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ARTICLE INFO ABSTRACT

Editor: Chao He The presence of alkalis in lignosulfonate allows an easy preparation of sustainable MgO-containing carbon
catalysts with surface basicity by carbonization of magnesium lignosulfonate and/or further partial gasification
of the produced char with CO,. Carbon spheres with different chemical and physical properties were obtained
Lig‘?i“ from lignosulfonate treated at temperatures ranging from 500 to 900 °C. Carbonization at 900 °C generates
szzact:af?tbon hollow porous carbon spheres (pore volume of 0.20 cm®/g and apparent surface area of 465 m2/g) with mag-
Dehy dmgeﬁaﬁon nesium content of 12%. A kinetic study of CO; gasification of the carbon spheres obtained at 900 °C at tem-
CO2 gasification peratures in the range of 700 — 800 °C revealed that the gasification rate can be accurately described by the
Magnesium nanoparticles random pore model up to conversion values of 0.5. Based on this study, in order to develop additional porosity on
the carbon spheres obtained at 900 °C, a partial gasification with CO2 at 750 °C for 30 min was carried out,
reaching surface areas higher than 700 m?/g and 15.3% of Mg loading, with an overall preparation yield of 30%.
All the obtained carbon materials were tested as catalyst for 2-propanol decomposition, showing a high selec-
tivity to acetone, evidencing the basic character of these carbon catalysts. The highest activity and selectivity
were shown by the COq-activated carbon spheres (conversion and acetone selectivity higher than 90% at 420 °C),
indicating that magnesium lignosulfonate is an attractive raw material for the preparation of sustainable carbon
catalysts for biorefinery applications.
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1. Introduction monolignols. Lignin is mainly obtained as a co-product in the paper-

making industry [2] and can be isolated during the production of second

As a way to mitigate the global warming effects caused by the
overuse of fossil fuels, new policies around the world encourages the
sustainable production of biofuels and chemicals from renewable sour-
ces. The production processes that are currently deployed for achieving
these goals fit into the biorefinery framework. Biorefineries are indus-
trial complexes where different sustainable processes for enabling
biomass transformation in different high added value products are
implemented [1].

Lignin is one of the three main constituents, together with cellulose
and hemicellulose, of the lignocellulosic biomass. It is the biopolymer
that holds together the structure of tree biomass, filling the spaces be-
tween cellulose and hemicellulose in the plants cell walls. It can be
considered as a three-dimensional, heterogeneous macromolecule
formed by the polymerization of three types of alcohols, known as
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generation bio-ethanol from biomass waste [3]. Nowadays, lignin is
mostly burned in the mills for energy generation.

In order to minimize its combustion, previous studies have proposed
alternative methods to valorize this lignocellulosic by-product [4,5].
Pyrolysis is one of the main thermochemical processes to obtain valu-
able products from lignin [6]. By this process, products can be obtained
in the form of gas, composed of CO, CO,, Hy and incondensable hy-
drocarbons; liquids that are mainly formed by phenol derivatives; and a
carbonaceous material known as char. The latter can be used as an
enhanced solid fuel or as a precursor in the production of activated
carbons. In this sense, slow pyrolysis of lignin is known to produce a
solid residue which generally possesses narrow microporosity narrow
microporosity [7,8], which can be further enlarged by means of physical
or chemical activation, obtaining the resulting activated carbon (AC)
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[9-11].

Gasification is also an important thermochemical process and its
application over a carbonaceous material can be focused on the pro-
duction of a high added value gaseous product, such as synthesis gas
(syngas), a mixture of CO and Hy [12,13], or alternatively (by partial
gasification) also in the production of a solid with enhanced physico-
chemical properties, such as activated carbons [14,15]. The main gasi-
fying agents are diluted O, [16,17], steam [18] and CO5 [9,19], in order
of decreasing reactivity. This last compound can be obtained by CO,
capture from the exhaust gases from combustion chambers or even
directly from the air, which would provide further environmental ad-
vantages to this gasification process. In this case, COy gasification of
lignocellulosic biomass would be able to provide carbon materials with
high added value from a renewable and sustainable feedstock and a CO
stream, a fuel gas with a high heating value, whose productions would
help to strength the circular bioeconomy.

On the other hand, the inorganic matter present in the lignocellulosic
biomass, as Na, K, Ca, or Mg [19-24], can act as a gasification catalyst
allowing the use of milder reaction conditions, i.e., reducing the gasi-
fication time and temperature. In this context, chars from pyrolysis of
lignin with high ash content can be successfully used as activated carbon
precursors [25].

In order to ensure that gasification proceeds with generation of
porosity, it is required a knowledge of the gasifying agent reactivity, the
reaction mechanism and the gasification rate of char. With this goal, the
kinetic study of carbons gasification has been already carried out
applying ideal models that have been proposed in literature [26-28].

In addition, the presence of inorganic matter in the biomassic ma-
terials may be also of great interest for the possible direct generation of
catalyst-containing activated carbons, due to its high dispersion and
concentration on the surface of these materials. For instance, different
basic catalysts based on alkaline, alkaline-earth and transition metal
oxides can be used in different reactions such as alcohol dehydrogena-
tion [29-31], transesterification reactions [32], aldol condensations
[33], the Meerwein-Ponndorf-Verley reaction [34] or the Michael re-
action [35].

In this sense, lignosulfonates, which is the lignin with the highest
commercial implementation, have been already reported as precursor in
the preparation of carbon materials, useful in many applications such as
adsorbent [36], supercapacitors [37] or sulfur donor/acceptor in
lithium-sulfur batteries [38]. However, to the best of our knowledge, the
use of chars obtained by slow pyrolysis of magnesium lignosulfonate as
activated carbon precursor for the preparation of basic carbon catalysts
has not been reported in the literature. Following the circular economy
principles, the use of lignin, an abundant by-product of paper making
industry and lignocellulosic biorefinery, as raw material to produce
sustainable carbon-based catalysts would enhance the sustainability of
these industries by decreasing the waste generation and increasing the
recycling products and materials.

