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Abstract

Engineering cellulose-based materials has received much attention to relieve
the burden of CO2 emissions and dependence on non-renewable resources. In
particular, as this thesis demonstrates, cellulose pyrolysis represents a poten-
tial route to fabricate carbon fibers (CF), which can alleviate the global de-
mand for natural graphite and synthetic carbons. Nevertheless, understand-
ing cellulose thermal decomposition presents many knowledge gaps; filling
them is necessary to tailor CF that display specific nanostructures, function-
alities, and textures. The work hereafter examined the carbonization yield
(ώ ) of Ioncell® cellulose fibers. ώ  is a constraint hindering the scalability of
cellulose as a CF precursor. This thesis displays how experimental design can
assist in modeling the influence of diammonium hydrogen phosphate (DAP),
CO2 activation time, and lignin (BL) on cellulose ώ . DAP and BL are factors
known for increasing ώ  as they inhibit forming small volatile carbon com-
pounds during cellulose pyrolysis. However, this study showed that, when
combined, the effect of DAP and BL on ώ  are non-additive. Assessing the per-
formance of Ioncell CF in non-structural applications consisted of enhancing
their texture and surface chemistry. This thesis bridged gaps in carbon mate-
rials science during the CF characterization. For example, the manuscript
adapts and verifies tools and methods developed by third-parties to ease the
mathematical treatment of adsorption isotherms and Raman spectra. All in
all, Ioncell CF had relatively high CO2 adsorptions (~2 mmol/g) at unsatu-
rated pressure conditions. These biobased CF were microporous materials,
and they may be crucial in gas separation membranes and storage systems.

Keywords activated carbon fiber, cellulose, lignin, carbon dioxide adsorption
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Symbols and abbreviations

Symbols

as BET specific surface area

╫░ linear coefficient in the response regression equation

╫░░ quadratic coefficient in the response regression equation

╫░▒
interaction coefficient in the response regression equa-
tion

╫ intercept of the response regression equation

C adsorption constant in the Freundlich’s model

E elastic modulus

EL laser energy

I Raman intensity

k factors in experimental design

kc pathway 2 of cellulose pyrolysis (carbon)

kv pathway 1 of cellulose pyrolysis (volatiles)

La average crystallite diameter in the basal plane

Mw molecular weight

N sampling points in experimental design

n center point in experimental design

p pressure

p/p0 relative pressure

q coupling factor in the Breit-Wigner-Fano function

r exponential constant in Freundlich’s model

R2 coefficient of determination

Vµ volume of microporosity

wt.% weight percentage

● factor assigned to DAP impregnation

● factor assigned to CO2 activation
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● factor assigned to lignin content in the Ioncell fiber

◐ response in experimental design

◐ carbon fiber yield

Ȁ exponential factor in the Ferrari’s and Robertson’s law

ǣD1 width of D1 sub-band

ǣD2 width of D2 sub-band

ǣG width of G sub-band

Ў╗ enthalpy of change

Ⱡ experimental error of the response surface regression

Ȋ wavelength of light

Ȓu tensile strength

Ƕ adsorbed load in the Freundlich’s model

Ș spectral wavenumber

ȘD D band phonon

ȘG G band phonon

Abbreviations

AC activated carbons

ACF activated carbon fibers

AS adaptive sampling

BET Brunauer-Emmett-Teller

BL beech lignin

BWF Breit-Wigner-Fano

CCD Central Composite Design

CF carbon fiber

CO carbon monoxide

CO2 carbon dioxide

DAP Diammonium hydrogen phosphate
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[DBNH][OAc] 1,5-diazabicyclo[4.3.0]non-5-enium acetate

DoE Design of Experiments

E100 Ioncell fiber made of cellulose

E70 Ioncell fiber made of 70% cellulose and 30% lignin

E50 Ioncell fiber made of 50% cellulose and 50% lignin

EDS Energy-dispersive spectroscopy

ESS Energy Storage Systems

FCCD Face-centered Central Composite Design

FE-SEM Field Emission Scanning Electron Microscopy

FWHM Full width at half maximum

GHG greenhouse gases

H2O water

He helium

ICP-MS Inductive Coupled Plasma Mass Spectroscopy

IL ionic liquid

MCF man-made cellulose fibers

N2 Nitrogen

NMMO N-methylmorpholine N-oxide monohydrate

PAN polyacrylonitrile

RSM Response Sruface Methodology

SEC Size Exclusion Chromatography

SEM Scanning Electron Microscopy

SFD Sample Filling Design

SO2 sulfur dioxide

TFD Two-level Factorial Design

XPS X-ray Photoelectron Spectroscopy
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1 Introduction

