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Abstract

Engineering of activated carbons (ACs) through chemical activation of organic precursors has been extensively studied for a
wide variety of biopolymers, biomasses, wastes and other fossil-based precursors. Despite huge efforts to engineer evermore
performant and sustainable ACs, “searching-for-the-best-recipe” type of studies are more the rule than the exception in the
published literature. Emerging AC applications related to energy and gas storage require strict control of the AC properties
and a better understanding of the fundamentals underlying their engineering. In this study, we provide new insights into the
K,COj; chemical activation of plant-based polyphenols—lignins and tannins—through careful thermoanalytical and struc-
tural analyses. We showed for the the first time that the reactivity of polyphenols during K,CO; chemical activation depends
remarkably on their purity and structural properties, such as their content of inorganics, OH functionalities and average
molecular weight. We also found that the burn-off level is proportional to the K,CO5/lignin impregnation ratio (IR), but
only within a certain range—high impregnation ratios are not needed, unlike often reported in the literature. Furthermore,
we showed for the first time that the K,CO; chemical activation of different carbon surfaces from lignins and tannins can be
modelled using simple global solid-state decomposition kinetics. The identified activation energies lay in the range of values
reported for heterogenous gas-carbon surface gasification reactions (O,-C, H,O0-C, or CO,-C) in which the decomposition
of C(O) surface complexes is the common rate-limiting step.
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1 Introduction of phenylpropanoid units and hardwoods such as eucalyptus
and acacia of G and syringyl (S) units, respectively. Both
types of wood may also contain p-hydroxyphenyl (H) type

units.

Replacing fossil-based precursors by renewable ones is nec-
essary to maintain a sustainable production of activated car-

bons (ACs) for different application areas, including energy
storage, gas storage, and environmental remediation. Woody
plants such as trees are rich sources of lignin and tannin
polyphenols, which could be used as precursors for the next
generation of renewable ACs.

In trees, lignin [1] is one of the major structural com-
ponents of wood and occurs also in the bark. Lignins are
polymers of phenylpropanoid units (Fig. 1) connected by
ether (-C-0O-) and carbon—carbon (C—C-) bonds. Softwoods
such as pine and spruce consist mainly of guaiacyl (G) type
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The development of lignin recovery processes [2, 3] and
novel biorefinery concepts [4] has increased the availability
of technical lignins from chemical (kraft, soda and organo-
solv) pulping and hydrolysis lignin from biorefineries [5, 6].
The structures of these lignins differ significantly from that
of native lignin. The major differences arise from cleavage
of many of the ether linkages between the phenylpropanoid
units that lowers the molar mass and increases the phenolic
hydroxyl content of lignin. In most cases, these changes
make the lignins much better suited for various applications
such as adhesives [1, 7].

Further improvements in application performance can be
achieved by modifications such as thermal post-treatment of
kraft lignins by the CatLignin process [8, 9] that converts
part of the G and S units to H units and catechol (Cat) units
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Fig. 1 Structural elements of technical lignins and condensed tannin and examples of their nitrogen derivatives

(Fig. 1). The lignins can also be chemically modified by
introducing elements such as phosphorus and nitrogen in
their structure with the aim of improving a particular func-
tional property such as flame retardancy. Nitrogen modifica-
tion is also a mean to introduce nitrogen functionalities into
the surface of lignin derived carbon materials to enhance
its electrochemical or adsorption performance [10-15].
An example of this strategy is nitrogen-modification via
the Mannich and Schiff base reactions using, e.g., urea and
formaldehyde [16, 17]. The Mannich reaction adds amino
groups to the aromatic units and the Schiff base reaction may
convert side chain carbonyl groups to imine groups (Fig. 1).

As for tannin [18, 19], it is found in many parts of trees
but in most prominent species is mainly concentrated in
the bark. The debarking of logs, usually the first step of
wood processing, provides large quantities of bark that is
mostly valorized in energy production. The two main types
of tannin are hydrolyzable gallo- and ellagitannins and the
flavonoid-based (condensed) tannins. Condensed tannins
(Fig. 1) are found, e.g., in spruce and pine bark from which
they can be isolated by alkali or hot-water extraction [20,
21]. The flavonoid units that make up the condensed tan-
nins vary in structure, particularly in terms of the phenolic
hydroxyl substituents on the aromatic A- and B-rings. For
example, the procyanidin-type of condensed tannins found
in Norway spruce bark [19] consist of catechin (Fig. 1) and
its epimer, epicatechin. Tannins can be used for some of the
same applications as technical lignins and similarly modified
[22] to increase their nitrogen content (Fig. 1).