Thus, this work reports the preparation of MgO-containing porous
carbon materials through the carbonization of the most commercialized
lignin, magnesium lignosulfonates, followed by CO., partial gasification.
The porosity and surface chemistry of chars have been characterized,
whereas the kinetics of CO, gasification of the char with the larger
porosity development has been studied to understand the process of
generating additional porosity. The resulting MgO-containing carbon
materials have been tested as basic catalyst in an alcohol dehydroge-
nation reaction the decomposition of 2-propanol, a well-known test to
evaluate the acidity/basicity of heterogeneous catalyst, yielding pro-
pylene by dehydration reaction (acid character) or acetone by dehy-
drogenation reaction (basic character).
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2. Materials and methods
2.1. Materials

Magnesium-lignosulfonate produced from Eucalyptus softwood by
sulfite isolation method, where MgCO3 had been used to obtain the
cooking liquor, was supplied by Sappi Biotech GmbH, Stockstadt, Ger-
many. HCl (> 37%, Fluka), 2-propanol (> 99.9%, Carlo Erba) and Ny
5.0, CO, 4.5 and He 5.0 from Linde.

2.2. Carbon materials preparation

Magnesium-lignosulfonate was used as carbon precursor. In the
carbonization step, magnesium-lignosulfonate was submitted to a ther-
mal treatment at different temperatures (500, 700 and 900 °C), under
constant N flow (150 Nem?® min‘l), with a heating rate of 10 °C min !
and maintaining the final temperature for 2 h. After the thermal treat-
ment, the carbon material obtained at 900 °C was partially gasified
under continuous CO5 flow (150 Nem?® min~1) at 750 °C for 30 min. The
nomenclature used for the carbon materials (chars) was L (for
magnesium-lignosulfonate) followed by a number, which refers to the
thermal treatment temperature. The activated carbon obtained by par-
tial gasification with CO, was labelled with the letter G, L900G.

2.3. Reactivity studies

The gasification reactivity of char was studied using a CIElectronics
thermogravimetric system for the carbon material prepared at 900 °C
(L900). In order to assess the reactivity of the char, isothermal experi-
ments were carried out at different temperatures, where around 15 mg
of sample with a particle size of 150 um were heated at 15 °C min~lina
nitrogen flow (150 Nem® min ™), up to temperatures from 725 °C to 800
°C. When the sample reached the required temperature, the flow was
switched to 150 Nem® min~! of CO and remained constant until the end
of the process. The conversion values in ash free basis were referred to
the starting sample weight after reaching the operating temperature.
Assuming spherical particles and that kinetic control of the reaction is
achieved, the isothermal conversion rates can be described using
different kinetic models. However, the random pore model proposed by
Bhatia and Perlmutter is one of the most used for estimating gasification
rates [28]:

O (K0P, (1= x)-(1 — @Ln(1 —x))} = k(1 = x)-(1 ~ pLn(1 —x))

@

Here, x stands for the conversion, k' is the reaction rate constant
(atm™ s~ 1) and Pco, is the CO, partial pressure (1 atm), m is the CO,
reaction order. It is assumed that CO, pressure remains constant and
grouped into the kinetic constant, k (s’l), as the CO5 molar flow rate is
several orders of magnitude higher than the reaction rate. Finally, ¢ is
true structural parameter, related to the density of the solid and the
starting porosity of the unreacted sample [28]. Taking into account the
Arrhenius law, the previous equation could be rewritten as follows:

= = ke ™ (1 —x)-(1 — -Ln(l —x) )? )

Where Ea stands for the activation energy (kJ mol’l), ko represents the
preexponential factor (s’l), R is the ideal gas constant (8.314.10°3
kJ-mol ™1 K’l) and T is the gasification temperature (K), which is
considered to remain constant during the whole experiment.

The kinetic parameters Ea, ko and ¢, were evaluated by simultaneous
non-lineal least-square fitting of the experimental conversion vs time
profiles, recorded at 725, 750, 775 and 800 °C, by the minimization of
the following objective function:
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OF. = \/Z (X(t)rg — X(t)mode])z 3

In it, X(t),; represents the experimental conversion vs time profile
and X(t),,.4, Stands for the conversion obtained by the numerical solu-
tion in time of the ordinary differential equation (Eq. 2). The minimi-
zation of Eq. 3 was implemented in Matlab 2021b using a Levenberg-
Marquart algorithm.

2.4. Carbon materials characterization

The porous texture of the carbon materials was studied by Ny
adsorption-desorption at — 196 °C and CO; adsorption at 0 °C, by using
a Micromeritics ASAP2020 equipment. Previous to the analysis, the
samples were submitted to a degassing process for at least 8 h at 150 °C.
From Ny adsorption isotherms, the specific surface area (Aggr) was ob-
tained using the BET equation following the criteria proposed by Rou-
querol for the selection of the fitting region. Moreover, the micropore
volume (V) and external surface area (A;) were calculated using the ag
method. Finally, the mesopore volume (Vpes) was estimated following
the Gurvich rule and calculated as the difference between the adsorbed
volume at relative pressure of 0.98 and the micropore volume (Vy).
Dubinin-Radushkevich method was applied to the CO, adsorption iso-
therms for the determination of the narrow micropore volume (Vpg) and
surface area (Apg). Pore size distribution is obtained from the N, and
CO4 adsorption isotherms by using the 2D-NLDFT heterogeneous surface
model [39].

X-ray photoelectron spectroscopy (XPS) was carried out to analyse
the surface chemistry of lignosulfonate and carbon materials by using a
5700 C model Physical Electronics equipment with MgKa radiation
(1253.6 eV). The maximum of the Cls peak has been set to the XPS
photoemission energy of the C-C bond (284.5 eV) and used as internal
reference to correct the position of the other peaks. Temperature pro-
grammed desorption (TPD) technique was utilized in order to study the
nature and amount of the oxygen surface groups of the carbon materials.
TPD experiments were carried out loading 100 mg of dry sample in a
quartz reactor and heating from room temperature to 900 °C at 10 °C
min~! in a Ny flow of 100 Nem® min~!. The quantities of CO and CO,
desorbed were monitored in a non-dispersive infrared (NDIR) gas
analyzer, Siemens ULTRAMAT 23. The total amount of CO or CO,
evolved during the entire analysis were calculated by integrating the
area under the evolution profiles of the two gases. With the aim of
knowing the inorganic composition of the ash in the samples, X-Ray
Fluorescence (XRF) analysis were carried out in an atomic fluorescence
wavelength dispersive spectrometer THERMO ARL PERFORM’X
equipment.

