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This work analyzes the effect of co-solution of carbon precursor and activating agent on
the textural and surface chemistry properties of highly nanoporous activated carbons
obtained by chemical activation of Alcell lignin with phosphoric acid. The success of
this methodology highlights the possibility of directly using the liquors produced in
organosolv process (Alcell) to prepare activated carbons by chemical activation with
phosphoric acid. Co-solutions of lignin and phosphoric acid were submitted to a two
steps thermal treatment, which consisted of a first oxidative treatment in air at 200°C,
followed by a thermal treatment in No at 400°C, where activation of the oxidized
lignin with phosphoric acid took place. A lignin-derived activated carbon with very
high apparent surface area (2550 m?2/g) and pore volume (1.30 cm3/g) was obtained
with an initial phosphoric acid to lignin mass ratio of 2. Up to now, this is one of the
highest values of apparent surface area reported not only for activated carbons prepared
from lignin, but even for porous carbons prepared by chemical activation of other
lignocellulosic materials with phosphoric acid. The use of lignin and phosphoric acid
co-solution provided larger and more homogeneous effective interactions between the
carbon precursor and the activating agent, by the formation of phosphate esters in the
lignin matrix, which seems to be a key factor in the subsequent treatments: promoting
crosslinking reactions in the carbonaceous matrix during the oxidative treatment in air at
200°C and enhancing the development of a wide porosity during the following activation
thermal treatment.

Keywords: Alcell lignin, chemical activation, phosphoric acid, co-solution, activated carbon, phosphate esters,
high surface areas
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INTRODUCTION

Within a biorefinery scheme, the conversion of the major
components of lignocellulosic biomass (cellulose, hemicellulose,
and lignin) into energy and chemicals is essential. However, lignin
has been used, up to date, mainly, as a fuel to recover energy
and chemical reactants in the pulp and paper industry and only a
2% of the produced lignin is currently commercialized (Higson
and Smith, 2011; Smolarski, 2012; Laurichesse and Avérous,
2014; Rosas et al., 2014). There are different pretreatments to
fractionate lignocellulosic biomass into their main components,
but Organosolv process becomes an ideal candidate in the
biorefinery context, given the need of using environmentally
friendly treatments. During Organosolv process, lignin is
fractionated into smaller parts, dissolved from the lignocellulosic
biomass with organic compounds and separated in the form
of a liquor rich in phenolic compounds (Xu et al., 2006; Ruiz
et al., 2011; Espinoza-Acosta et al., 2014). The next step consists
of lignin precipitation from the liquors by partially evaporating
the organic solvent, lowering the temperature or a combination
of those, followed by a separation step through centrifugation,
filtration, etc. The lignin derived from this method presents lower
molecular weight and higher purity than others obtained by other
processes, such as Kraft one. All these properties make this type of
lignin an ideal precursor for the preparation of activated carbon,
an added-value material, whose production process would imply
both economic and environmental advantages.

Chemical activation with phosphoric acid is a well-known
method to prepare activated carbons from different biomass
precursors (Jagtoyen and Derbyshire, 1998; Kennedy et al.,
2004; Montané et al., 2005; Sych et al., 2012). Many papers
have been reported dealing with the optimization of the
preparation conditions in order to obtain activated carbons
with a high development of the porous texture. The influence
of the impregnation ratio and the activation temperature on
the textural properties of activated carbons prepared from
different biomassic waste has been deeply analyzed (Jagtoyen
et al., 1993; Hayashi et al., 2000; Molina-Sabio and Rodriguez-
Reinoso, 2004; Rosas et al., 2009; Puziy et al., 2020). However,
the effect of the gas atmosphere during the activation step on
these properties is not so clear and some contradictions have
appeared in this respect in the literature. Generally, activation
takes place under inert atmosphere, although some authors
have proposed the preparation of activated carbons by chemical
activation with phosphoric acid under air atmosphere in order
to enhance the textural properties (increase apparent surface
area, Aggr) (Laine et al., 1989). However, (Benaddi et al., 1998)
reported no significant influence of the atmosphere on the
textural characteristics of activated carbons prepared by chemical
activation of wood with phosphoric acid. They obtained values of
apparent surface area of approximately 2100 m?/g, independently
of the use of air or nitrogen as activation atmosphere. In contrast,
Moreno Castilla et al. reported the preparation of activated
carbons from olive-mill waste with similar Agg (~ 400 mz/g),
using either nitrogen, CO, or H;O atmospheres (Moreno-
Castilla et al., 2001), but the Apgr value decreased (~ 180 m?/g)
when they used air as gas atmosphere.

With regard to lignin, activated carbons with very high Aggr
values (around 3000 m?/ g) by chemical activation of Kraft
lignin with KOH has been reported (Fierro et al., 2007a), but
these carbon materials presented a very narrow microporosity.
Chemical activation of Kraft lignin with zinc chloride and
phosphoric acid gave rise to activated carbons with a much
wider porosity, depending on the activation temperature and
impregnation ratio, but with Apgr values lower than 1800 m?/ g
(Gonzalez-Serrano et al., 1997, 2004; Guillén et al.,, 2009).
However, no much information can be found in the literature
regarding the preparation of activated carbons from Alcell lignin
(Bedia et al., 2009; Rosas et al., 2012), a co-product that appears
dissolved in the liquors produced in one of the most important
Organosolv process.

Thus, the objective of this work was to analyze the effect of co-
solution of carbon precursor and activating agent on the textural
and surface chemistry properties of activated carbons obtained by
chemical activation of Alcell lignin with phosphoric acid, in order
to assess the possibility of directly using the liquors produced in
the Organosolv process (Alcell), which would avoid the lignin
precipitation and separation steps in this process. The influence
of the use of a low temperature oxidative thermal treatment,
previous to the activation process, on the surface chemistry and
textural properties of the final lignin-derived carbons obtained
was also studied.