Lignins are promising precursors for a wide range of
carbon materials [23, 24] including high-performance ACs
for supercapacitor [25-27], adsorption [28], and catalysis
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[29] applications. Likewise, tannins represent untapped
potential for engineering a wide variety of renewable
materials [30] such as renewable ACs for energy storage
in supercapacitors [31-36]. Nitrogen-modified polyphe-
nols can be used to engineer nitrogen-doped biocarbons
with enhanced properties in various applications related to
catalysis and electrochemical energy storage [37].

The art and science of activated carbon (AC) engineer-
ing need to be constantly perfected to improve the control
over their properties and performance. The current emerg-
ing AC applications related to gas and energy storage [38]
are particularly demanding in terms of AC engineering,
as the quality of the porosity, the nature of the defects,
as well as the surface chemistry influence the AC perfor-
mance [39-48].

High-surface-area ACs with hierarchical porosity can be
synthesized from lignins and tannins using chemical activa-
tion methods [33, 49]. K,CO; has been particularly effective
for the synthesis of lignin-based [50-52] and tannin-based
[53] ACs and has accordingly received a lot of attention.
K,COj also has the major advantage of being a greener and
safer chemical than KOH or ZnCl, [54].

To date, engineering of ACs from polyphenols using
K,COj; chemical activation has relied mainly on empiri-
cal approaches. For instance, the effects of polyphenolic
precursor structure on its reactivity and its derived AC
properties are little understood. Likewise, little is known
about the effect of K,CO,/polyphenol ratio on the reactiv-
ity during carbonization. Some studies discuss the ther-
mal behavior of lignins, tannins or other biomass compo-
nents when mixed with K,CO; but do not go deep enough
into the details to derive quantitative information about
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the reactivity as a function of the precursor properties or
process parameters [49, 53, 55-57].

As the AC properties depend on the activation process
parameters and burn-off level [58], controlling the carbon
reactivity is a requisite for engineering high-performance
ACs with controlled properties and optimized perfor-
mance. Moreover, reactivity data are crucial for reactor
design and activation process control [59, 60].

Studies on carbon reactivity during physical activa-
tion (also called thermal activation) are much more abun-
dant than those on chemical activation [61]. Empirical
approaches are more often the rule than the exception in
many studies dealing with chemical activation of organic
precursors [62]. Little is known on their reactivity as well
as on the reaction mechanisms during chemical activa-
tion. Filling this gap is necessary to advance the art and
science of AC engineering through chemical activation.

In this study, we addressed some of the aspects related
to the thermal effects and kinetics of polyphenol chemi-
cal activation with K,COj;. In addition to our focus on
the effects of process parameters (temperature and
K,COs/polyphenol ratio) on the precursor reactivity, we
also investigated the effect of different lignin and tan-
nin structures on the reactivity of their derived carbons
towards K,CO;. Furthermore, we present the first simple
kinetic model describing the reactivity of carbon surfaces
from lignins and tannins during chemical activation with
K,COs.

2 Materials and methods
2.1 Materials

Softwood hydrolysis lignin (SW-HL) was obtained from
St1 Cellunolix® plant (Kajaani, Finland) and softwood
kraft lignin (SW-KL) from Domtar mill (North Carolina,
USA). Softwood CatLignin (SW-CatL) was prepared from
the SW-KL black liquor using the patented CatLignin
technology involving thermal post-treatment of black lig-
vor [8]. Industrial hardwood kraft lignin (HW-KL) was
used as such or chemically modified (N-HW-KL) through
the Mannich and Schiff base reactions to incorporate
nitrogen into its structure [16]. Tannin was obtained by
alkali-extraction of industrial spruce (Picea abies) bark
with 24% NaOH for 90 min at 160°C and recovered from
the black liquor by acid precipitation, washing and dry-
ing [6]. It was used as such (SW-Tan) or after nitrogen-
modification (N-SW-Tan) using the same protocol as for
HW-KL [30]. K,CO; was purchased from Merck.

2.2 Characterization of lignins and tannins

The lignins and tannins were characterized in terms of
chemical and elemental composition, functional group con-
tent and molar mass distribution. Structural characteriza-
tions (whenever the samples were soluble) were performed
using *'P NMR and size-exclusion chromatography (SEC).
Detailed descriptions of the analytical procedures and addi-
tional discussions about the results are given in the ESI
(Table S1-S5).