The morphology of the carbon materials was studied by scanning
electron microscopy (SEM) using a JSM 6490LV JEOL microscope
working at 20 kV. An energy-dispersive X-ray analyses (SEM-EDX) was
performed to study the atomic distribution of the carbon surfaces using
an Oxford instrument model 7573 equipment. The X-ray diffraction
(XRD) patterns of the carbon materials were recorded in an EMPYREAN
diffractometer (PANalytical), over a 20 range of 5-80° during 30 min
with 45 kV, 40 mA and a CuKa1,2 (1.5406 1°\) monochromatic radiation.
Transmission Emission microscopy (TEM) images were taken using a FEI
Talos F200X microscope at 200 kV. Image mapping distribution of the
main elements present in the catalyst were recorded using Energy
Dispersive X-Ray (EDX) detector.

2.5. 2-propanol decomposition

The acid or basic character of the obtained carbons was studied by 2-
propanol decomposition. It is known that 2-propanol is dehydrated on
catalytic acid sites, producing propylene, or it is dehydrogenated on
basic sites, generating acetone. In a typical run, 100 mg of catalyst was
introduced in a quartz fixed bed microreactor (4 mm i.d.) located in a
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vertical furnace. 2-propanol was introduced into the set up using a sy-
ringe pump (Cole Parmer® 74900-00-05 model), and He flow was used
as inert carrier. A total gas flow of 100 Nem® min~! was used in all the
experiments. The space time used in each experiment was W/Fo2.prop-
anol=73gs mmol . The reactant and products involved in the reaction
were measured at the reactor outlet by gas chromatography with PPQ,
5 A molsieve and Wax columns installed in a 490 micro-GC. In order to
avoid their condensation, all the pipelines were heated to 130 °C. The 2-
propanol conversion and the selectivity to different hydrocarbon prod-
ucts were defined by the following expressions:

_Fy—F

Xy = Fo (©)]
F;

Si = SF 5)

Where X3, is 2-propanol conversion and S; stands for the selectivity to
the different hydrocarbon products. Fy and F are the 2-propanol molar
flow fed to the system and that at the reactor outlet stream and F; is the
molar flow of the i product in the outlet stream.

3. Results and discussion
3.1. Characterization of lignosulfonate and chars

Table 1 shows the pyrolysis yields, ash content and ultimate analysis
of the chars prepared between 500 and 900 °C. For the sake of com-
parison, ash content and ultimate analysis of the magnesium lignosul-
fonate (L) was also included. The preparation yields and the elemental
composition summarized in Table 1 are reported on dry and ash free
basis (d.a.f.). The ash content of the raw material (about 7%) is higher
than that of the most technical lignins [17,40], only surpassed by Kraft
lignin [41]. The main inorganic components detected by XRF are Mg,
followed by K and Ca. Fe, Mn and P were also detected, though in much
lower amounts. The content of these elements in the lignin will increase
in the produced chars, making them promising candidates for the
preparation of activated carbons by physical activation with CO», since
alkali metals are the most active catalysts for carbon gasification [42],
with the catalytic activity increasing with atomic weight [43]. Another
interesting feature of L as carbon precursor is the large presence of S
(higher than 5%, Table 1) due to the isolation method used in its
extraction. This high sulfur content can be also an additional advantage
because sulfur-doped carbon materials have recently gained lots of
attention for their potential in energy and catalytic applications [44].

Focusing on the chars, Table 1 shows that the preparation yields
decrease with temperature, from 42.7% at 500 °C to a value of 28.0% for
the char prepared at 900 °C. These preparation yields are higher than the
ones reported with other lignocellulosic biomass sources [17,45,46],
due to a larger generation of pyrolytic solid residue produced by lignin
than that produced by hemicellulose and cellulose [47]. Nevertheless,
the carbonization yield is somehow lower than those registered for
Kraft, Alcell, and other technical lignins (yields of 40-45% at 800 °C)
[41,48,49]. The presence of certain alkalis species probably promotes
gasification of the char through the formation of carbonates during
pyrolysis, which are decomposed as CO; at higher temperatures [50]. In
this sense, high values of inorganic matter are observed in the chars,
showing a clear increase in ash content with the preparation tempera-
ture, due to the increasing contribution of devolatilization process.

A reduction in the concentration of heteroatoms in the ultimate
analysis of the chars can be observed (H, O and S), close to an increment
in C content with the temperature until 900 °C. In addition, this ten-
dency can be also associated to decomposition of inorganic carbonates
and sulfates and aromatic condensation during carbonization at higher
temperatures [51].

Fig. 1 shows the N5 adsorption-desorption isotherm at — 196 °C and
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Table 1

Preparation yields, ash content and ultimate analyses of lignin and different chars.
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Samples Preparation Yields Ash (%) XRF (%)

Ultimate Analysis (% d.a.f.)

0
(% d.a.f.#) Mg X

Ca C H N S O*

L - 6.8 3.2 0.3
L500 42.7 17.8 8.6 0.9
L700 31.7 25.6 12.7 1.3
L1900 28.0 28.8 14.4 1.5
L900G 20.1 331 15.3 2.2

0.2 37.6 5.3 0.1 5.3 51.7
0.4 67.6 3.9 0.3 3.4 24.8
0.6 81.7 1.5 0.2 3.7 13.0
0.7 88.8 0.9 0.2 2.5 7.5

0.9 83.6 1.7 0.3 0.2 11.1

#d.a.f.: dry, ash free basis
*0O: calculated by difference

150
A —L500—-L700—L900

100 ?