Over the last few years, adopting a bioeconomy has revolutionized the attitude
toward forest management and shifted cellulose into a vital resource [1-5]. As
evidence of this trend in Europe, between 2016 and 2018, Ceccherini et al. [4]
recounted a 69% growth in the consumption of lignocellulosic biomass com-
pared to preceding years. Favored by the current European single-use plastic
policy [6], nowadays, cellulose represents a potential precursor to fabricate
foams [7-9], textiles [10-12], packaging [13-15], and electronics [16-18]. More
importantly for this thesis, cellulose provides an alternative to satisfy the de-
mand for natural graphite, a critical raw material declared by the European
Commission [19]. In this context, and due to the non-renewable origin of fossil
fuels and graphite, numerous investigations have revisited cellulose as a pre-
cursor to manufacture carbon materials [20-22]. Remarkably, much effort has
been made to exploit the thermal decomposition of man-made cellulose fibers
(MCF), such as viscose, Lyocell, and Ioncell®, to fabricate carbon fibers (CF)
for non-structural applications, such as carbon dioxide (CO2) capture [21, 23-
25].

 Typically, CF production follows the carbonization of polyacrylonitrile
(PAN), a synthetic copolymer accounting for 90% of the precursors used in CF
manufacture [26]. However, several authors have highlighted the necessity for
replacing PAN with a sustainable and economical alternative [22, 27, 28].
Therefore, MCF have attracted the attention of many researchers since these
organic precursors denote an option to assemble continuous CF production
lines (i.e., from dope spinning to carbonization) [23, 24, 27, 29, 30]. Figure 1
illustrates a cellulose-based CF produced from Ioncell fibers as an example of
this possibility. Unfortunately, the scalability of cellulose as a precursor of CF
is hindered by its low carbonization yield [31]. Theoretically, water should be
the only gaseous product during cellulose pyrolysis, resulting in a carboniza-
tion yield of 44.4% (i.e., the carbon content in a repeating unit) [28, 32]. None-
theless, the pyrolysis leads to other volatile side gases (e.g., CO2 and CO),
which prevents reaching the ideal carbonization yield in practice [28, 32-35].
For example, typical yields from cellulose are closer to 10% [35], a number
drastically lower than the one derived from PAN (ca. 59%) [36, 37].

 Two promising methods to increase the carbonization yield of cellulose in-
volve using dehydration catalysts and lignin. Chapter 2 discusses these two
approaches in detail, but in brief, the methods are known for acting against
the CF mechanical performance. In the first instance, dehydration catalysts,
such as diammonium hydrogen phosphate (DAP), form microporosity in the
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CF [22]. Alternatively, lignin decreases the long-range order of the cellulose
crystals and increases the number of non-graphitizable segments in the pre-
cursor fibers [38]. Within this framework, a standard procedure to capitalize
on the improved carbonization yield and CF structural defects entail activat-
ing the carbon material. Through developing microporosity, ultramicroporos-
ity, and functional sites, biobased activated carbon fibers (ACF) have shown
attractive properties in energy storage systems (ESS) and gas adsorption [21,
22, 39]. For example, Breitenbach et al. [22]  have recently prepared an elec-
trode based on ACF (CO2 activation) made from impregnated viscose fibers.
The electric component displayed a specific capacitance of 139 F g-1.

Figure 1 Ioncell® carbon fibers produced after the pyrolysis of cellulose-based
fibers. Carbonization occurred by heating from room temperature to 800°C in-
side a tube furnace Nabertherm RHTH 80-300/16 purged with N2 gas.