2.3 Simultaneous thermal analysis coupled to mass
spectrometry (STA-MS)

2.3.1 Experimental protocol

Carbonization and activation of lignins and tannins in
mixtures with K,CO; were studied using an analytical
thermobalance (Netzsch Simultaneous Thermal Analyzer
STA 449F1) coupled to a mass spectrometer. About 10 mg
of each mixture was heated from room temperature up to
1000 °C at 10 °C/min under 70 mL of argon gas. The mass
loss dynamics, heat flux and evolved gases were measured
simultaneously. H,O, CO and CO, gases were quantified
after mass spectrometer (MS) calibration using CaC,0,.
H,0. More details about the MS calibration are given in the
ESI (Figure S1 and Figure S2).

Different mixtures of lignins, tannins and K,CO; were
investigated (Table 1). The impregnation ratio (IR) — mass
of K,COj; over mass of lignin — was varied between 0.5 and
2 for the SW-HL and SW-KL lignins. The other samples
were co-carbonized with K,COj; at an IR of 1. Mixtures of
polyphenols and K,CO; were prepared by weighing using an
analytical balance (precision of +0.01 mg) and thorough dry
mixing using a pestle and a mortar. The total mass in a mix-
ture was between 200 and 300 mg, out of which 10+ 1 mg
was transferred to the thermobalance crucible.

Table 1 Mixtures of lignins or tannins with K,CO,

Experiment Sample IR
SW-HL-IR0.5 Softwood hydrolysis lignin 0.5
SW-HL-IR1 Softwood hydrolysis lignin 1
SW-HL-IR2 Softwood hydrolysis lignin 2
SW-KL-IRO0.5 Softwood kraft lignin 0.5
SW-KL-IR1 Softwood kraft lignin 1
SW-KL-IR2 Softwood kraft lignin 2
SW-CatL-IR1 Softwood CatLignin 1
HW-KL-IR1 Hardwood kraft lignin 1
N-HW-KL-IR1 Nitrogen-modified hardwood kraft lignin 1
SW-Tan-IR1 Softwood tannin 1
N-SW-Tan-IR1 Nitrogen-modified softwood tannin 1
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3 Results and discussion
3.1 Direct carbonization of polyphenols

Direct polyphenol carbonization experiments were done
to investigate their thermal reactivities in the absence
of K,COj;. Although the samples showed significant
differences in their mass loss dynamics (Figure S3 and
Table S6), the char yields were surprisingly similar (in
the range of 38-39 wt.%) except for the SW-CatL (~ 54
wt.%). The higher char yield and substantially lower mass
loss peak for the SW-CatL can be explained by the removal
of a major part of the phenylpropyl side chains during
the black liquor thermal treatment [8, 9], which would
have been otherwise removed during the carbonization
step. The higher char yield might be also explained by the
higher proportion of p-hydroxyphenyl and catechol units
which undergo more readily dehydration, condensation,
and charring reactions.

3.2 Effect of K,CO; on the carbonization
and activation of polyphenols

Thermograms of lignin and tannin samples mixed with
K,CO; (IR=1) are shown in Fig. 2.

Regarding co-carbonization of lignins or tannins with
K,CO;, remarkable differences were obtained between the
thermograms that were measured (solid lines) and the ones
that were calculated using a weighted sum of the polyphenol
and K,CO; thermograms (dashed lines). The thermogram of
K,COj; is shown in Figure S4 in the ESI. A major difference
was observed at temperatures higher than ~ 600 °C due to
the gasification of the carbonized polyphenols according to
the global reaction:

K,CO; + 2 C — 2K(s) + 3 CO (RI).

In addition, differences between the measured and
weighted-sum thermograms were observed in the carbon-
ization range due the catalytic effect of K,CO;, which is
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phenol/K,CO; mixtures at an IR
of 1. The solid lines represent NS 80 © 80
rpeasured dat? and the dashes ‘; 60 f; 60
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known to act as a dehydration and charring catalyst during
the carbonization of biopolymers [63—-65].

The relative deviations in the carbonization and activa-
tion stages depend on the nature of the polyphenolic pre-
cursor. Difference curves are shown in the ESI (Figure S5).
We calculated an empirical K,COj; catalytic index during
the carbonization stage (~200-600 °C) using the measured
and weighted-sum thermograms according to the following
equation:

Tn=600 i
- N

WS\2
my;)

ey

e Cl is the K,CO; catalytic index during the carbonization
stage.

° m’J'fl.ix is the mass of the mixture at the temperature Ti.

e my; is the mass of the weighted sum at the temperature
Ti.

e N is the number of observations.