0 02 04 06 08 1
P/P,

0 ‘ ‘
0 05 1 .5 2 25 3
Pore size (nm)

Fig. 1. N; adsorption-desorption isotherms obtained at — 196 °C (A) and Pore
Size Distribution (B) of samples obtained at different carbonization
temperatures.

the pore size distribution of the carbonized samples at different tem-
peratures. The char obtained at 500 °C present an almost negligible Ny
adsorption in the entire range of relative pressure of the isotherm,
typical of nonporous solids. At preparation temperatures higher than
700 °C, a type I isotherm, typical of microporous solids, was observed.
The char prepared at 900 °C showed an increase of the nitrogen uptake
at low relative pressures, indicating a significant microporosity devel-
opment, which is related to volatilisation and condensation reactions
occurring to a greater extent at higher temperatures, close to the
decomposition of the magnesium sulfonate present in the lignin, taking
place at temperatures from 550 °C [52,53]. Apparent surface areas from
390 to 465 m> g’1 and micropore volume from 0.15 to 0.19 cm?® g’1 are
obtained by direct carbonization of magnesium lignosulfonate at 700
and 900 °C, respectively. In addition, the development of porosity is
significantly higher than those prepared from a sodium-lignosulfonate at
the same carbonization temperatures (Aggr of 8-30 m? g’l), which
required a further washing step to release the porosity by the removal of
the inorganic matter [41].

The adsorption of CO2 at 0 °C is useful in the case of materials with
very narrow microporosity (<0.7 nm) [54]. In this sense, the relation
between V/Vpg can be used to analyse the microporous sizes. Values of
this relation lower than 1 indicate the main presence of narrow micro-
porosity in the sample (<0.7 nm), while values higher than 1 evidence
the predominance of wide micropores (>0.7 nm). In this case, Vs/Vpgr

values close to 1 (Table 2) are obtained, suggesting that average pore
size is close to 0.7 nm for L700 and L900 samples. The NLDFT pore size
distribution obtained for L700 by combination of the Ny and CO,
adsorption isotherms [39] confirmed the presence of a unimodal narrow
distribution of micropores (pore width between 0.35 and 1.05 nm)
centered at 0.55 nm. Increasing the carbonization temperature produces
additional development of the micropores with sizes between 0.6 and
0.7 nm.

Fig. 2 represents the CO and CO, evolved profiles during the tem-
perature programmed desorption (TPD) of the chars. This technique is
widely used to characterize the oxygen surface groups that decompose
as CO and/or CO; with temperature [55]. In general, the amount of CO
and CO evolved during the TPD profiles are very high (see the quan-
tities as inset in Fig. 2. A and B). The total oxygen contents, estimated as
CO+ 2-CO5, for L500, L700 and L900 are 14.8, 9.7 and 6.1 wt%, would
lead to the conclusion of the presence of large amounts of typical surface
(-carbon) oxygen groups. However, the presence of inorganic matter
could be behind part of this high CO and CO; evolution [23].

In the case of the CO L500 TPD profile (Fig. 2. A), the peak observed
at approximately 400-600 °C can be related to the thermal decompo-
sition of anhydride groups, which also release CO, in equimolar ratio
[55], as deduced from Fig. 2.B. The evolved CO at temperatures of
600-700 °C can be attributed to the decomposition of phenol groups,
which are abundant in the composition of all lignins and also in ligno-
sulfonates and it is very possible that some of them have remained stable
on the surface of the char prepared at 500 °C (L500) [56-58]. The large
CO evolution observed at 700 °C could be initially related to the
decomposition of ether or quinones [55]. However, it can be also related
to the presence of inorganic matter. In this sense, Kapteijn et al.
compared the total amount of oxygen desorbed during TPD of acid
functionalized commercial activated carbon impregnated with different
alkali metal carbonates using a metal/carbon atomic ratio of 0.2 [59].
They found that the oxygen metal ratios were related, showing large CO»
evolution profiles linearly related to alkali content and equimolar
CO/Metal ratios. In addition, the gasification of the char with CO4
evolved during the carbonization process could be also taking part at
these temperatures, releasing two CO molecules through the following
mechanism [59,60]:

MO + CO,(g) < MO.0 + CO(g) (6)
MO.0 + C < MO + C(0) )
C(0) < CO(g) 3

Where M stands for alkali and alkaline earth metals, such as K, whose
presence has been confirmed by XRF and XPS (see Table 3).

The CO4 desorption at temperatures from 200 to 400 °C in Fig. 2. B is
traditionally ascribed to carboxylic acid surface groups. However, the
generation of such a high concentration of carboxylic acid functional-
ities without the use of a surface oxidation treatment with HNO3 or any
other strong oxidizing agent [61,62] is very unlikely. In fact, magnesium
carbonates are known to decompose at temperatures around 350 °C
[63], so arelevant fraction of the CO, released at this temperature range
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Table 2
Textural parameters obtained from N5, and CO, isotherms at — 196 °C and 0°C, respectively, of the carbon materials.
Samples N, isotherm CO, isotherm Vs/Vpr
Aggr (m?/g) A; (m?/8) Vs (em®/g) Vineso (cm®/g) Vo.995 (cm®/g) Apg (m?/g) Vpr (em”/g)
L500 1 1 <0.01 <0.01 <0.01 20 0.01 0.0
L700 390 1 0.15 <0.01 0.15 420 0.17 0.9
L900 465 3 0.19 <0.01 0.19 450 0.18 1.1
L900G 720 25 0.36 0.03 0.39 455 0.18 2.0
with only two main peaks at 300 °C (decomposition of carboxylic acids)
2 A and 650 °C (decomposition of lactones and/or anhydrides), although it
- L500: 2.52 mmolgg g could be also related to decomposition of some carbonate surface groups
w 15 L700: 1.87 mmol, g [64]. CO evolution profile of L700 reveals the presence of a well-defined
50 L900: 0.74 mmol, ¢! peak at 750 °C, probably related to the decomposition of ethers and/or
© 1 quinones. These surface groups are negligible, when carbonization
§ proceeds at 900 °C, in a similar way to that reported for other carbo-
S 0.5 naceous materials [66]. In this sample, L900, highly stable quinone and
© carbonyl groups are only found, which decompose as CO at tempera-
0 ' tures over 800 °C [66]. Thus, the high total CO and CO» evolved
100 300 500 700 900 amounts (insert of Fig. 2) suggests that all the carbon materials are rich
Temperature (°C) in oxygenated surface groups.
B 336 mmoleg, ¢ XPS analyses were carried out to determine the surface chemical
4,: 219 mmol(ﬁ(), gl composition and the oxidation states of their elements. Table 3 compiles
- 15 1.30 mmol g, g7} the mass surface composition of L sample and their corresponding chars.
o0 It can be observed that C surface concentration increases with the
g 1 carbonization temperature, in agreement with the elemental analyses. O
= (%) content shows a large decrease when carbonization temperature
S 05 increases from 500 to 700 °C, probably related to condensation reactions
o and/or to the carbothermal reduction of magnesium sulfonates (as can
be deduced from the TPD results of sample L700). The comparison of