 Overall, it is challenging to produce CF from MCF. Cellulose precursors
present low yields and structural heterogeneities when assessing their pro-
duction, applications, and scalability. Nevertheless, in the words of Mitrano
and Wohlleben [40], “Policymakers … stimulate innovation of new, more com-
petitive and environmentally conscious materials”. Thus, day after day, dis-
closing limitations on the plastic industry encourages taking advantage of bi-
obased resources. For this thesis, the former statement translates into improv-
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ing the carbonization yield of cellulose in such a manner that the biopolymer
turns into a feasible option as a CF precursor. In fact, concerning Mitrano’s
and Wohlleben’s [40] statement, projects such as Ioncell cellulose fibers have
emerged, owning as a common focus area to reduce the consumption of fossil-
based products [41]. Ioncell fibers, which this work uses as CF precursors, are
MCF, and their green fabrication technology portrays themselves as a sustain-
able and proven option to fabricate CF [29], as Figure 1 has exemplified.

 This thesis aims to increase and model the carbonization yield of Ioncell
fibers under the effects of DAP, CO2 activation, and lignin. Simultaneously,
the goal of this study is to assess the properties of Ioncell CF for their use in
CO2 adsorption. Carbon dioxide is one of the most abundant heat-trapping
greenhouse gases (GHG) [42]. In recent years, the CO2 level in the atmosphere
has harshly risen due to the global demand for energy and massive production
practices [43, 44]. This concentration of CO2 symbolizes a threat to the equi-
libria of biogeochemical cycles in the biosphere. Therefore, carbon materials
have been suggested as a keen solution to mitigate the emissions of CO2 as
they can act as membranes to capture and store the gas [23, 43, 45]. Further-
more, since cellulose is the most abundant and renewable high polymer in na-
ture, synthesizing CF using cellulose is a common direction for multiple re-
searchers [23, 27, 31]. Accordingly, this thesis identifies crucial to investigate
the methods to increase the carbonization yield of cellulose and their impact
on the CF properties and performance in CO2 adsorption.

 In brief, this thesis evaluates CO2 adsorption as a non-structural applica-
tion of Ioncell CF. This research plans to take advantage of the disordered
carbon structures formed in the CF [46]. In synergy with CO2 activation pro-
cesses, this study hypothesizes that the CF disordered and activated structure
can effectively adsorb CO2, as reported for other carbon materials [47]. Addi-
tionally, this work uses a Design of Experiment (DoE) approach to evaluate
and model the influence of lignin and a dehydration catalyst on the carboni-
zation yield obtained from Ioncell fibers. The reported investigation enriched
the discussion and understanding of the CF properties by employing textural
characterization, Raman spectroscopy, Scanning Electron Microscopy (SEM),
and other methods. This manuscript outlines four more chapters. First, Chap-
ter 2 reviews contemporary research in cellulose pyrolysis. Chapter 3 de-
scribes the materials and methods, and Chapter 4 presents and discusses the
experimental and computational results. Finally, Chapter 5 concludes by
pointing to suggestions and the foreseen relevance of this thesis.
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2 Literature review

In order to model the effects of diammonium hydrogen phosphate, CO2 activa-
tion, and lignin on the CF yield, the following chapter reviews the advances in
four topics related to the work herein reported. First, Section 2.1 describes the
Ioncell technology and explains its potential as a carbon fiber precursor. Sec-
ond, Section 2.2 details the pyrolytic mechanism of cellulose, typical carboni-
zation procedures, and challenges to overcome during and after carbonization.
Next, Section 2.3 features the physical activation of carbons as a strategy for
tailoring carbon fiber nanostructure and surface chemistry. Finally, Section
2.4 presents the theory behind the optimization model employed to assess the
property-performance interactions.

2.1 Ioncell® fibers

Ioncell is a research project developed at Aalto University (Finland), focusing
on sustainably transforming lignocellulosic materials into high-quality MCF
for textiles [48]. Ioncell products range from cellulose to cellulose-lignin blends
fabricated from primary and secondary resources [41, 49]. Figure 2 unveils
some of the Ioncell fibers, which their color stems from mixing different quan-
tities of cellulose and lignin [50]. Manufacturing these fibers employs a novel
technology involving the direct dissolution of raw materials in 1,5-diazabicy-
clo[4.3.0]non-5-enium acetate ([DBNH][OAc]). Polymer dissolution in this
ionic liquid (IL) allows spinning round and highly oriented MCF, as illustrated
in Figure 3 [51]. Thus, Ioncell fibers, compared with other MCF, exhibit higher
E and tensile strength (Ȓu), as presented in Table 1.

