthesis methods.

Nanoscale structures and the degree of disorder in MgL-HT
carbons were further investigated using Raman spectroscopy.
The obtained Raman spectra, shown in Fig. 8, exhibited char-
acteristic peaks typical for carbonaceous materials at around
1350 cm™ ' (D band) and 1600 cm ™" (G band). The G band
signifies the ideal graphitic lattice, whereas the D band indi-
cates defects within the lattice structure, or the presence of
amorphous characteristics in the carbon. From the acquired

Table 4 Structural parameters of MgL-HT carbons

From XRD From Raman
Ap,/ FWHM of D1
Sample  dos (A) L. (A) Ly (A) Api/Ag (Ag + Api + Ap,) peak (cm ™)
MgL1-HT 3.84 10.8 48.2 3.11 0.740 117
MgL2-HT 3.84 10.5 46.3 3.58 0.758 117
MgL3-HT 3.86 10.4 46.6 3.13 0.741 108
MgL4-HT 3.82 10.7 49.2 2.98 0.731 118

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 XRD patterns of MglL-derived carbons: (a) pre-washed, (b) acid-
washed, and (c) HT-carbon. The black, blue, and yellow annotations
indicate the presence of graphitic carbon, MgO, and MgS crystalline
structures, respectively.

spectra, the D band is slightly higher than the G band. The ratio
of intensities (Ip/lg) between these bands could serve as
a quantitative measure of structural disorder in the carbon. To
quantify this ratio, a preliminary procedure was performed,
wherein the G and D bands in the Raman spectra were decon-
voluted into four Lorentzian-shaped bands (G, D1, D2, and D4)
and one Gaussian-shaped band (D3). A peak area ratio such as
Ap1/Ag can then be calculated as I;y/I5.**®> Other indicators, such
as the Apy/(Ag + Ap;y + Apy) ratio and the full width at half-
maximum (FWHM) of the D1 peak, were also suggested to
lessen the variability induced by analytical and fitting
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Fig. 8 Raman spectra of MgL-HT carbons.

procedures and to serve as a robust indicator of structural
ordering of the carbonaceous material, respectively.*>*

The deconvolution of the obtained Raman peaks is shown in
Fig. S4,1 while the calculated structural disorder indicators are
presented in Table 4. Higher Ap,/Ag and Ap1/(Ag + Ap1 + Apy)
ratios and higher FWHMs of the D1 peak suggest a larger
structural disorder. As can be seen from Table 4, these values for
MgL2-HT are the highest. This disorder could have stemmed
from the higher heterogeneity (polydispersity) of its initial
lignin fraction, likely leading to a more disordered structure
upon carbonization. The other three samples which underwent
magnesium fractionation had lower values, indicating relatively
more ordered structures.

The textural features of the materials after carbonization and
template removal were determined through N, adsorption, as
summarized in Fig. 9 and Table 5. All the carbons exhibited type
I isotherms, distinguished by their steep uptake at low relative
pressure (P/P,) values due to enhanced adsorbent-adsorptive
interactions in narrow micropores (Fig. 9a). Specifically, type I
(a) isotherms are observed for MgL1, MgL2, and MgL4, mainly

MgL1-AW —o— MgL2-AW —o— MgL3-AW —o— MgL4-AW
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Fig. 9
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Table 5 Textural features deduced from the N, adsorption isotherms
given in Fig. 9

Sample SAger (m® g~')  Avg. pore size (nm) Pore vol. (cm® g )
MgL1-AW 94 3.4 0.080
MgL2-AW 183 4.4 0.203
MgL3-AW 310 4.9 0.377
MgL4-AW 53 2.2 0.058
MgL1-HT 103 3.6 0.094
MgL2-HT 105 4.8 0.128
MgL3-HT 278 3.6 0.249
MgL4-HT 50 5.0 0.062

having pores with widths narrower than approximately 1 nm.
MgL3, on the other hand, showed characteristics of type I (b)
isotherm, with pore size distributions that include wider
micropores to narrow mesopores.* These findings are corrob-
orated by the pore size distribution graph obtained using the
QSDFT model.