100 300 500 700 900
Temperature (°C)

Fig. 2. CO (A) and CO, (B) evolved as a function of temperature during TPD of
chars prepared at different temperatures (L500, L700 and 1900).

Table 3
Mass surface concentration (%) determined by XPS analyses of the magnesium
lignosulfonate and the corresponding chars.

Samples XPS Surface Composition (wt%)

¢ o) Mg S K
L 47.3 39.6 6.5 6.6 <0.1
L500 51.9 29.4 13.2 3.7 1.8
L700 66.9 16.4 13.0 2.4 1.3
1900 66.0 18.1 10.9 2.2 2.8
L900G 70.1 19.5 8.6 1.8 <0.1

can be related to the decomposition of magnesium carbonates. It is also
worth noting that the CO5 evolution in the 500-700 °C region of sample
L500 is higher than expected for chars prepared at similar temperatures
[41,64]. With the aim of discerning whether the CO; evolution comes
from the ash or the decomposition of the surface acidic groups, the char
was submitted to an acid wash with 10% HCIL. The CO5-TPD profile of
the ash-free char, Fig. S1, revealed an important reduction of the
evolved CO and CO; amounts at this temperature range, highlighting
that evolution of CO3 between 400 and 650 °C in L500 proceeds, mainly,
from reactions involving the inorganic elements found in this sample.
For instance, the carboreduction of magnesium sulfone groups (in the
temperature range of 500-700 °C) present in the char, which produced
the evolution of huge amounts of CO5 [65].

In accordance with the latter finding, L700 and L900, which were
carbonized at temperatures above the carboreduction of magnesium
sulfonate, show a much lower CO; release at 400-650 °C during TPD,

sulfur content of L900G determined by ultimate analysis and XPS ana-
lyses suggest that sulfur is not homogeneously distributed on the bulk
and is mainly concentrated on the outer surface. It is also worth noting
that sulfur values as high as 2.0 wt% are still found on the surface of the
char prepared at 900 °C, L900, proving the potentiality of producing
chars with a relatively high and stable S-content by a simple, well-
known and already mature technology from a sustainable precursor,
magnesium lignosulfonate, which opens up the possibilities of applica-
tions, such as in heterogeneous catalysis and in lithium-sulfur batteries
[29,30,32-35,44]. The surface concentration of magnesium almost
doubles after lignin carbonization (see Mg content values for L and L500
in Table 1). However, potassium migrates to the surface of the char after
carbonization, reaching concentration values higher than those pre-
dicted from the initial content of potassium in the raw material, shown
in Table 1. Both magnesium and potassium elements are bonded to
sulfones and organic groups, such as carboxylic acids, in the original
lignosulfonate. The carbonization process delivers a fine distribution of
Mg on the whole surface of the obtained chars, as indicated by the values
of the relation between the content of Mg measured by XPS (Table 3)
and that measured by XRF (Table 1), decreasing from 1.5 to 0.8 with
increasing carbonization temperature (from 500 to 900 °C, respec-
tively). However, the higher mobility of potassium [42] probably en-
hances the migration of this component to the surface of the char.

The XPS spectra were examined to analyse the main oxidation states
of the elements. Fig. 3 presents the detailed S2p and Mg2p spectra, while
Cls and O1s XPS regions are provided in Fig. S2 and discussed in the
supplementary file. The S2p spectrum of the lignosulfonate, Fig. 3. A,
only shows a wide peak. This peak was deconvoluted by considering a
separation value of the doublet of 1.18 eV and its majority contribution
is found at 168 eV. This value is typical of the sulfite groups (C-S=0)
[67,68] present in lignosulfonates. In this sense, carbonization at 500 °C
is not able to modify the oxidation state of sulfur, which takes place at
carbonization temperatures above 700 °C, as can be seen in samples
L700 and L900. In them, the remaining sulfur is in the form of sulfide
(C-S-C) or thiol (C-S-H), detected in S2p spectrum at 163.7 and
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Fig. 3. XPS normalized spectra of L (yellow line), L500 (black line), L700 (red line) and L900 (blue line) samples.

163.8 eV, respectively [67,68]. Finally, focusing on the Mg2p spectrum
of sample L, in Fig. 3. B, it can be seen a broad peak centered at 50.6 eV,
typical for magnesium sulfonates [69]. The decomposition of the sul-
fonates groups during carbonization produces the conversion of mag-
nesium into other species such as hydroxides, which shows a peak at
49.1 eV [70], present together with the sulfonates groups in sample
L500. As carbonization temperature increases, most sulfone groups
disappeared (Fig. 3. C) and, therefore, most of the magnesium is trans-
formed into hydroxides or oxides (MgO shows a peak at 50.2 eV) in
samples L700 and L900. Magnesium carbonates (which would present a
peak at 51.3 eV [71]) has not been observed in any of the Mg2p spectra,
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neither in Cls spectra (Fig. S2. A; it should present a peak at 289.9 eV),
which is somehow expected due to the low thermal stability of MgCOs,
which readily decomposed at 350 °C [63]. The Cls and O1.