EXPERIMENTAL SECTION

Activated Carbons Preparation

Alcell lignin (supplied by Repap Technologies Inc., Co.) was used
as raw material for the activated carbons preparation. Different
procedures were used for the preparation of activated carbons
from lignin. Alcell lignin was dissolved in ethanol to simulate
the composition of dissolved lignin in the Organosolv liquors.
Solid Alcell lignin was directly impregnated with aqueous H3PO4
85% (w/w) at room temperature. Co-solution of lignin and the
activating agent, H3POy4 85% (w/w), was also prepared at room
temperature and the ethanol/lignin/H3POy solution was stirred
until evaporation of the ethanol (which could be recovered).
Both the impregnated lignin and the solid derived from the co-
solution of lignin and H3PO4 were dried for 24 h at 60°C in
a vacuum dryer. The amounts of lignin and H3PO4 used in
both cases were those to obtain a final H3PO4/lignin mass ratio
of 2. The as-received lignin and that dissolved in ethanol were
denoted by L and LE, respectively. H3PO4 impregnated lignin
and the solid derived from the lignin/ethanol/H3POy solution
once dried were denoted as L2P and LE2P, respectively. These
two samples were subsequently submitted to a low temperature
oxidative treatment at 200°C in air atmosphere for 1.5 h, followed
by an activation treatment under inert atmosphere at 400°C,
both inside a laboratory horizontal tubular furnace. The heating
rate to reach the oxidative and the activation temperature was 3
and 10°C/min, respectively. Once the activation temperature was
reached the samples were cooled inside the furnace under inert
atmosphere and then washed with distilled water at 60°C until
neutral pH. The resulting activated carbons were dried at 60°C.
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L2P and LE2P submitted to the oxidative treatment in air
at 200°C for 1.5 h were denoted by adding the letter S to the
corresponding names (L2PS and LE2PS, respectively). The final
activated carbons obtained at 400°C in inert atmosphere were
denoted by adding 400 to the respective notations (L2PS400
and LE2PS400, respectively). In case of oxidative treatments
at different temperatures, the activated carbons notation will
include at the end of the name the temperature of the treatment.
For the sake of comparison, some samples were directly activated
at 400°C under air atmosphere without being subjected to the
previous oxidative low temperature treatment. In these cases,
the letter S was not included in their corresponding notations
(L2P400 and LE2P400) and the letter A was added at the
end of its corresponding name. In order to also evaluate the
influence of the gas atmosphere during the low temperature
treatment, a sample was treated under inert atmosphere at
200°C for 1.5 h and was denoted by adding the letter N to its
corresponding notation.

Activated Carbons Characterization

The porosity of the samples was characterized by N, adsorption-
desorption and CO; adsorption at —196 and 0°C, respectively,
using a micromeritics instrument (ASAP 2020 model). The
samples were previously outgassed for at least 8 h at 150°C.
From the N, isotherm, the apparent surface area (Apgr) was
determined by applying the BET equation (Brunauer et al,
1938); micropore volume (Vi) and external surface area (At)
were calculated using the #-method (Lippens and de Boer,
1965); mesopore volume (Vyes) was determined as the difference
between the maximum adsorbed volume of N (V) at a relative
pressure of 0.99 and the micropore volume (Vi) (Rodriguez-
Reinoso et al., 1995). From the CO, adsorption data, the
narrow micropore volumen (Vpr) and surface area (Apr) were
calculated using the Dubinin-Radushkevich equation (Dubinin
et al., 1947). Pore size distributions were obtaining by applying
the 2D-NLDFT heterogeneous surface model from N adsorption
isotherm (Jagiello and Olivier, 2013).

Thermal treatments of different samples were carried out
in a gravimetric thermobalance system, CI electronics. The
thermobalance automatically measures the weight of the sample
and the temperature as a function of time. Experiments were
carried out in inert atmosphere (N,) and in air atmosphere, for
a total flow rate of 150 cm® (STP)/min, employing sample mass
of approximately 10 mg. The sample temperature was increased
at a heating rate of 10°C/min. Differential scanning calorimetry
(DSC) experiments were also obtained by a thermal analyzer
(Mettler Toledo equipment) coupled to a Mass Spectrometer
(Pfeiffer Vacuum model ThermoStar TM GSD 320).

The FTIR spectra of lignin and lignin-derived samples were
recorded in a Bruker Optics Vertex 70 FTIR spectrometer, in the
500-4000 cm ™! range, in KBr disks [ca. 1% (w/w)]. A KBr beam
splitter and a Golden gate single reflection diamond ATR system
detector were used. The spectra were collected for 2 min, with
4 cm™! resolution.

Solid-state 1*C and *'P-NMR spectra of lignin and lignin-
derived samples were recorded, as well, with a NMR spectrometer
(400 WB Plus model from Bruker) using the Cross Polarization

Magic Angle Spinning (CPMAS) and high power decoupling
(HPDEC) techniques and a 3.2 mm MAS triple-channel probe
at a spinning frequency of 15 kH, with SPINAL-64 'H
decoupling conditions.

X-ray photoelectron spectroscopy (XPS) analyses of the
samples were carried out in a PHI 5700C model Physical
Electronics apparatus, with MgKa radiation (1253.6 eV). For
the analysis of the XPS peaks, the Cls peak position was set at
284.5 eV and used as reference to position the other peaks. For
the deconvolution of the peaks, Gaussian-Lorentzian curves were
used. The deconvolution of the phosphorus spectrum was carried
out by using two doublet peaks with an area ratio of 0.5 and a
separation between peaks of 0.84 eV for each phosphorus groups.
TPD experiments were carried out in a customized quartz fixed-
bed reactor placed inside an electrical furnace. CO and CO,, as
output gases, were measured by a non-dispersive infrared (NDIR)
gas analyzer, Siemens ULTRAMAT 22 (Siemens AG, Munich,
Germany). Eighty mg of dried carbon sample was heated from
room temperature to 930°C at a heating rate of 10°C/min under
N, flow (200 cm?/min).

RESULTS AND DISCUSSION

Surface Chemistry Characterization of
As-Received and Ethanol-Dissolved

Lignin

Alcell lignin is a type of lignin derived from Organosolv
process, a pulping technique that uses an organic solvent to
solubilize lignin and hemicellulose. This type of lignin contains
very small amounts of inorganic compounds (Kubo and Kadla,
2004). Delignification is mostly the result of high-temperature
uncatalyzed hydrolysis of lignin ether linkages by water. The
solvent in the system mainly serves to dissolve the lignin
fragments (Girard and van Heiningen, 2000). One of the most
used solvents in the Organosolv process is ethanol, which has
been the solvent selected in this work to dissolve lignin.