As shown in Fig. 9b, the pore distribution of all carbon was
found to be more concentrated at widths below 1 nm. The
dropwise addition of Mg>* likely allowed relatively isolated
interaction with oxygen groups at various sites, resulting in
MgO crystal domains that yielded smaller than 1 nm pores after
removal. Meanwhile, MgL3 exhibited a higher presence of
mesopores, whose formation strongly depends on the type of
MgO precursor used.* This may again be attributed to the high
pH during fractionation and complex formation, which made
Mg(OH), common in the matrix, leading to the formation of
larger MgO crystal domains, as compared to Mg>". This conve-
nient tunability of pore sizes through changes in fractionation
pH enables the creation of carbons with diverse porosity.
Additionally, MgL-AW carbons seemed to exhibit more pores as
the widths become lower below 0.5 nm, with their distribution
curves trending upward beyond the measurement limits. The
possible abundance of pores smaller than 0.5 nm in MgL-AW
carbons and their absence in MgL-HT carbons aligned with
the expected outcome of applying higher carbonization
temperatures. Higher temperatures lead to enhanced degree of

MgL1-AW —6— MgL2-AW —e— MgL3-AW —e— MgL4-AW

& |5 MgLI-HT —=—MgL2-HT —=—MgL3-HT MgL4-HT
£ — ;
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™ 030 ¢ q
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Pore Width (nm)

(a) Adsorption isotherms of N, at —196 °C obtained for MgL-AW and MgL-HT carbons. (b) Pore size distributions from N, adsorption

isotherms, assessed using the QSDFT model, for MgL-AW and MgL-HT carbons.
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Fig. 10 TEM images of MgL-HT carbons. Magnification: 120kx. The
displayed 50 nm scale is applicable to allimages. Some pore diameters
are specified in MgL1-HT.

graphitization and the gradual collapse and closure of existing
pores, starting with the smallest ones.*®

TEM images of MgL-HT carbons, which provide valuable
information on the final pore structures, are shown in Fig. 10. A
bimodal hierarchical porosity, which features interconnection
of the pores at micro-/meso-length scales, can be observed in all
MgL-HT carbons. This is likely due to the formation of inter-
connected MgO crystals of varying sizes, resulting from the
presence of different magnesium precursors in the MgL
complex, driven by pH-influenced magnesium-lignin interac-
tions. This is favorable as it can facilitate ion transfers at the
electrode/electrolyte interface for energy storage applications,
enhance reagent diffusion during catalytic reactions, and its
increased permeability also makes it a potential adsorbent for
gas and liquid separation.®

3.4 Prospects of MgL-derived carbons

The integrated, stoichiometrically driven fractionation and
templating method, using magnesium to produce high-value
carbon from lignin, aligns with UN SDG 12 by promoting
sustainable consumption and production. This approach also
offers a safer and more environmentally friendly alternative to
traditional acid- and organic-based fractionation techniques,
which pose significant environmental and safety risks. In
addition, the lignin fractions utilized in this study are the ones
bound to magnesium, as they produce higher yields. However,
the discarded supernatant after fractionation, although smaller
in amount, could also find use in producing other higher value-
added lignin-based materials, such as lignin nanoparticles,
with its expected lower molecular weight and polydispersity.*”**
During pore formation, Mg>* ions can also be recovered from
the acid washing process and reused, enhancing the sustain-
ability of the technique.