The morphology and chemical composition of the carbonized chars
were also examined by scanning electron microscopy and energy-
dispersive X-ray spectroscopy. SEM images (Fig. 4) show that chars
are composed of hollow spheres of diameters between 100 and 200 pm
with smooth surface and a greatly reduced spherical wall thickness
(between 5 and 25 pm). Similar morphology has been previously
observed for carbon-derived sodium lignosulfonates but using multi-step
and complex preparation procedures [37,72-75]. It is important to note
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Fig. 4. Scanning electron micrographs of chars carbonized at 500 (A), 700 (B) and 900 (C) with different magnifications, (1) x 100 and (2) x 400 and EDX (3) with

the elemental mapping of different atoms.
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that the spherical morphology from the parent lignin is kept after
carbonization. This is related to the high glass transition temperature of
lignosulfonates [76] and associated to their high molecular weight,
which makes this co-product a promising precursor of carbon materials
with specific morphologies, without the need of further treatments. To
the best of our knowledge, hollow sphere chars from magnesium lig-
nosulfonates are here reported for the first time. EDX measurements,
shown in Fig. 4. A.3, Fig. 4. B.3 and Fig. 4. C.3, point out that C, O, Mg
and S are the main chemical species that the carbon spheres are
composed of, which are homogenously distributed, in agreement with
XRF and XPS results.

3.2. Kinetics of char gasification with CO2

A kinetic study of the physical activation of L900 has been carried
out with the aim of optimizing the preparation of an activated carbon by
partial gasification of a magnesium lignosulfonate-derived char with
carbon dioxide. L900 has been selected to be activated due to its higher
amount of (catalytic) inorganic matter (Table 1) and largest micropo-
rosity development (Table 2), which enable a higher porosity growth
and larger burn-off under milder conditions. Moreover, given that par-
tial gasification requires high reaction temperatures, the use of a char
obtained at temperatures above 800 °C is advisable for avoiding
chemical and structural changes during the activation process, an
approach commonly taken in similar works [9,46].

Fig. 5. A shows the conversion of L900 as a function of reaction time
for the CO, gasification at temperatures ranging from 725 to 800 °C.
Different kinetic models like the first and second order, random pore and
shrinking core ones were tested to describe the conversion profiles,
Table S1. The random pore model (RP) provides the most accurate
prediction of the conversion versus time profiles (Fig. 5. A and S3),

0.9 gl
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04 775°C
0.3 750 °C
725 °C

0 50 100 150 200 250 300 350
time (min)

B ¢=6.1
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(1} 0.2 0.4 0.6 0.8 1
Conversion

Fig. 5. Experimental (dots) and calculated by RP model (continuous lines)
gasification conversion-time profiles of L900 at different temperatures (A).
Evolution of apparent surface area of L900 during CO, gasification of L900
predicted by the RP model (B).
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showing the lowest residual value (Table S2) and R? = 0.989. The
activation energy predicted by this model, 185 kJ mol %, is in the range
of those obtained for chars prepared from kraft lignin at 850 °C or the
gasification of chars from eucalyptus wood prepared at 800 °C [24,77].

It is also worth noting that some deviation between the results pre-
dicted by the RP model and the intrinsic reactivity ( — $%/w) experi-
mental data at conversions larger than 0.5 can be observed, Fig. S3.
These deviations can be explained by the catalytic activity of potassium
[77,78]. Even though magnesium concentration is at least 5 times
higher, according to XPS (Table 2), magnesium is regarded as the less
active alkaline earth metal for gasification. In fact, the decomposition
temperatures of magnesium carbonate and hydroxide are below 350 °C,
and once MgO is formed, it is so stable that a catalytic cycle as that
described by Kapteijn et al. [22], cannot occur [42]. Contrarily, potas-
sium is extensively reported as the most active gasifcation catalyst, with
concentrations as low as 0.85 wt% being active for coal gasification
[79]. It is expected that K/C atomic ratio increases as gasification pro-
ceeds, and therefore the contribution of the potassium
catalyzed-reaction to the char reactivity may overcome the effect related
to the modification of the active surface area described by RP model.

RP model considers a relationship between the gasification rate with
conversion through the evolution of the surface area (A, in m?/ g) of the
carbon material during the gasification process [28]:

dx
G =AY ©

With the variation of the surface area being described as follows:
A =Apy/1—@Ln(l—x) (10)

Where Ay is the initial surface area of L900 sample. Fig. 5. B depicts the
evolution of the apparent surface area with conversion predicted by RP
model using the structural parameter value obtained from the model
fitting (» = 6.1) and the Aggy value reported in Table 2 (465 m g’l) as
Ay. As can be observed, RP model predicts a maximum development of
surface area at conversion values of 25%, expecting a surface area value
of 580 m? g’l. In accordance to this finding, 25% of burn-off (BO) is
selected for promoting the development of porosity without compro-
mising the yield of the process and avoiding metal sintering [11]. To
obtain this BO, an activation time of 30 min at 750 °C has been esti-
mated from the RP (Eq. 2 solved with the kinetic parameters in
Table S2). The activated carbon, produced under these conditions, has
been labelled as L900G.

3.3. Characterization of CO_ activated carbon spheres

Fig. 6 shows the N3 adsorption-desorption isotherm at — 196 °C and
the pore size distribution of samples L900 and L900G. Regarding the
narrow microporosity measured by CO5 adsorption at 0 °C, it can be
highlighted that there are no differences between char and activated
carbon (VS(;%2 of 0.18 cm® #! in L900G). A similar behaviour on the
development of porosity at low BO levels was also reported elsewhere
[9,80]. The presence of narrow mesopores has been also confirmed by
the NLDFT pore size distribution (Fig. 6. B). The PSD of char L900 for
narrow micropores (<1 nm) is very similar to that of the corresponding
activated carbon (L900G), due to the smooth conditions selected for the
activation process. However, wider micropores and mesopores are
generated, during activation, in L900G, with pore sizes ranging from 1.3
up to almost 6 nm.