Figure 1A shows the normalized CPMAS '3C NMR spectra of
the as-received Alcell lignin and that dissolved in ethanol. Some
differences can be observed, which suggest modifications of the
lignin structure by its solution in ethanol. The main difference
of both spectra is observed in the range of 15-27 ppm, which
can be associated to terminal CH3 groups. The increase of this
signal suggests the accumulation of saturated alkyl structures
after dissolving the lignin with ethanol. The predominant signal
around 62-68 ppm, which remains practically the same after
dissolving the lignin in ethanol, can be assigned to Cs in xylose
internal unit and C,, in B-O-4-linked unit; C4 in xylose non-
reducing end and C,, in B-O-4-linked unit with C = O. However,
the signal around 144-148 ppm slightly increases after solution
with ethanol, which can be associated to an increase of C3 and C4
in etherified guaiacyl; C4 and Cy in etherified 5-5" units and C,,
in cinnamic acid and ester (Almendros et al., 1992), and maybe
related to the interaction of -OH groups of ethanol with those
of lignin, which would also explain the increase of the signal
between 15 and 27 ppm.
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FIGURE 1 | Normalized CPMAS '8C NMR spectra (A) and FTIR spectra (B) of as-received Alcell lignin and that dissolved in ethanol.

Figure 1B represents the corresponding FTIR spectra of both
samples. The spectrum of lignin is complicated and most of
the bands observed are produced by contribution of various
types of vibrations of different functional groups. Therefore,
assignment of the bands is possible only in the approximation
of the predominant contribution of certain atomic groups
(Fitigdu et al., 2013). Alcell lignin shows a broad band at 3410-
3460 cm™!, attributed to the hydroxyl groups in phenolic and
aliphatic structures, which remains the same after dissolving
with ethanol. The bands centered around 2935 and 2840 cm™!
can be predominantly associated to CH stretching in aromatic
methoxyl groups and in methyl and methylene groups of
side chains. In the LE sample also appears a band around
2965 cm ™! related to stretching vibration of aliphatic C-H. This
appearance is in concordance to the accumulation of saturated
alkyl structures, suggested by CPMAS *C NMR spectra, after
dissolving lignin with ethanol. In the carbonyl/carboxyl region, a
band around 1700 cm ™! is found, originating from unconjugated
carbonyl/carboxyl stretching, which is more intense in the case of
the sample LE. Typical bands of lignin are those at 1600, 1515,
and 1425 cm™! related to aromatic skeleton vibrations and at
1460 cm~! associated to the C-H deformation combined with
aromatic ring vibration (Vallejos et al., 2011; Fitigau et al., 2013),
which are practically the same in both samples.

The samples show the characteristic vibrations for the guaiacyl
unit (G ring and C = O stretch at around 1260 cm~!; CH
in-plane deformation at 1150 cm™!; and C-H out-of plane
vibrations in position 2, 5, and 6 of guaiacyl units at 830 and
915 cm™!). Syringyl (S) and guaiacyl (G) units are detected by
aromatic skeleton vibrations at 1600 and 1325 cm™! (S), 1515
and 1260 cm~! (G), and aromatic in plane C-H vibrations at
1110 (S) and 1030 cm™! (G). This last band is more intense
in case of the LE sample (Vallejos et al., 2011; Fitigdu et al.,
2013). Another band at 880 cm ™!, related to C-C asymmetrical
stretching mode, is more accused in sample LE, which also
evidences the modification of the chemical structure of lignin
after dissolving it with ethanol.

Finally, both samples also contain a weak band at 1370-
1375 cm™! originating from phenolic OH and aliphatic C-H in
methyl groups and a strong vibration at 1215-1220 cm™! that
can be associated with C-C, C-O, and/or C = O stretching.
The aromatic C-H deformation at 1030 cm~! appears as a
complex vibration associated with the C-O, C-C stretching
and C-OH bending in polysaccharides (Vallejos et al., 2011;
Fitigdu et al., 2013).

Effect of H3PO4 and Low Temperature
Oxidative Treatment on Lignin Surface

Chemistry

Figure 2 shows the corresponding FTIR spectra of the
H3PO4 impregnated lignin and the solid derived from the
lignin/ethanol/H3POy4 solution, L2P and LE2P, respectively. Most
of the absorption peaks corresponding to functional groups
for these two samples were diminished compared to those
corresponding to the samples L and LE. Spectra of samples L2P
and LE2P are very similar, showing an important decrease of
the intensity in the bands associated to the presence of O-H
stretching of hydroxyl functional groups (3500 to 3300 cm™1!).
This reduction is due to the presence of phosphoric acid, which
acts as dehydrating agent immediately after impregnation, even
at room temperature. The band around 2965 cm™! related to
stretching vibration of aliphatic C-H is also substantially reduced
due to the increase of aromaticity (conversion of aliphatic to
aromatic compounds). This loss of aliphatic character takes
place at low temperatures and is caused by the cleavage of
aliphatic side chains. Jagtoyen and Derbyshire also reported
that the primary effects of acid attack are to cleave aryl ether
bonds in lignin, accompanied by dehydration, degradation
and condensation reactions (Jagtoyen and Derbyshire, 1998),
which are the responsible of the decrease observed at 1600,
1515, and 1425 cm™ ! related to aromatic skeleton vibrations
of phenyl skeletons and, at 1460 cm™!, associated to the
C-H deformation, combined with aromatic ring vibration.
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FIGURE 2 | FTIR spectra of the different H3PO4-lignin derived samples.

Furthermore, the acid-catalyzed hydrolysis of ether linkages in
lignin can lead to the formation of ketones, as can be observed in
the characteristic band that appears at 1685 cm ™.

The typical bands for guaiacyl unit are also significantly
reduced, those at 1215-1220 cm ™! and at 1030 cm ™!, associated
to C-C, C-0, and/or C = O stretching and C-O, C-C stretching
and C-OH bending in polysaccharides, respectively. However,
the appearance of other bands probably related to phosphorus
compounds is also observed. In this sense, the broad band at
965 cm~! and the intense peak at 635 cm™! could be initially
associated to P-O-P and P-C bending of aromatic compounds,
respectively, although the peak at 635 cm™! can be also related
to C = CH bonds (Labruquere et al., 1998). In addition,
disappearance of this band, at 635 cm™, is observed for samples
submitted to the oxidative treatment in air at 200°C (L2PS and
LE2PS), which can be related to the formation of more oxidized
species of phosphorus or to decomposition of non-stable species.
Furthermore, a decrease of the intensity of the bands at 1600,
1515, 1460, and 1425 cm™! was also detected after this low
temperature treatment in air.