MgL-AW and MgL-HT carbons, with their porous and
graphitic structure, have shown potential for use in super-
capacitors and alkali-ion batteries, similar to previously studied
MgO-templated carbons.**** Moreover, MgL-HT carbons are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MgS/C composites, the same material that Helen and Fichtner®®
utilized as an anode material for a lithium-ion battery,
achieving a stable capacity of 530 mA h g~ " after 100 cycles. This
composite leveraged the MgS theoretical capacity of
951 mA h g~ ' with lithium, and an analogous system is theo-
retically possible with sodium. MgL-PW, with its MgO/C struc-
ture, can be used as a catalyst in the production of aromatic
hydrocarbon from lignin. In fact, among the catalysts tested by
Ryu et al.,”* the MgO/C structured one was the most efficient in
removing oxygenated compounds, thereby enhancing the
production of aromatic hydrocarbons. The MgO in MgL-PW can
likewise be utilized for hydrogen sulfide removal,*® while MgL-
HT, again with its MgS/C structure, is effective for the removal
of heavy metals from industrial effluents.®

When synthesizing carbon for various applications, infor-
mation about yields is often scarce, with studies featuring
complicated and multi-step processes without fully considering
the practicality or quantities of chemicals involved.*** So, even
though the resulting material is the most novel material and
has the best performance among the state-of-the-art ones,
upscaling the process becomes a huge challenge. The yields of
the carbon produced with the simple technique presented in
this work are high enough and well accounted for in Table S1.}
Sharma et al.** pyrolyzed lignin up to 750 °C, and the yield was
around 40% solid char. The same amount can also be estimated
from TGA curves of SKL in Fig. 3. Meanwhile, the MgL-HT
carbons achieved yields of around 37% to 49%, based on the
initial lignin weight (Table S17), even after subjecting them to
temperatures as high as 1400 °C. Additionally, the used MgO
porogen is much more environment-friendly than the usually
employed KOH, which has a detrimental impact on the envi-
ronment and, incidentally, results in a low carbon yield.”
Upscaling the process developed in this work is therefore
economical, as well as ecological due to the absence of envi-
ronmentally adverse chemicals, as earlier mentioned.

Two downsides of the technique, however, are that high
temperatures are still required to produce the carbon materials,
and additional acid washing steps are necessary to remove the
template or to isolate the lignin after fractionation. While the
use of higher temperatures is harder to circumvent at this stage,
sustainability can be improved by potentially eliminating or
reducing the acid washing step. This can be the case if higher
ratios of MgO or MgS are desired in the final product.

4 Conclusions

This study evaluated a lignin fractionation method that uses
magnesium ions (Mg>") to precipitate with lignin and form MgL
complexes. This process was combined with a MgO templating
technique to produce porous carbon. Potential mechanisms
involving magnesium-lignin interactions at distinct pH ranges
were presented to elucidate how the resulting lignin fractions in
MgL complexes varied in chemical structure, molecular weight
distribution and polydispersity. MgL complexes fractionated at
a high pH generally showed HMW fractions, with lower
heterogeneity and polydispersity compared to their lignin
precursor. The same interactions were also linked to the
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optimized yield of MgL complex-derived carbon, as they
inhibited certain pyrolysis reactions, such as the cleavage of
ether linkages. Insight into the sudden formation of magne-
sium sulfide (MgS) after the second stage carbonization was
also provided, wherein the thermochemical reduction of sulfate
and the degradation of thiophene compounds were identified
as the main drivers. Additionally, pore formation facilitated by
MgO templating was found to be tunable by adjusting the MgO
crystal formation through the fractionation pH. Hierarchical
bimodal micro-/mesopore size distributions, resulting from the
pH-influenced magnesium-lignin interactions, were also ach-
ieved in the MgL-HT carbons. Altogether, these findings lay
a strong foundation for future research, including the explora-
tion of alternative anions and precipitating agents to MgSO,,
a deeper investigation of the roles of Mg and S in specific
applications such as energy storage, catalysis, adsorption, and
filtration, and the advancement of these materials for use as
hard carbon. Finally, this work highlights the potential for
generating various functionalities in the synthesized materials
through each step of the process, from the initial fractionation
and precipitation to the formation of the complex and its
subsequent transformations into MgL-PW, MgL-AW, and MgL-
HT.
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