Textural parameters have been calculated from the Ny adsorption
isotherm and are included in Table 2. Higher values of the specific
surface area, micropore and mesopores volume were obtained for L900G
in comparison to those for L900. It is remarkable that an increase in
more than 50% in Aggr has been obtained only with a BO of 25% (overall
yield of 30%). This increase is 25% higher than that predicted by RPM,
probably due to the catalytic effect of potassium during the partial
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gasification process. The Apgr and pore volume values are somehow
similar to those obtained by chemical activation of kraft lignin with zinc
chloride using mass ratio of 1 and carbonization temperature of 350 °C
[81], or with H3PO4 with impregnation ratio of 2 and activation tem-
perature of 350 °C [11]. The porosity development is also similar to that
achieved in ACs from carbonized sodium lignosulfonates at 900 °C,
where additional porosity had to be liberated by removing the inorganic
matter through acid washing after carbonization [82]. However, the
present AC has been prepared by a soft partial gasification process,
consuming COj, a greenhouse gas, and without the use of chemical
agents not very environmentally friendly.

XRF analyses show that the activation process slightly increases the
magnesium content of the resulting sample, moving from 14.4 in L900 to
15.3 wt% in L900G, as a consequence of the carbon gasification, Table 1.
The presence of potassium and calcium is also confirmed, though in
lesser amounts (2.2 and 0.9 wt%, respectively). The surface concentra-
tion of elements was also determined by XPS, Table 3, showing a slight
increase in O content (19.5%) for L900G compared to that of L900 and
small decrease of that for Mg, S and C (8.7%, 1.8% 70.1% respectively).
Detailed XPS analyses of L900G reveal that only minor differences are
introduced on the surface chemistry of the sample after the activation
process (see Fig. S4 and supplementary file for further details).

On the other hand, the TPD CO profile remains mostly unaltered,
while there is a slight increase in the amount of CO, evolved at about
300 °C and over 750 °C (Fig. S5). This higher evolution could be related
to the formation of carboxylic acid and lactone groups and also to the
decomposition of alkali metal carbonates remaining on the surface of the
activated carbon, such as K and Ca.

SEM micrographs of the L900G activated carbon show a slight
erosion of the spherical morphology during the gasification process
(Fig. 7), thus, the optimization of the activation conditions to fully
maintain the spheres morphology could be analysed in a future study.
There appears to be no sign of the development of surface roughness due
to erosion by CO; gasification, confirming the smooth activation of the
carbon spheres. The observed hollow sphere morphology is an inter-
esting feature of this carbon material, which can avoid mass transfer
limitations in adsorption and catalysis applications, due to the lower
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diffusional pathway for reagents through the thin walls of the spheres.
The line energy-dispersive X-ray analysis (Fig. 7. C) reveals a similar
surface composition and element distribution to that observed for L900.
It is worth mentioning that magnesium species are homogeneously
distributed throughout the hollow sphere. This fine distribution of Mg
on L900G sample was also observed by TEM (Fig. 7. D). The images
taken at different magnifications reveal the formation of a large number
of evenly distributed crystalline nanoparticles, with average size of ca.
8 nm (Fig. 7. E). The measurements of the lattice in-plane distance
(0.21 nm, see inset on Fig. 7. D) suggest the mainly presence of MgO
crystallites. TEM-EDX analysis of the carbon spheres also confirms the
fine distribution of magnesium oxide on this catalyst (Fig. 7. F).

In this line, XRD diffraction patterns of chars and CO»-activated
carbon (Fig. S6) also evidence the formation of crystalline MgO (Peri-
clase structure, JCPDS card 45-946) in L700, L900 and L900G samples.
The determination of the mean crystallite size using the Williamson-Hall
method reveals that the average crystalline size slightly increases with
carbonization temperature (4.8 nm for L700 vs 6.0 nm for L900). Acti-
vation with CO; seems to favour some sintering of MgO crystallites,
although relatively small crystal sizes are maintained, with an average
size of 8.5 nm, very similar to that determined by TEM analyses.

In summary, the characterization of L900G points out the possibility
to prepare a carbon catalyst with a high content of nanometric MgO
particles homogeneously distributed on the surface of hollow carbon
spheres with a well-developed surface area, from a biorefinery by-
product. In this sense, magnesium oxide is traditionally used as cata-
lyst by itself or as a catalyst support in reactions where a basic active
phase is required, as transesterification reactions [83]. However, it is
known that its basic strength depends on the morphology of the catalyst
particle and its surface area [84] and, thus, its activity.

In order to confirm the basic character of these carbon materials, the
sphere-shaped lignosulphonate-derived activated carbon and chars ob-
tained at different temperatures were tested as (dehydrogenation) cat-
alysts for the decomposition of 2-propanol, a well-known model reaction
used to characterize the acidity-basicity of solid catalysts.

3.4. 2-propanol dehydrogenation

Fig. 8. A represents the steady state conversion of 2-propanol at
different reaction temperatures, for the different carbon catalysts, with a
2-propanol concentration of 2%v and a space time (W/Fg 2 propanol) of
73 g s mmol 1. The 2-propanol conversion increases with the reaction
temperature. The catalyst activity seems to increase with inorganic
mater content and porosity development, which enables the access to
the active sites of the catalysts. The highest activity was observed for
L900G, which is able to decompose 2-propanol at 325 °C and achieves
near complete conversion of alcohol at 420 °C, keeping the selectivity to
the dehydrogenation product (acetone) higher than 90% in the full
temperature range. Conversely, the parent char, L900, needs a higher
temperature, ca. 50 °C, for achieving comparable conversion values, and
the selectivity to acetone is not as high, showing selectivity to propylene
values from 11% to 19%. The high activity of L900 and L900G samples
can be associated to the preparation temperature of these samples.
Thermal treatment at 900 °C promotes the generation of basic sites due
to the formation of nanoparticles of MgO, which is related to the pres-
ence of 0% ions of different coordination numbers [85]. Another
advantage of using lignosulfonate as raw material arises from the pres-
ence of potassium. The higher activity of L900 and L900G samples can
be also related not only to the occurrence of well-dispersed MgO, but
also to the promoting effect of alkalis. It has been already stablished that
Li, K and other alkalis promote higher basicity of MgO [86]. In this
sense, Di Cosimo et al. stated that 2-propanol decomposition to acetone
and propylene on alkali-modified MgO catalysts takes place via an E1cB
mechanism in two parallel pathways, sharing a common 2-propoxy in-
termediate; in this mechanism, the intermediate-strength base sites
promote acetone formation, whereas high-strength base sites selectively
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TEM images. (F) HAADF and C, O and Mg EDX mapping images of L900G.

yield propylene [87], suggesting (in our case) that L900G mostly has an
intermediate-strength basicity. In fact, pure MgO is reported to show IPA
decomposition rate lower than other metal oxides, requiring the pres-
ence of promoters for enabling a relevant catalytic activity [88].