In order to analyze if phosphoric acid can act as an oxygen
donor to the lignin matrix at this low temperature, sample L2P
was treated at 200°C for 1.5 h, but under inert (N;) atmosphere
(L2PS-N). The FTIR results for L2PS-N are also shown in
Figure 2. As it can be seen, all the bands already mentioned
were also reduced for L2PS-N, which suggests that the presence
of oxygen coming from the H3PO4 is more than enough to
produce crosslinking reactions (Garcia-Mateos et al., 2018). In
this sense, phosphoric species could be combined with organic
species to form phosphate linkages that can serve to connect
and crosslink lignin fragments (Jagtoyen and Derbyshire, 1998).
These reactions are probably responsible for the reduction of
these typical bands of lignin.

The results obtained from XPS analysis confirmed the
presence of phosphorus groups on the surface of L2P, LE2P, L2PS,

C-0-PO,
P,0; (CO):PO
(CO),PO,
—L2P
. —LE2P
= | —L2Ps
< C-PO,
—LE2PS
138 137 136 135 134 133 132 131
Binding energy (eV)
FIGURE 3 | XPS P2p spectra of the different Hz3PO4-lignin derived samples
and deconvolution of LE2PS sample (C-O-P groups: continuous line, P>Os:
dotted line and C-POg3: dashed line).

and LE2PS samples (see Figure 3). The XPS P2p spectrum for
L2P showed a broad band with a main peak at a binding energy
around 134.3 eV, characteristic of pentavalent tetracoordinated
phosphorus, as in phosphates and/or polyphosphates (Wu and
Radovic, 2006). The obtained P2p broad band indicated the
presence of different surface phosphorus species. Lower binding
energies (around 133 eV) are characteristic of C-P bonding, as
in C-POj3 surface groups, which seem to be practically negligible
in these samples (see Table 1); whereas higher values (134.2 eV)
are ascribed to more oxidized phosphorus species, with C-O-
P type bonds, as those in C-O-PO3 surface groups (Wu and
Radovic, 2006; Puziy et al., 2008). The contribution of these
species was higher than 85%, suggesting that all phosphorus was
mainly present in form of C-O-POj3 surface groups. However,
due to these samples were not yet activated, the presence of even
more oxidized phosphorus species as P05 (135.7 e€V) cannot
be disregarded. It seems clear that co-solution of lignin with
phosphoric acid generated a higher contribution of oxidized P
surface groups to the total P surface groups than the traditional
impregnation process (LE2P vs. L2P). On the other hand, the
lower P content value observed for LE2P, when compared with
that for L2P (see Table 1), suggests that this sample presents more
P in the inner part of the lignin matrix, due probably to a better
dispersion and to a more homogeneous distribution of P through
the entire lignin matrix obtained by co-solution of the activating
agent, phosphoric acid, and the carbon precursor, lignin. After
the low temperature oxidative treatment both samples, L2PS and
LE2PS, presented a similar surface P content value. However,
the amount of surface O was significantly higher for the sample
prepared by co-solution of lignin and H3POy4, LE2PS, which
suggests that this preparation procedure enhances the lignin
oxidation process at low temperature.

Thermal decomposition of the different lignin-derived
samples was studied by TG analyses. Figure 4A represents
the weight loss of the different lignin-derived samples as a
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TABLE 1 | Mass surface concentration of the different H3PO4-lignin derived
samples and the corresponding contribution of different phosphorus surface
group obtained by XPS analyses.

Surface concentration Phosphorus

Sample by XPS surface groups

C(%) O(%) P(%) Py05(%) C-O-P(%) C-PO3 (%)
L2P 30.7 45.3 24 3.9 89.05 7.05
LE2P 401 39 20.9 9.9 89.6 0.5
L2PS 48.8 31.3 19.9 5.85 93.7 0.45
LE2PS 42.9 36.5 20.6 9.24 89.59 117

function of temperature, under inert atmosphere and at a heating
rate of 10°C/min. In general, three different ranges can be
observed in all the samples. First, there is a small weight loss at
temperatures lower than 200°C that can be partially attributed
to release of water. Water can come from the phosphoric acid
solution and produced by the reaction between phosphoric acid
and lignin. As abovementioned, phosphoric acid cleaves aryl
ether bonds in lignin, producing many transformations that
include dehydration, degradation, and condensation (Jagtoyen
and Derbyshire, 1998). At temperatures lower than 150°C,
the acid catalyzes the hydrolysis of ether linkages, leading
to the formation of ketones. These and other bond cleavage
reactions that proceed through ionic mechanism promotes the
release of H,O, CO, CO,, and CHy at these low temperatures,
and can contribute to the corresponding weight loss observed
in Figure 4A.

Between 200 and 500°C a further decrease of mass is
observed associated to the release of light compounds from lignin
degradation. In this temperature range, crosslinking reactions
dominate over bond cleavage and de-polimerization reactions.
At 250°C the structures are considered to be small polyaromatic
units connected mainly by phosphate and polyphosphate bridges,
including polyethylene linkages. As the temperature increases,
cyclization and condensation reactions lead to increases in

aromaticity and size of the poliaromatic units, enabled by the
scission of P-O-C bonds (Jagtoyen and Derbyshire, 1998).

A change in the slope of the weight-loss curve can be also
observed at temperatures higher than 500°C, probably associated
to volatilization of carbon-oxygen complexes generated by the
activation process, and to a lesser extent, to decomposition of
phosphorous-compounds (as P,Os), produced by the reaction of
phosphoric acid with the carbon matrix (Montané et al., 2005).