Figure 2 Ioncell® fibers are made of cellulose and cellulose-lignin blends. At
a glance, fibers dyed with a darker color contain lignin in different amounts.
In this illustration, each Ioncell product is laid in an aluminum tray.
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 In numerous publications, Sixta et al. [50-52] have assessed the Ioncell fi-
bers features against the most common MCF, viscose and Tencel. Regarding
the fabrication process, Ioncell technology excludes derivatizing cellulose into
an intermediate substance, as it occurs with cellulose xanthate during viscose
manufacturing [52]. The former derivatization step yields several toxic com-
pounds as by-products, owning, thus, environmental drawbacks [53]. Contrary
to the viscose process, the Ioncell pathway follows the same dry-jet wet-spin-
ning methodology utilized in Lyocell fibers production [54]. Nevertheless, the
distinction between other Lyocell products, such as Tencel, banks on the sol-
vent. Tencel solvent, N-methylmorpholine N-oxide monohydrate (NMMO), de-
mands stabilizers since it may undergo exothermic reactions at the spinning
temperature [41]. Alternatively, Ioncell solvent, [DBNH][OAc], omits extra
chemical reagents and allows dissolving low-purity raw materials, including
lignin [41]. Lignin dissolution via Ioncell technology is vital for this thesis be-
cause it permits MCF to increase their carbonization yield [36]. The under-
mentioned sections discuss the reasons.

Figure 3 Scanning electron microphotograph of Ioncell® fiber (cellulose/lignin
blend) showing its round cross-section (~15 µm). The picture was taken using
a Phenom Pure Tabletop SEM at 2500x and 5 keV.
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 The use of Ioncell as a carbon fiber precursor comes as a trial to resolving
the global necessity of lowering GHG emissions and energy consumption. De-
spite the fact that the main application of Ioncell fibers aims to fabricate sus-
tainable fabrics, Byrne et al. [29] sustained for the first time their plausible
employment to produce CF. Since then, works, including the ones of Trogen et
al. [31] and Le et al. [38], have also permitted the production of CF from Ioncell
fibers made up of cellulose/lignin blends. The attractiveness of Ioncell technol-
ogy to manufacture CF counts on creating a continuous production line, en-
compassing the carbonization or pyrolysis of cellulose, a phenomenon de-
scribed in depth in Section 2.2.

Table 1 Mechanical properties of manufactured cellulose fibers. The numeri-
cal figures presented for tensile strength and elastic modulus are approxima-
tions to the results reported by Ma et al. [41]

Manufactured
cellulose fiber

Tensile
strength (Ȓu) in

MPa

Elastic modu-
lus (E) in GPa

Viscose 350 11

Tencel 550 23

Ioncell® 700 26

2.2 Carbonization of manufactured cellulose fibers

MCF encircles the regenerated and coagulated celluloses turned into raw ma-
terials for the textile industry, including viscose, Tencel, and Ioncell. The prin-
cipal constituent of these fibers is cellulose, the most abundant naturally oc-
curring polymer on Earth. Cellulose is a homopolymer primarily found in the
cell walls of trees. Explicitly, the polymer chain of cellulose constitutes an “n”
number of D-glucopyranoses held together by ȁ-(1Ƃ4) glycosidic bonds [16].
Due to the renewable nature of MCF and their continuous production capacity,
several researchers suggest them as the most suitable candidates to replace
synthetic fibers in CF manufacturing at an industrial level [29, 31]. In the
aforesaid case, the production of CF from MCF proceeds according to the py-
rolysis of cellulose, which is thought to occur through the two-step global re-
action mechanism shown in Figure 4 [33].
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 In 1964, Tang and Bacon [34, 55] postulated that the pyrolysis reaction of
cellulose (Figure 4) starts through the physical desorption of water molecules
(from 25 to 150°C). Subsequently, after increasing the temperature to 240°C,
cellulose moieties undergo an intramolecular dehydration process, generating
the so-called “active cellulose” [56, 57]. From 240 to 400°C, according to Figure
4, Bradbury et al. [56] explained that cellulose pyrolysis proceeds throughout
two competitive first-order reactions. Both reaction pathways adhere to the
depolymerization of cellulose, which commences by the chain scission of the
intermolecular glycosidic bonds. Pathway 1 (kv) comprises the cleavage of in-
tramolecular ether (C–O) and alkane (C–C) bonds [34]. Above 400°C, pathway
1 finalizes, producing more tar (levoglucosan) and permanent gases [33]. How-
ever, some authors suggest that pathway 1 produces a secondary char [57].
Therefore, pathway 1 in its entirety is undesirable for the production of CF
because it deviates the reaction from obtaining the desired char product.