A plot of the CI for the different samples is given in Fig-
ure S5.

The highest CI in the carbonization range was observed
for SW-Tan, followed by SW-HL, while SW-KL and the
modified lignins, SW-CatL and N-HW-KL, showed the low-
est CI values. Owing to the marked structural differences
and CI values between those samples, a possible hypothesis
could be that the active sites during K,COj; catalytic car-
bonization are the lignin side chains and the electron-rich
carbons of the aromatic ring located ortho and para to the
phenolic hydroxyls.

Indeed, the low CI for SW-KL compared to SW-HL can
be explained by its highly condensed structure, which is
attributed to the chemistry of the Kraft pulping process,
involving complex cleavage and condensation reactions
promoted by the hydroxyl and hydrogen sulfide ions. Those
reactions ultimately modify the amount and distribution of
lignin OH groups and can bond sulfur covalently to the Kraft
lignin structure [66, 67].

As the reactions that SW-HL underwent during steam
explosion are radically different from Kraft pulping [68],
it would likely have more ether linkages, less carbon—car-
bon linkages, and less free phenolic groups compared to a
SW-KL.

The higher CI observed for HW-KL compared to the
SW-KL can be explained by the higher proportion of syrin-
gyl units in hardwood lignins, which leads to less condensed
structure during kraft pulping [69]. In addition, the HW-KL
has lower sulfur amount (1.7 wt.%) compared to the SW-KL
(2.2 wt.%), which can also reduce the K,COj; catalytic activ-
ity when covalently bond to an active site in the aromatic
sidechains.

In the production of SW-CatL, the side chains are largely
cleaved during the heat treatment [70], which reduces the
number of active sites and might explain the low catalytic
action of K,COj;.

In the case of N-modified HW-KL, nitrogen modifica-
tions may have occurred at both the unsubstituted aromatic
carbons ortho to phenolic hydroxyls and side chain carbonyl
groups [71]. A limited availability of these sites after chemi-
cal modification may explain the lower CI for the N-HW-KL.
It should be noted, however, that the aliphatic substituents
introduced via the Mannich reaction “dilute” the aromatic
content. If aromatic rings are associated with higher CI, this
modification can also reduce CI on a mass basis.

The spruce SW-Tan sample has predominantly procy-
anidin-type condensed tannin structures [19, 72]. K,CO;
showed the highest catalytic activity during carbonization
with this sample (CI=9.1). Conversely, its catalytic action
during the co-carbonization with the nitrogen-modified
N-SW-Tan was much less pronounced (CI=3.9). This reduc-
tion of the catalytic activity can also be related to fewer
electron-rich carbons located ortho or para to the phenolic
hydroxyls being available after the nitrogen modification
[71].

The catalytic effect of K,CO; during co-carbonization
with polyphenols was also visible in the heat flux DSC
curves, which changed markedly compared to the pure sam-
ples due to the change in the carbonization chemistry and
associated thermal effects (Figures S3 and S6). Altogether,
these observations indicate that K,COj; interacted with lignin
during the heat treatment and catalyzed its carbonization
reactions at sub gasification temperatures [73].

Interestingly, although the char yield during carboniza-
tion was almost similar for all original samples except for
SW-CatL, the yield of residual solids varied much more
after co-carbonization with K,CO; This result suggests
that the reactivity of the carbonized polyphenols during the
activation stage might depend on the polyphenol structural
properties. A discussion on the structural-thermal reactivity
relationship is given in the next section.

3.3 Polyphenol structure-thermal reactivity
relationships

Lignins and tannins that could be dissolved and analyzed
through SEC and *'P NMR, showed remarkable structure-
thermal reactivity relationships during the chemical activa-
tion with K,CO; (Fig. 3).

For the unmodified polyphenols, the K,CO; CI of
the carbonization stage decreased with the total (ali-
phatic + phenolic) number of OH groups following a quad-
ratic trend. In addition, the yield of solid residue (mixture
of activated carbon and unreacted K,CO,) after activation
increased linearly with the total number of OH groups.

@ Springer
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Fig. 3 Remarkable relationships between reactivity and structural properties of polyphenols during chemical activation with K,CO4

These observations suggest that the samples which had
the lowest catalytic activity with K,CO; during carboniza-
tion reacted the least during the activation stage. Hence,
the activation stage seems to depend on the reactions that
occur during the carbonization stage between the carbon-
izing polyphenol and K,COj;. A possible explanation of
the mass increase during TGA can be related to the ability
of K,COj; to deprotonate the moderately acidic phenolic
hydroxyls of phenols (pKa~ 10) which could enhance
the crosslinking and favor the formation of a solid car-
bon phase during the heat treatment. Such crosslinked
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carbonized structures might be less reactive and limit the
formation of C(O) surface complexes during the gasifica-
tion stage.