Inferior catalytic activity and lower selectivity towards dehydroge-
nation product were observed for L700 and specially for L500 chars.
Again, the activity can be related to the Mg speciation, with magnesium
hydroxide showing lower basicity character than low coordination 0%
anions and Mg? 0% pairs [85]. The distribution of magnesium species is
mediated by the preparation temperature, due to magnesium hydroxide
is transformed into its corresponding oxide as temperature increases. In
addition, the origin of acidic properties in metal oxides are associated to
overexposed metal cations and sulfate groups [88,89]. Therefore, the
formation of propylene in L500 could be related to the presence of
magnesium sulfate groups, which are decomposed into magnesium
oxide at higher preparation temperatures (L900 and L900G samples).
However, the contribution of surface oxygen groups of acid character
(see TPD profiles, Fig. 2 and S4) cannot be discarded. These results
suggest that L900G presents basic character with high catalytic activity
due to the presence of well dispersed and highly accessible magnesium
oxide.

Considering that the 2-propanol decomposition reaction takes place
in an isothermal fixed bed reactor, in the absence of external mass

transfer limitations, and assuming that follows a global first order ki-
netics, the integrated design equation of the reactor can be expressed as
follows:

m(—L _Y_k P W an
1 - sz Pr RT F()

Where Xy, is the alcohol conversion, k (s is the apparent rate con-
stant, pr, (g cm ) is the catalytic bed density, Py (atm) is the 2-propanol
partial pressure, R (atm em® K mol 1) is the ideal gas constant, T (K) is
the reaction temperature, W (g) is the catalyst weight and F (mol cm™3)
is the inlet 2-propanol molar flow. The activation energy and the pre-
exponential factor were obtained from the slope of the Arrhenius plot,
represented in Fig. 9, being included on the figure as an inset. The
corresponding activation energy values for this reaction on the chars are
ranging between 58 and 68 kJ mol~!, meanwhile the preexponential
factor values are lower than 80s~!. These slight differences in the
activation energy values of the chars can be associated to the porous
texture of the materials. Thus, L500 and L700 present the lowest Ea.
These catalysts also show a poor pore development, which could cause
some internal diffusional limitations, diminishing the apparent activa-
tion energy. In the case of L900, with a wider pore size distribution, an
increase in Ea was observed. Nevertheless, the kinetic parameters values
obtained for L900G, which presents the highest pore development
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(avoiding, in this case, mass transfer limitations problems) and number
of active sites available, are the only ones comparable to those proposed
in the literature for alkali-based catalysts supported on activated car-
bons [29,90]. The activity of L900G is also equivalent to that shown by
Na-promoted MgO-SiO; catalyst at similar space times and reaction
temperatures, but with higher selectivity towards the dehydration
product [91]. However, L900G performs significantly better than others
bulk MgO catalyst previously reported in literature, despite coming from
a less sustainable and expensive synthesis process [92]. In this line, an
alkali promoted MgO catalyst with high surface area, but prepared in a
considerable higher number of steps, was tested at lower temperatures
(260 °C) than those used in this work, but it showed lower activity (i.e.
conversions from 1.6% to 13.8%) for similar selectivity to acetone (ca.
90%) [93]. In a similar way, Albuquerque et al. reported a Mg/CaO
co-precipitated catalysts, which shows total selectivity towards acetone
at mild conditions (350 °C), but with a low 2-propanol conversion
(about 20%) [94]. On the contrary, Li et al. showed results on a MgO
supported on mesoporous silica catalyst with full conversion at 350 °C,
but reporting low selectivity towards acetone (less than 2%) [95].
Thus, the results of the characterization and 2-propanol catalytic test
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suggest that it is possible to prepare a sustainable and highly active basic
catalyst with hollow sphere morphology and thin wall thickness, which
provides well-dispersed and highly accessible catalytic active sites, from
magnesium lignosulfonate thorough a straightforward carbonization
and CO; activation procedure.

4. Conclusions

Magnesium lignosulfonate is considered an ideal carbon precursor
due to its abundance and sustainable origin. The presence of magnesium
along with potassium enables the easy preparation of alkali promoted
MgO base catalysts by carbonization and/or CO activation. Carbon-
ization at temperatures higher than 700 °C enhances porosity develop-
ment and generates magnesium oxide via decomposition of magnesium
sulfonates, producing microporous hollow carbon spheres with well-
dispersed magnesium oxide. The presence of potassium resulted to be
essential for the subsequent CO,, partial gasification process. The kinetic
study of the gasification process revealed that random pore model can be
used for predicting the activation process up to conversion values of
50%, from which the contribution of the catalytic activity of potassium
generates strong deviations. Using the results derived from this model,
MgO containing activated carbon spheres with well-developed porosity
were prepared by partial gasification with CO2 (B.O. 25%) at 750 °C for
30 min, reaching surface areas higher than 700 m?/g and 15.3% of Mg
loading, with an overall preparation yield of 30%. Finally, the 2-propa-
nol decomposition model reaction confirmed the base behaviour of the
resulting solids. The results suggest that activity of the carbon catalysts
increases with MgO content and porosity development. Specifically, the
activated carbon showed selectivity values to dehydrogenation product,
acetone, higher than 90% in the whole range of reaction temperatures
evaluated and conversions higher than 50% from 400 °C, achieving
catalytic activity at least comparable to relevant MgO catalysts sup-
ported in metal oxides, with a less sustainable origin. These promising
results confirms that basic catalysts can be obtained following this
straightforward procedure from an industrial by-product of low cost,
thus, reducing the total price of the catalyst preparation and increasing
the sustainability.
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