Figure 4 Pyrolysis pathways of cellulose proposed by Bradbury et al. [56]

 On the other hand, pathway 2 (kc) involves rearranging cellulose chains
after dehydration [33]. As an outcome, carbonyl and alkene group bonds form
inside the moieties, resulting in a carbon intermediate [33, 34, 57]. In addition,
the development of the residual char produces CO, CO2, and H2O gases [33,
34]. Then, above 400°C, this pathway continues with the aromatization of the
carbon intermediate, which results, depending on the maximum carbonization
temperature, in combinations of the carbon structures depicted in Figure 5
[58]. Thus, according to pathway 2, a cellulose CF precursor should produce a
theoretical char yield of 44.4%; though, pathway 1 illustrates the reason for a
smaller yield obtained in practice, representing a challenge to escalate the use
of MCF in CF manufacture [33].

Theoretically, during the pyrolysis of cellulose, water should be the only
gaseous product while the carbon structure is developing [59]. However, as
mentioned above, this process deviates from the theory since it leads to other
volatile side gases in practice. Scholz et al. [59] summarized three key points
to achieve the ideal reaction yield from MCF pyrolytic process, all of them em-
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phasizing the dehydration reactions. The first point recalls the investigation
of Brunner and Roberts [32]. Their work showed that cellulose dehydration
governs the pyrolytic decomposition of the polysaccharide at low temperatures
[32]. Nowadays, it is well-known that promoting cellulose dehydration via
thermal stabilization (i.e., slow heating rate) avoids side reactions, including
depolymerization. Works such as the one published by Zolkin et al. [60] exem-
plify that thermal stabilization of MCF (dehydration at 0.5°C/min) derives in
carbon yields up to 38%. This number is very close to the theoretical yield of
44.4%, and it doubles the char yield reported by other authors, for instance,
Breitenbach et al. [22] (dehydration at 1°C/min).

Figure 5 Illustration of the effect of the pyrolysis temperature on the struc-
ture of biochars such as cellulose-based CF. a) At temperatures close to 400°C,
the carbon shows a disordered structure. The order of the carbon structure
increases as a function of the pyrolysis temperature. For instance, at 800°C,
(b) illustrates a defective stacking of aromatic layers (turbostratic carbon,
while (c) at 1500°C, the material has a long-range arrangement. [58]

The second aspect pointing  Scholz et al. [59] features dehydration catalysts
to maximize the carbonization yield of MCF. Dehydration catalysts enclose a
group of Brønsted and Lewis acids composed of heteroatoms (i.e., nitrogen,
phosphorus, sulfur, oxygen, or chlorine)  [59]. A catalyst of such nature drops
the dehydration temperature of cellulose and prevents its spontaneous igni-
tion [35, 61]. In other words, the catalyst prioritizes the demerging of water
molecules over removing small volatile carbon-containing compounds (CO2,
CO, tar, and methane) [35, 59]. In addition to the catalytic effect at low tem-
peratures, heteroatoms contained in a catalyst create covalent bonds with the
intermediate pyrolysis carbohydrates [59]. This covalent bonding hinders the
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cleavage of the carbon chains. Multiple authors have explored the effect of de-
hydration catalysts on MCF, and they have reported increasing their carbon-
ization yield by around 15% [22, 35, 39, 62, 63]. Adding a catalyst to MCF
involves immersing the fibers into an impregnating solution for times reported
from 15 minutes [22] to 5 hours [39] prior to the carbonization process.