The solid residue yield increased with the content of
guaiacyl-type phenolic groups and decreased with the sum
of condensed (= with carbon-substituted ortho position) and
syringyl-type OH groups (including the modified N-HW-
KL sample). These findings support the hypothesis that the
electron-rich carbons of the aromatic ring located ortho
and para to the phenolic hydroxyls are the main active sites
during K,COj catalytic carbonization.
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For all the lignin samples tested, the yield of solid resi-
due after activation increased with their weight-average
molecular weight (Mw). Here again, it is quite remarkable
that such a trend was not observed during direct carboniza-
tion of the polyphenol samples. SW-KL had the highest
Mw and was the least reactive, while HW-KL had the low-
est Mw and was the most reactive.

Lower molar mass lignins were therefore more reactive
than higher molar mass ones during the activation with
K,CO;. Obtaining reactive low molar mass lignins would
be possible following simple and scalabe solvent fractiona-
tion methods [74, 75].

The solid residue yield was also correlated to the con-
tent of inorganics in the polyphenols, which is remarka-
bely different from the direct carbonization experiments
wherein the char yields were nearly identical except for the
SW-CatL (Table S6). This result suggests that inorganics
present initially in the polyphenol structure play a major
role during the catalytic carbonization and activation with
K,CO;. The presence of K,CO; seems necessary to trig-
ger their catalytic action. The operating mechanisms are
however unclear and will need further research that goes
beyond the scope of the present study.

All in all, the above-mentioned structure-thermal reac-
tivity correlations imply that engineering the structure of
polyphenols would also lead to modifications in burnoff
levels, and consequently in the AC properties without
additional process energetic (temperature) and material
(K,COs3) expenses.

Fig.4 Thermograms of 100 . :
SW-HL/K,CO; and SW-KL/ SW-HL-IRO.5
K,CO; mixtures at different IR. © 80
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3.4 Effect of K,CO;/lignin ratio on the carbonization
and activation of lignins: case of SW-HL
and SW-KL

The effect of K,CO,/lignin ratio was investigated for SW-HL
and SW-KL. Thermograms of SW-HL and SW-KL mixed
with K,COj at different IR are shown in Fig. 4.

The deviations between the measured thermograms (solid
lines) and the ones calculated using a weighted sum of the
lignin and K,COj; thermograms (dashed lines) increased
with an increase in IR during both the carbonization and
the activation stages. These differences can be attributed to
the increasing catalytic activity of K,CO; during the car-
bonization stage and to the higher burn-off level during the
activation. The related DTG plots are shown in Figure S7.

The mass loss rate decreased in the carbonization range
(~200-600 °C) as the IR increased due to the lower amount
of lignin in the mixtures. In addition, we observed a shift
of the carbonization peak to lower temperatures for both
lignins. These observations were corroborated by the heat
flux profiles, which changed markedly compared to the case
of pure lignin. DSC heat fluxes of SW-HL and SW-HL/
K,CO; mixtures (Fig. 5) illustrate well these thermal
changes.

The exothermic peak not only decreased with the IR,
but also shifted to lower temperatures. In addition, a new
endothermic peak appeared at~500 °C. This new endother-
mic peak was observed for all samples and IR and might
be associated with the formation of K,O and C(O) surface
complexes upon the reaction of K,CO; with the polyphenol
during carbonization [76].
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The thermograms indicate that the activation onset tem-
perature was in the range of ~650-700 °C. The activation
mass loss peak increased with the IR as did the heat flux
DSC peak, indicating a higher degree of progress of the acti-
vation reaction. The final mass decreased consequently due
to higher carbon conversion levels. In addition, the thermo-
grams indicate a shift of the mass loss peak to higher tem-
peratures during the activation as the IR increased (see Fig-
ure S8). The origin of this shift is not clear. It might be due
to the endothermic effects during the gasification reaction,
which cool down the sample locally and consequently cause
a shift in the observed mass loss peak. Another explana-
tion could be related to an inhibition of C(O) surface group
decomposition by a higher amount of CO gas molecules
formed in their vicinity (at higher IR), and which would

therefore slow down their decomposition kinetics according
to the Langmuir—Hinshelwood theory [77].