The profiles of L2P and LE2P are very similar, suggesting the
low impact of using dissolved lignin in ethanol in the thermal
decomposition reactions. However, the weight loss curves of the
samples treated with air (L2PS and LE2PS) are above those of
L2P and LE2P samples. If the difference between the weight
loss for a specific temperature of the non-treated and treated
samples is represented as a function of temperature (Figure 4B),
an important weight loss deviation around 700°C can be noticed
for both curves, suggesting that the treatment with air generates
significant differences to the samples treated with phosphoric
acid. Montané et al. (2005) proposed that the peak observed at
650°C in the DTG curves was attributed to the volatilization of
P,0Os. On the other hand, Martinez De Yuso et al. (2014) found a
band around 800°C, which they associated to the more important
crosslinking reactions to produce aromatic units. Therefore, the
treatment with air seems to stabilize or increase the number of
phosphate and polyphosphate bridges, and/or to increase other
crosslinking reactions. With this regard, although the weight loss
percentage from 800°C is the same for the samples L2PS and
LE2PS (around 10%), the remaining weight is not equal, due to
a higher weight loss between 750 and 800°C. The weight loss
observed in this range temperature coincides with the higher CO
evolution observed in the TPD analysis for the LE2PS400 sample,
and it is associated to the higher presence of C-O-POj3 surface
groups (Bedia et al., 2009).

Differential scanning calorimetry (DSC) scans of all the lignin-
derived samples are shown in Figure 5. Figure 5A shows a broad
endothermic peak near 80°C from absorbed moisture for all the
impregnated samples. The impregnated lignin L2P also presents
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FIGURE 4 | (A) Thermogravimetric analysis in inert atmosphere for different lignin-derived samples; (B) Weight loss differences during TG analyses between the
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FIGURE 5 | (A) DSC curves during pyrolysis of different lignin-derived samples and (B) DSC curves during treatment of L2P and LE2P with air at 200°C.

a broad endotherm peak around 235°C, which can be associated
to the decomposition and depolymerization reactions of lignin.
Similarly, Karacan and Soy (2013) related an endothermic peak
around 214°C to decomposition and depolymerization reactions
of cellulose. Another exothermic peak was observed around
300°C. This peak coincides with a maximum in the CO and
CO; evolution and is due mainly to the crosslinking reactions
taking place during the decomposition process (Jagtoyen and
Derbyshire, 1998), which could be softened by the endothermic
polymerization and condensation reactions that take also place
at this temperature range (Zhu et al., 2016). The scan of LE2P
is very similar to that of L2P, but a shift of the endothermic
peak is observed to 225°C, which suggests an earlier beginning
of the decomposition and depolymerization reactions of lignin.
In the case of the L2PS and LE2PS samples, the treatment with
air results in the reduction of the endothermic peak, probably
because the endothermic reaction has already taken place during
the treatment with air (at 200°C for 1.5 h). From this temperature,
a broad but much less intense exothermic peak can be observed
centered on 300°C.

A further experiment was carried out trying to simulate
the oxidative treatment at 200°C. The corresponding DSC
curves are shown in Figure 5B. As can be seen, a sharp
exothermic peak appears once the temperature is reached. This
exothermic peak could be related to that shown in Figure 5A
at 300°C in samples L2P and LE2P, due to different exothermic
crosslinking reactions. In this sense, Jagtoyen and Derbyshire
(1998) proposed that crosslinking reactions begin to dominate
over depolymerization reactions from 200°C. Therefore, if
enough time is provided, the reactions could take place at lower
temperatures. Another important aspect is the presence of two
endothermic peaks only in the sample LE2P. These two peaks
could be related to the splitting of the endothermic peak that
appears in Figure 5A around 220°C, caused by the superposition
of several depolymerization and condensation reactions with
different kinetic rates. In this sense, (Montané et al., 2005) already
observed with isothermal experiments the existence of several

reactions which appears overlapped during DTG analyses of
impregnated samples.

Characterization of Activated Carbons

Table 2 shows the yield values of each treatment step and the total
yield values for the different prepared activated carbons. As it is
well known, phosphoric acid limits the formation of tars during
the carbonization treatment, increasing the yield of the remaining
solid product (Jagtoyen and Derbyshire, 1998). In this case,
the yield of the treatment with air at 200°C is, approximately,
90% for both samples derived from co-solution of lignin and
phosphoric acid and impregnated with phosphoric acid. The
yield of the activation step (mass of activated sample/mass of
impregnated or treated with air sample) was around 75% for
samples non-treated with air, and about 85% for samples treated
with air. There was approximately a difference of 10%, which
practically corresponded to the loss of light hydrocarbons from
the lignin degradation that was previously observed during the
treatment with air at 200°C. The washing yield (mass of washed
sample/mass of activated sample) was around 25%, very similar in
all cases, and a total yield of around 60% was obtained for all the
activated carbons, with no significant differences observed when
lignin was co-dissolved or not with the activated agent and/or
when the oxidative stabilization step was or was not performed.
The total yield values (mass of activated carbon/mass of lignin)
are considerably higher than others reported in the literature for
lignin and other lignocellulosic materials (Montané et al., 2005;
Puziy et al., 2005; Rosas et al., 2008).

Figure 6 shows the N; adsorption-desorption isotherms at
—196°C of the different activated carbons, prepared at 400°C
and with an H3POy to lignin mass ratio of 2. The isotherm of
the activated carbon L2P400 is a type I isotherm, characteristic
of a typical microporous solid, which adsorbs almost all N, at
low relative pressures. No significant changes in the N, isotherm
were observed when lignin was co-dissolved with the activating
agent. However, the treatment with air at 200°C produced solids
with a remarkable increased N, adsorbed volume up to 0.4 of

Frontiers in Materials | www.frontiersin.org

May 2020 | Volume 7 | Article 153


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Moulefera et al.

High Surface Area Lignin-Derived ACs

TABLE 2 | Yield values of the lignin activated carbons.

Activated Oxidative Activation Washing Total yield
carbon treatment yield (%) yield (%) (%)
yield (%)
L2P400 - 75.9 28.0 63.8
LE2P400 - 75.9 25.9 59.2
L2PS400 87.3 87.8 27.3 62.9
LE2PS400 90.7 81.6 25.2 63.3
1000

—L2P400 —LE2P400 —L2PS400 —LE2PS400

0 0.2 0.4 0.6

FIGURE 6 | N, adsorption-desorption isotherms obtained at —196°C of the
different activated carbons obtained at 400°C and with HzPO4 to lignin mass
ratio of 2.

relative pressure, which indicated a larger presence of wider
microporosity in these carbonaceous solids. This N, adsorption
volume increase was significantly more pronounced when co-
solution of lignin and phosphoric acid was carried out previously
to the oxidative stabilization step (air at 200°C). The small
hysteresis cycle at medium relative pressures shown by the N;
adsorption isotherms indicates the presence (to a lesser extent) of
Narrow mesopores.