 A third method to enhance the carbonization yield from MCF considers the
addition of carbon black [59]. Nonetheless, thanks to Ioncell technology, blend-
ing MCF with lignin has instead become an attention-grabbing mechanism
[31, 38]. The idea of using lignin-polymer blends as CF precursors is not new;
Oroumei et al. [36] described for the first time the potential of lignin to in-
crease the yield of PAN-based CF. According to Oroumei et al. [36], organosolv
lignin (sulfur-free) increases the carbonization yield thanks to the high cleav-
age temperature (> 300°C) of its Ȁ-ether linkages. On the other hand, in Ioncell
fibers based on cellulose and lignin, the pyrolysis behavior of the latter could
represent a shift of the major degradation in the fibers toward higher temper-
atures while also reducing the dehydration temperature [27]. Concerning the
former case, Trogen et al. [31] stated that adding lignin to Ioncell fibers in-
creases their carbonization yield due to the melt-phase radical pyrolysis and
devolatilization processes of lignin, which include a sort of initiation, propaga-
tion, and termination reactions competing against each other [31]. The con-
densation and recombination reactions lead to an increased yield after lignin
pyrolysis. The present work evaluates the carbonization process and the ef-
fects of a catalyst and lignin on Ioncell fibers.

2.3 Physical activation of cellulose-based carbon fibers

Physical activation describes a method to tailor CF surface attributes, such as
nanostructure, functionality, and texture [46]. In this context, activation re-
quires applying an activating agent (e.g., CO2) to the residual char and expos-
ing it to a high temperature (e.g., from 700 to 1000°C) for a specific time; the
result is a material named adequately as activated carbon (AC). The activation
protocol usually starts right after MCF carbonization. For example, in Figure
6, Karacan and Soy [33] categorized the activation as the immediate step after
the carbonization of viscose fibers. Several authors prefer the activation se-
quence in Figure 6, as it is suitable for continuous processing at an industrial
level [22, 30, 33, 63-65].

Okolie et al. [66] remarked biobased-AC as a promising functional materi-
als to mitigate water pollution and energy consumption [22, 67]. This pre-
sumption considers AC as materials displaying different surface properties
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depending on the oxidizing agent, activation time, and temperature. During
the activation reaction, the volatile matter contained in the carbon leaves the
matrix, affecting the carbon morphology and surface chemistry. For example,
the number of pores and pore size increases, creating a microporosity (< 2 nm),
mesoporosity (from 2 to 50 nm), and macroporosity (> 50 nm) distribution [46,
66]. Likewise, the activated carbon may present different fractions of aromatic
and aliphatic carbons, carbonyl groups, carbonate, and oxygen [68]. In princi-
ple, the physical activation reaction is a heterogeneous diffusion reaction phe-
nomenon materialized at the solid/gas interface between the carbon-accessible
surface and the oxidizing agent [64]. When the reaction occurs in a carbon
dioxide atmosphere like herein reported, the activation reaction is best de-
scribed by the Boudouard reaction Eq. 1 [69].

Figure 6 Flowchart of a typical process to manufacture viscose-based CF pro-
posed by Karacan and Soy [33]. This diagram considers the impregnation of a
dehydration catalyst. Additionally, the authors apply a stabilization step, fol-
lowing a slow heating rate in the temperature interval from 150 to 250°C.

ὅ(ί) + ὅὕ (Ὣ) ᵶ 2ὅὕ(Ὣ) ЎὌ = 172 Ὧὐ/άέὰ Eq. 1

Impregnation of precursor with a catalyst
(optional)

Thermal stabilization (optional)
Temperature from 150 to 250°C

Carbonization in an inert atmosphere (e.g., nitrogen)
Temperature from 400 to 1000°C

Physical activation in an oxidizing atmosphere
Temperature from 700 to 1000°C



11

On the left side of Eq. 1, the activation of carbon implies a reaction of the
solid carbon with CO2 to form CO [70]. However, this direction of the Bou-
douard reaction is only favored at temperatures above 700°C [69-71]. Whilst
on the other reaction side, the phenomenon describes the auto-oxidation of CO
to CO2. The Boudouard reaction represents a proven method to add functional
groups in AC and modify their structure; still, the reaction stability only at
high temperatures denotes its main drawback since it represents a high ener-
getic cost [71]. Figure 7 shows a simple way to visualize the activation effects
on a carbon material when the activation agent is CO2. This illustration con-
siders that the thermodynamic conditions favor the Boudouard reaction to-
ward producing carbon monoxide.