During the activation stage, only CO could be detected
via mass spectrometry according to the global reaction:

K,CO; + 2C — 2K(s) + 3 CO (RI)

The CO emission profile was superimposable on the
DTG peak profile in the activation stage (see Fig. 6). After
calibration of the mass spectrometer with CaC,0,.H,0, the
CO released during the activation could be quantified (see
Fig. 6).

For both lignins we observed linear correlations between
the IR and several of the parameters determined from the
STA-MS analysis, as illustrated in Fig. 6. The CO amount
was proportional to the IR. The mass loss rate peak and
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the residual solid amount (mixture of activated carbons and
residual K,CO;) were also both linearly correlated with the
IR.

It is important to note that increasing the IR further to 4 in
the case of SW-HL did not result in a proportional decrease
of the final mass. The amount of CO produced and the
mass loss during activation were even lower than the values
obtained at IR =2. This result indicates that the observed
linarity is valid only within a certain range of lignin/K,CO;
ratios and that high IR ratios during chemical activation,
unlike often reported in the literature, are not needed.

Hydrolysis lignin showed overall a higher reactivity
towards K,COj; as shown by the systematically lower resi-
due yield and the higher CO amount at the different IR. Due
to fundamental isolation and recovery process differences,
kraft and hydrolysis lignins differ chemically and structur-
ally. Typically, hydrolysis lignin residue has notably high
content of residual cellulose compared to other types of tech-
nical lignin. Hydrolysis lignin is more native-like lignin than
kraft lignin, whose structure is significantly altered during
the pulping process [78]. In addition, the sulfur content in
hydrolysis lignin is lower compared to that on kraft lignin,
while the hydrolysis lignin contains some nitrogen due to
the enzyme residues from the hydrolysis step [79]. Those
fundamental chemical and structural differences are likely at
the origin of the observed differences in reactivity.

3.5 Modeling the activation reaction kinetics

3.5.1 Phenomenology of carbon-K,CO; activation
reactions and model hypotheses

Kinetic models describing the gasification of carbons during
physical activation have been extensively developed to pre-
dict and control the burn-off of carbons in activation reactors
and gasifiers [80-82]. Conversely, there is a striking lack of
information on the kinetics of carbon surface gasification
during chemical activation. To the authors’ best knowledge,
there are no published studies about the kinetics of carbon
surface gasification during chemical activation with K,CO;,
although they are crucial for reactor design and reactivity
control. In this section, we present a simple model that can
describe the gasification of carbon surfaces during K,CO;
chemical activation of polyphenols.

Based on the present thermo-analytical study as well as
several literature reports, we can assume that the activation
stage can be well described as follows:

e At temperatures of ~600-700 °C, the carbon formed dur-
ing the co-carbonization of polyphenol/K,CO; starts to
gasify into CO as shown by the mass spectrometry meas-
urements according to the global reaction:

K,CO; + 2C — 2K(s) + 3 CO (RI)

e This global reaction can be assumed to occur in two con-
secutive steps involving the formation of K,O, K and C(O)
surface complexes. During the first step, K,COj; reacts with
the polyphenol to form K,O and C(O) surface complexes,
according to the reaction (R2) [76, 83, 84]:

K,CO; + C > K,0 + 2 C(O)(R2)

¢ In the second step, K,O reacts with the carbonized poly-
phenol to form metallic potassium and C(O) surface com-
plexes according to the reaction (R3).

K,0 + C — 2K + C(O)(R3)

e The C(O) surface complexes formed via reactions (R2) and
(R3) decompose into CO, leading to the observed mass
loss. The reaction can be described as:

C(0) —» CO (R4)

The decomposition of C(O) surface complexes is the rate-
limiting step which controls the overall rate of mass loss. It is
common to all gasification reactions with O,, CO,, and H,O
[85]. Our main hypothesis in the following modeling strategy
is that it is also the rate-limiting step during K,CO; chemical
activation of carbonized polyphenols. In addition to this sim-
plified reaction phenomenology, we consider the following
additional hypotheses for the kinetic modeling:

e The activation stage corresponds to the decomposition of
C(O) surface complexes into CO gas following (R4).

e The rate of CO formation (or mass loss rate) depends on
the unreacted fraction of C(O) surface complexes.

e The decomposition of C(O) surface complexes follows the
Arrhenius law.

e The C(O) surface complexes are energetically equivalent.

e The reaction occurs in the chemical domain; There are no
mass transfer limitations or re-adsorption of CO on the
reacting carbon surface; The CO molecules leave the reac-
tion zone immediately after being formed.