The textural properties obtained from the N, and CO,
isotherms of the different activated carbons are summarized
in Table 3. The differences between the micropore volumes
obtained from N; (V) and CO, (Vpgr) isotherms, with higher
values for those from N, ones, confirmed the presence of a
wide microporosity for the lignin-derived activated carbons.
However, the mesopore volumes are quite low in all the samples.

The apparent surface area (Apgr) values increased considerably
from 912 mz/g for L2P400 to 1937 m2/g for L2PS400, and to
2551 m?/g for LE2PS400. This last value is much higher than
others reported in the literature for lignin-derived activated
carbons using other activation methods (Rodriguez-Mirasol
et al,, 1993a,b; Gonzalez-Serrano et al., 1997; Hayashi et al,
2000; Cotoruelo et al., 2007; Babel and Jurewicz, 2008; Carrott
et al,, 2008; Sun et al., 2010; Al-Lagtah et al., 2016; Kim et al,,
2017; Lin et al.,, 2019; Rowlandson et al., 2020), including the
same activating agent (H3POy), at similar temperatures and
impregnation ratios (Gonzalez-Serrano et al., 2004; Guo and
Rockstraw, 2006; Fierro et al., 2007b; Bedia et al., 2010; Rosas
et al, 2012). Only a few works reported the preparation of
activated carbons from lignin with higher apparent surface areas
(~3000 m?/g) by using KOH activation, but at much higher
activation temperatures than those used in this work (Zou and
Han, 2001; Fierro et al., 2007a; Li et al., 2014; Fernandez-Ruiz
et al,, 2018; Han et al,, 2019). In the method here proposed, the
use of lower activation temperatures would substantially decrease
the cost of the obtained activated carbons, without compromising
the high development of porosity.

Figure 7 collects the micropore size distribution of the
different activated carbons obtained at 400°C and H3;PO, to
lignin mass ratio of 2. The activated carbon prepared by
direct impregnation of lignin shows a bimodal micropore size
distribution, with a main band with a maximum at around 6.7 A
and a second one (shoulder), less intense, with a maximum
at around 16 A, ending at a pore size value of about 40 A,
indicating the presence of narrow mesopores. The micropore
size distribution of the activated carbon when lignin was co-
dissolved with the activating agent is practically the same as that
of the activated carbon prepared by direct impregnation of lignin.
However, the treatment with air at 200°C produces a clear change
in the bimodal micropore size distribution. This treatment
produced an increase of both bands, with the maximum of the
first one slightly shifting to higher micropore sizes (from 6.7
to approximately 8.5 A). However, the increase of the band
corresponding to micropores of about 16 A was proportionally
higher than that corresponding to the lower micropore sizes (6.7
to 8.5 A), even surpassing it in the case of LE2PS400. These results
suggest that the treatment with air at 200°C increased the volume
of micropores, especially that of the largest pore size (16 A),
and this effect was clearly enhanced by the co-solution of lignin
and phosphoric acid. However, this treatment does not appear to
greatly affect the micropore (or mesopore) size of the obtained
activated carbons.

TABLE 3 | Textural properties of the different lignin derived activated carbons obtained from the N and CO» isotherms.

N, Isotherm CO,, Isotherm
Ager (m?/g) At (m?/g) Vi (cm®/g) Vp (cm®/g) Vimes (cm®/g) Apr (m?/g) Vpr (cm®/g)
L2P400 912 55 0.412 0.477 0.063 438 0.176
LE2P400 845 36 0.395 0.444 0.054 407 0.163
L2PS400 1937 131 0.892 1.044 0.146 673 0.270
LE2PS400 2551 143 1.158 1.313 0.152 859 0.344
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FIGURE 7 | Micropore size distribution of the different activated carbons
obtained at 400°C and with HzPO4 to lignin mass ratio of 2.

The present results indicate that the use of co-solution of
lignin with phosphoric acid in combination with an oxidative
treatment at 200°C provides activated carbons with extremely
high specific surface area and a large and wide microporosity.
These significant differences in the porous texture seem to be
the result of larger and more homogeneous interactions between
lignin and the activating agent when they are co-dissolved
that may increase the formation of effective phosphate esters,
which are the responsible of the cross-linking reactions in the
carbonaceous matrix during the oxidative stabilization process
(Puziy et al., 2005). To support this hypothesis, TPD (Figure 8)
and XPS (not shown) analyses were carried out for the different
activated carbons. As it was observed in previous works, activated
carbons prepared by chemical activation with phosphoric acid
presented most of CO evolution at temperatures higher than
700°C, due to the presence of oxygen-containing P surface
groups, which include metaphosphates, mainly as C-O-POs3
groups and C-POs groups, which decompose as gaseous CO,

producing C-P type surface groups (Bedia et al., 2009; Rosas et al.,
2009). In addition, XPS P2p spectra of the different activated
carbons, which were very similar to those of the corresponding
lignin-derived samples (Figure 3), also evidence the presence of,
mainly, C-O-P ones (CO-PO(OH); and (C-O)3PO) at 134.2 eV
and C-P-O groups (such as C-PO(OH); or C,-PO(OH)) at
133 eV. The similarity among the spectra indicated that the
contribution of this kind of groups is very similar in the different
obtained activated carbons, independently of the preparation
method used. In this sense, a similar P surface concentration
value of 1.6%wt was obtained for L2P400, L2PS400, and LE2P400.
However, the combined effect of the co-solution of lignin and
phosphoric acid and the oxidative treatment at low temperature
increased this value to 2.4%wt.