With this simplified picture of the carbon surface gasifica-
tion, the reaction conversion rate can be written as a product
of a reaction rate constant (which depends on temperature
according to the Arrhenius law) and a conversion function

fla):

da
i k(D)f (a)
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k(T) is the reaction rate constant which can be expressed by
the Arrhenius law:

KT) = Ae7t

E,, is the activation energy, A is the pre-exponential factor,
and n is the reaction order.

f(a) can take several forms which depend on the decom-
position mechanism [86].

The linear form of the rate equation reads:

E
Ln Ld_a =A- _"l
f(a) dt RT
1 da . 1 .
A plot of Ln ( @ E) as a function of T should result in a

straight line provided that f(«a) is the right conversion func-
tion that describes the decomposition of C(O) surface com-
plexes. The Arrhenius parameters can be then easily identi-
fied by applying a linear regression.

Conversion profiles can be obtained from the CO emis-
sion profiles, the mass loss profiles, or the DSC profiles
in the activation region (T ~600-1000 °C), considering
the ~600 °C as the onset of the activation (see Figure S9).
Examples of conversion profiles calculated from the CO
emission profiles for the SW-HL and SW-KL in different
mixtures with K,CO; are shown in Fig. 7.

Among the different models we tested [86], the contract-
ing sphere model, f(a) = 3(1 — @)*3, led systematically to

the best fit, regardless of the sample type, the impregnation
ratio or the data used for the calculations. Example line-
arized rate plots for SW-HL and SW-KL in different mix-
tures with K,CO; are shown in the same figure.

The modeling was successful for IR=1 and IR =2, but
less satisfactory for the IR =0.5 experiments. In addition to
being shifted at low temperatures, the conversion profiles
at the lowest IR had a slightly different shape compared to
higher IR and showed a faster conversion rate at lower con-
version levels (< 0.3). The reasons for the temperature shift
(see Figure S8) are not fully clear, but we suspect that local
sample cooling due to the highly endothermic character of
the activation reactions, in addition to melting of unreacted
K,COj;, might have caused it. Heat and mass transport limi-
tations, as well as re-adsorption of CO on the carbon surface
might have slowed down the decomposition reaction rate and
caused the observed temperature shift. Finally, the reactiv-
ity of the carbon surface might also depend on the carbon
surface coverage, which changes with the IR.

As a result, the identified kinetic parameters varied with
the IR. We observed a kinetic compensation effect for which
a change in the apparent activation energy was compensated
by a change in the pre-exponential factor (Fig. 8). Changes
in carbon surface reactivity might have contributed to the
observed compensation, but the effects of heat and mass
transport limitations, endothermicity and sample cooling
cannot be ruled out. Statistical compensation effects may
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be indeed caused solely by errors in measuring temperatures
and not by a physiochemical property of the sample [87-90].

Fitting the model to conversion profiles calculated from
the mass data in the activation range yielded results close to
the ones obtained from CO gas conversion profiles. How-
ever, fitting the model to conversion profiles from DSC
curves led to different E and A values, and to different trends
of E as a function of IR (Figure S10 and Figure S11). The E
values obtained from DSC profiles showed less dependence
on the IR. This difference might be related to the baseline
definition and subtraction in the DSC data, as well as to
shifts of the DSC signal in relation to the CO and mass loss
profile in the activation stage. The thermocouple and micro-
balance response times and sensitivities might have been
different, causing shifts and differences in the conversion
profiles. A plate-style heat flux DSC detector, such the one
we used, sacrifices sensitivity and quick response in favor of
contact repeatability to enable the quantification of total heat
flow after calibration with known standards [91].

The fact that CO and mass conversion profiles are based
on sample mass loss (mass and gas measurement), while
the DSC profile is based on temperature measurements, can
explain the observed differences in conversion profiles as a
function of temperature. Furthermore, the DSC signal might
also include thermal effects which are not caused by the acti-
vation reaction, such as melting of unreacted K,COj;. These
issues need to be further clarified. The identified kinetic
parameters and fit quality coefficients are given in Table S7.

3.6 Is this the solid-state decomposition model
applicable to all polyphenolic carbon surfaces?

The same model was extended to the other polyphenol/
K,CO;_ mixtures (IR =1). The model was tested using con-
version profiles calculated from mass and DSC data. The
linearized rate plots and the identified kinetic parameters
during the activation stage are shown in Fig. 9. The model
was remarkably well applicable to all polyphenol/K,CO;
mixtures. Kinetic and fitting quality parameters for all the
samples are given in Table S7.