TPD CO profiles for the activated carbon prepared from
dissolved and not-dissolved lignin are very similar, showing most
of their CO release between 700 and 900°C (Figure 8). However,
the treatment with air at 200°C and the combined use of this
treatment with co-solution of lignin and the activating agent
provided a higher release of CO, even at temperatures lower
than 700°C. This CO evolution at lower temperatures can be
associated to decomposition of mainly phenol and ether surface
groups and, to a lesser extent, to anhydride surface groups.
As decomposition of this last group also should produce CO,
evolution, the low CO; evolution for these activated carbons at
this temperature range provided evidences of the low presence
of anhydride surface groups on those samples. On the other
hand, the sample LE2PS400 presented the highest CO evolution
between 700 and 800°C, which suggests a higher presence of
metaphosphates (C-O-PO3 and/or C-POj; type) surface groups
on this sample (Bedia et al., 2009). These P surface groups, with
C-O-P bonds, decompose to gas CO and P surface groups of C-P
bond type at these temperatures (Wu and Radovic, 2006). The
larger evolution of CO observed in the TPD for LE2PS400 can
be associated to a higher generation of phosphate esters during
the preparation process, as it was evidenced by FTIR analyses
(Figure 2) and by the higher surface P content (2.4%wt) of this
activated carbon, revealed by XPS results.
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Effect of Temperature of the Oxidative

Treatment

Although to our best knowledge the co-solution of the carbon
precursor and the activating agent has not been previously
reported, some authors have already proposed the activation
in two different steps. Toles et al. (1998) analyzed different
approaches of acid-activation/oxidation to produce activated
carbons with high metals and organics compounds adsorption
uptakes. They observed no significant differences on the porosity
of samples directly activated in air at 450°C and compared with
samples prepared with a further intermediate step at 170°C,
obtaining a maximum apparent surface area of Aggr = 1662 m?/ g.
They suggested that the intermediate step was not necessary
because the time spent during the ramping stage (averaging
approximately 0.8 h) to 450°C was sufficient to allow penetration
of the activating agent (phosphoric acid) and any preliminary
reactions to take place. Dastgheib and Rockstraw (2001)
proposed also a two steps activation process, both of them in
air, with the first one up to 215°C, temperature from which
ortho-phosphoric acid dehydrates, losing half a molecule of water
and forming pyrophosphoric acid, but they do not compare the
porosity of activated carbons prepared in other gas atmospheres.

In order to deep in the role of this oxidative treatment, further
oxidative treatments were carried out at different temperatures.
Table 4 shows the yield values of the lignin derived activated
carbons obtained at 400°C and H3POy/lignin mass ratio of
2, but previously treated at different temperatures under air
atmosphere. As can be seen, the yield of the treatment in air
decreases as the temperatures increases, due to a higher release
of light hydrocarbons and water. The activation and washing
yields remain approximately the same regardless of the treatment
previously carried out, since the impregnation ratio and the
activation temperature is the same in all the samples. Therefore,
the total yield values follow the same sequence found for the
treatments with air.

Figure 9 shows the N, adsorption-desorption isotherms at
—196°C of the different activated carbons prepared at 400°C
and H3POy/lignin mass ratio of 2, treated at different oxidative
temperatures. The isotherms of the series are all of them type
I isotherms. The results indicate that the oxidative treatment at
100°C did not generate large porosity development compared to
that of the sample without any oxidative treatment. The highest
amount of N, adsorbed volume was observed for the sample
treated at 200°C. An increase of this temperature to 300°C

TABLE 4 | Yield values of the lignin-derived activated carbons obtained at 400°C
and HgPO4/lignin mass ratio of 2, treated at different temperatures.

Sample Oxidative Activation Washing Total yield
treatment yield (%) yield (%) (%)
yield (%)

LE2PS400-100°C 98.1 85.8 25.7 65.0

LE2PS400-200°C 90.7 81.6 22.2 63.3

LE2PS400-300°C 87.7 88.7 24.0 56.0

LE2P400-A - 80.1 27.2 64.9

LE2PS(N)400 88.8 87.3 26.2 60.9

1200
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FIGURE 9 | N, adsorption-desorption isotherms obtained at —196°C of the
different activated carbons obtained at 400°C and HzPO4/lignin mass ratio of
2, treated at different temperatures.

slightly reduced the N, adsorbed volumes. Table 5 collects the
textural properties derived from the N, and CO; isotherms of
the different lignin derived activated carbons obtained at 400°C,
a H3POy/lignin mass ratio of 2 and treated at different oxidative
temperatures. As can be seen, the textural properties of the
sample treated at 100°C are very similar to those reported in
Table 3 for the sample L2P400, which was not submitted to any
oxidative treatment. It can also be observed that maximum pore
volume (1.31 cm?/g) and apparent surface area (2551 m?/g) were
obtained with an oxidative treatment at 200°C, while a relative
decrease in the apparent surface area to 2128 m?/g was noticed
when the oxidative treatment was performed at 300°C.

The treatment in air at low temperature seems to enhance
the formation of phosphate and polyphosphate bridges, which
are responsible for connecting and crosslinking the lignin
fragments. These phosphorus groups are inserted in the carbon
matrix, separating the organic species. These groups generate
an expansional process that, after removal of the acid, leaves
the matrix in an expanded state, with a high pore development
structure. In this case, the highest porosity development
is observed when the oxidative treatment is performed at
intermediate temperatures (200°C). The treatment at 100°C
does not produce any enhancement in the porosity, and at
300°C some reduction begins to be noticed. These differences
can be explained, according to the findings of Jagtoyen and
Derbyshire (1998) by the fact that bond cleavage reactions
that proceed through ionic mechanisms are taking place at
low temperature and cross-linking reaction dominates over
bond cleavage and de-polymerization reactions from 150°C.
Therefore, the results seem to indicate that the presence
of oxygen promotes preferentially the cross-linking reactions
around 200°C and from this temperature some over-oxidation
could take place.

Frontiers in Materials | www.frontiersin.org

May 2020 | Volume 7 | Article 153


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Moulefera et al.

High Surface Area Lignin-Derived ACs

TABLE 5 | Textural properties of the different lignin activated carbons obtained at 400°C and HzPO4/lignin mass ratio of 2, treated at different temperatures under air

atmosphere, obtained from the No and CO» isotherms.