The kinetic parameters varied as a function of the poly-
phenol sample and conversion profile origin. The identified
activation energy of polyphenol carbon surface activation
with K,COj; lay between 180-270 kJ/mol, close to the range
of E values reported in the literature for physical activa-
tion of carbon surfaces using CO, or H,O [81, 92-95]. This
similarity of E values for physical and chemical activation
methods can be rationalized by the formation of C(O) sur-
face complexes, which is the common rate-limiting step of
carbon surface gasification reactions [85, 96].

Variation in the kinetic parameters can be explained by
different carbon surface reactivities, which depend on the
polyphenol structure as discussed in the previous section.
The number of active sites and the extent of surface coverage
by intermediate C(O) complexes during the activation stage
can vary with the polyphenol type. But here again, pseudo-
compensation effects caused by experimental inaccuracies or
arising from conversion profiles cannot be ruled out for the
same reasons we discussed above (see Figure S12).

Marsh and Rodriguez-Reinoso have also established the
existence of a compensation effect during gasification of car-
bon surfaces: “it is not possible to enhance the rate by lower-
ing the activation energy and at the same time increasing the
rate constant k(T)”. These considerations seem to apply to
all gasification reactions of oxygen, carbon dioxide, steam
and oxides of nitrogen [60], as well as to chemical activation
by K,COj as in the present case.

4 Conclusions

The present study revealed several new findings related to
the chemical activation of lignins and tannins using K,COj:

e It was shown, for the first time, that the reactivity of
lignins and tannins during chemical activation with
K,COj; depends remarkably on content in inorganics,
their molecular weight and their OH functionalities.

e The catalytic effect of K,CO; during the carbonization
stage decreased with the total (aliphatic + phenolic)
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Fig.9 (Top) Linearized rate plots for the different polyphenol/K,CO;
mixtures (IR =1) during the carbon surface activation stage. (Bottom)
Compensation plot showing pre-exponential factors as a function of

number of OH groups following a quadratic trend. The
yield of solid residue (mixture of activated carbon and
unreacted K,COs) after activation increased linearly with
the total number of OH groups and average molecular
weight, and decreased with the inorganics content.

e The combined structural and thermal analyses support
the hypothesis that the electron-rich carbons of the aro-
matic ring located ortho and para to the phenolic hydrox-
yls are the main active sites during K,COj; catalytic car-
bonization and activation.

e Inorganics which are initially present in the polyphenol
structure have a substantial effect on the solid residue
yield after K,COj; catalytic carbonization and activation,
but surprisingly not during direct carbonization. Their
catalytic effect is triggered by the presence of K,CO;.

e Using structurally different softwood kraft and hydrolysis
lignins, it was shown that the activation burn-off level
depends linearly on the IR in the range of 0.5-2. The final
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activation energy for the different polyphenols. The plots on the left-
hand side were obtained from mass loss conversion profiles. The plots
on the right-hand side were obtained from DSC conversion profiles

BO level depends, however, on the precursor structural
properties.

e Increasing the IR further to 4 did not result in a propor-
tional decrease of the BO level. This implies that using
a high IR, as is often the case in the literature, is not
needed.

e We developed the first kinetic model describing the
K,COj; activation of carbon surfaces from lignins and
tannins. The model was applicable to all the samples and
IR we investigated.

e The model is based on the solid-state decomposition
kinetics and assumes that the rate-limiting step govern-
ing the mass loss during the activation corresponds to
the thermal decomposition of C(O) surface complexes,
which were formed through a reaction of K,CO; with the
lignin at sub-gasification temperatures.

e The identified activation energies lay in the range of val-
ues reported for heterogenous carbon gasification reac-
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tions with O,, H,0, or CO,, in which the decomposition
of C(O) surface complexes is also the common and rate-
limiting step.

¢ Kinetic compensation effects were observed when vary-
ing the sample, the IR or the raw data used for model fit-
ting. Variations in the Arrhenius kinetic parameters were
ascribed to differences in carbon surface properties as
well as to experimental errors.

The new findings lay the ground for a more systematic
engineering of ACs from renewable polyphenols using a
greener K,CO; chemical activation route. The methodol-
ogy we presented can be applied to other chemical activation
routes to get better insights into the underlying mechanisms
and a better control over the AC properties in the emerging
energy and gas storage applications. Future work will focus
on disclosing relationship between polyphenol structure and
the multiscale properties of ACs obtained by K,CO; chemi-
cal activation.
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