Sample Ny isotherm CO,, isotherm

Ager (m?/g) At (m?/g) Vi(cm®/g) Vp(cm®/g) Vimes (cm3/g) Apr(m?/g) Vpr(cm®/g)
LE2PS400-100°C 877 61 0.386 0.459 0.066 420 0.168
LE2PS400-200°C 2551 143 1.158 1.313 0.152 859 0.344
LE2PS400-300°C 2128 181 1.036 1.237 0.175 570 0.228
LE2P400-A 707 26 0.306 0.339 0.031 501 0.201
LE2PS(N)400 1263 111 0.575 0.706 0.127 483 0.194

In addition, other experiment was carried out but treating
the lignin/H3POy4 samples at 200°C under inert (N) atmosphere
(instead of air), followed by activation also in N, at 400°C
(LE2PS(N)400). The amount of N, adsorbed volume over
the entire range of relative pressure for the sample thus
obtained was significantly higher than that observed for the
LE2P400 sample, evidencing the presence of larger and wider
microporosity. These results suggest that some reactions are
being promoted at 200°C even under inert atmosphere, when
sufficient time is provided. According to DSC results, it must
be related to crosslinking reactions taking place during the
decomposition process (Karacan and Soy, 2013) and/or to the
polymerization and condensation reaction with H3PO4 (Zhu
et al., 2016). Based on these results, it seems that, in agreement
with the hypothesis of Toles et al. (1998) there are some
kinetic limitations, as can be deduced from the increase of
the microporosity with the treatment at 200°C under inert
atmosphere, mainly associated to some crosslinking reactions.
However, the use of an oxidative atmosphere becomes necessary
to boost the porosity development, as pointed out by Dastgheib
and Rockstraw (2001), but at adequate experimental conditions,
as those previously observed.

In order to provide evidences of a possible over-oxidation of
the activated carbon, which avoids the porosity development, a
further activation of the LE2P sample at 400°C but directly in
air was carried out. The isotherm of the corresponding activated
carbon, LE2P400-A, (shown in Figure 9) presented lower N,
adsorption volumes than the ones for the corresponding carbon
materials obtained by activation under inert atmosphere. The
same tendency was found for the sample L2P also activated
in air at 400°C (not shown). In particular, a reduction in
the apparent surface area of almost 200 m?/g (Table 5) was
observed, suggesting that some over-oxidation has occurred,
causing some pores to collapse (Wang et al, 2014). In this
line, several authors prepared activated carbons under different
gas atmospheres in order to analyze their influence on the
porous texture development. However, some discrepancies can
be found in these works. Laine et al. (1989) observed an increase
of the surface area of activated carbons from coconut shell at
400°C, when forced air was used, varying from 180 (in N)
to 860 (in air) m?/g. Molina-Sabio et al. (1995) suggested that
the presence of oxygen at 450°C, at low impregnation ratios
(R < 0.32), inhibits the aromatization process, thus reducing
the influence of the phosphoric acid in both promoting the

development of porosity and reducing the extent of contraction
produced during the heat treatment of peach stones. At higher
impregnation ratios (R > 0.32), they proposed that the access
of air will be more restricted and will have smaller effect
on the process. Benaddi et al. (1998) reported very similar
micropores volumes and surface areas independently of the
gas atmosphere (O, or Nj) used to prepare activated carbons
from wood at 480°C. Puziy et al. (2003) associated a maximum
of porosity in activated carbons prepared from a styrene-
divinylbenzene copolymer in air, at 900°C, to a further air
gasification. Wang et al. (2014) mixed ammonium persulfate
with phosphoric acid. They proposed that the oxygen generated
from decomposition of ammonium persulfate enhanced both
the formation of phosphate esters and the formation of
CO and CO; by gasification. At low oxygen dosages, the
formation of phosphate esters predominated, hence promoting
the crosslinking between phosphoric acid and lignin. They also
pointed out that lignin presents higher carbon content than
wood and can thus produce more phosphate esters. However,
the excessive amount of persulfate leads to over-oxidation and
carbon deletion. Furthermore, the over-oxidation also can cause
some pores to collapse (Wang et al., 2014).

Based on our results and taking into account the statements of
all these authors, it seems that in our experimental conditions, the
presence of oxygen at intermediate temperatures, where cross-
linking reactions dominate, promote the porosity development
due to the creation of more phosphate esters, but at higher
temperatures, where the aromatization process preferentially
takes place, an excess of oxygen was counter-productive,
generating an over-oxidation that would inhibit the increase
of the porosity.

This new methodology can be an interesting alternative for the
valorization of Alcell lignin into highly porous activated carbons.
The high apparent surface area obtained and the presence of
surface phosphorus functional groups, which provides to the
activated carbons with surface acid character (Valero-Romero
et al., 2017) and oxidation resistance (Rosas et al., 2012), open
the possibilities for different applications (Puziy et al., 2020).
Specifically, these activated carbons can be used in adsorption
processes (gas and liquid phases), like adsorbent for basic
compounds (Guo et al., 2005; Laszlo, 2005; Suhas et al., 2007),
in heterogeneous catalytic processes, like catalyst or catalytic
support (Bedia et al., 2009, 2010) and even in electrochemistry
applications (Hulicova-Jurcakova et al., 2009).
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CONCLUSION

This work analyzes the effect of co-solution of carbon precursor
and activating agent on the textural and surface chemistry
properties of highly nanoporous activated carbons obtained
by chemical activation of Alcell lignin with phosphoric acid.
The success of this methodology highlights the possibility
of directly using the liquors produced in organosolv process
(Alcell) to prepare activated carbons by chemical activation
with phosphoric acid. Co-solutions of lignin and phosphoric
acid were submitted to a two steps thermal treatment, which
consisted of a first oxidative stabilization in air at 200°C, followed
by a thermal treatment in N, at 400°C, where activation of
the oxidized lignin with phosphoric acid took place. A lignin-
derived activated carbon with very high apparent surface area
(2550 mz/g) and pore volume (1.30 cm3/g) was obtained with
an initial phosphoric acid to lignin mass ratio of 2. Up to
now, this is one of the highest values of apparent surface
area reported not only for activated carbons prepared from
lignin, but even for porous carbons prepared by chemical
activation of other lignocellulosic materials with phosphoric
acid. The use of lignin and phosphoric acid solutions provided
more homogeneous and effective interactions between the
carbon precursor and the activating agent, by the formation
of phosphate esters in the lignin matrix, which seems to
be a key factor in the subsequent treatments: promoting
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