 A number of publications have reported using the Boudouard reaction to
activate cellulose-based CF [22, 30, 64, 72-75]. Activated carbon fibers are pre-
ferred over the typical granulated AC, as ACF hold a regular diameter. In
particular, this characteristic grabs the attention of scientists evaluating ma-
terials for electric applications; ACF have a low electrical resistance along the
longitudinal axis and a high specific capacitance (higher than 100 F g-1 in
many cases) [20, 22, 72, 76-78]. The last characteristic stems from the activa-
tion process, thereby increasing the porosity in the solid carbon and allowing
more electric charge carriers in the electric double layer [79]. Cellulose-based
ACF have also performed successfully in adsorbing molecules such as CO2 [25,
47, 80-83], SO2 [39, 84], toluene [21], and benzene [21]. Similar to the reason-
ing behind ACF electric properties, the ability to gather volatile molecules on
the carbon surface appears after enhancing the porosity and surface chemistry
of the material [21].

 Evaluating the properties-performance relationship of ACF in such cases
mentioned above represents a challenge. In order to overcome this situation,
many research articles commonly correlate the surface area of AC with their
porous structure and stimuli responses [21, 47, 76, 85]. For instance, Ismail et
al. [47] reported from their study that ACF owning the highest surface area
had the best efficacy in CO2 adsorption. Correspondingly, Choi et al. [21]
demonstrated a direct proportionality between the capacity to adsorb toluene
and the surface area of ACF. Nonetheless, using this textural property to char-
acterize porous carbons is a controversial topic since its calculation assumes
that an atomic surface mirrors the macroscale; in the opinion of Marsh and
Rodríguez-Reinoso [46], “this assumption has led to much non-productive de-
bate”. Similarly, Shi [79] remarked that in AC, the surface area concept con-
flicts, for example, with the Brunauer-Emmett-Teller (BET) theory [86], due
to the different capacities of micropores and macropores to adsorb molecules.
This thesis considers the former drawbacks of estimating the surface area and
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evaluates its impact on the performance assessment of ACF. For this thesis,
the BET surface area (as) is a quantity that can be extracted from nitrogen
adsorption isotherms. However, due to its controversial meaning of the actual
surface area of microporous carbons, this study relies on evaluating other
properties, such as pore volumes.

Figure 7 Simplified representation of the activation phenomenon. The picture
depicts a graphitic structure developing porosity after reacting with CO2 at
high temperatures. Furthermore, the encircled letters F’s indicate possible
functional groups grafted to the matrix after the activation protocol (e.g., car-
bonyl groups). This illustration is an adaptation of the activation mechanism
proposed by Choi et al. [21]

2.4 Design of experiments applied to carbon fibers

Statistical experimental design, often known as the design of experiments, is
an integral chemometric tool used to study cause-effect and phenomena-re-
sponse relationships in a process while varying all the analyzed factors [87].
The concept of DoE was first popularized by Fisher [88], who proposed it as a
strategy to build interpretations that could refute critics made by statisticians
and “heavyweight authorities”. In experimental sciences, any system can have
multiple factors influencing its responses. For example, recalling the factors
discussed in Section 2.2 about cellulose pyrolysis, the carbonization yield (re-
sponse) depends on inputs (factors), such as carbonization temperature, cata-
lyst, lignin content, heating rate, and the activating agent [28, 30, 31, 38, 59,
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74]. Therefore, in order to accomplish the thesis aim, DoE represents a statis-
tical approach to sample, analyze, and represent a series of carbonization ex-
periments.

 An essential step in DoE is choosing the sampling points. Greenhill et al.
[89] reviewed four of the most used sampling methods in experimental design:
(a) Two-level Factorial Design (TFD), (b) Central Composite Design (CCD), (c)
Space Filling Design (SFD), and (d) Adaptive Sampling or Active Learning
(AS). The first one, TFD, implicates an experimental design varying the fac-
tors at their minima and maxima, interpreting their effect on the chosen re-
sponse through a linear model [89, 90]. CCD describes a system by evaluating
the factors at low, medium, and high levels, allowing quadratic terms in the
interpretation model [89, 90]. Like CCD, SFD evaluates the factors at different
levels but distributes them evenly with equal probability [89]. In contrast with
the former three designs, AS is a sequential and probabilistic process requir-
ing the input of sampling points to predict the next one. AS utilizes Machine
Learning tools (e.g., Bayesian Optimization with a Gaussian regressor) to for-
mulate non-parametric models [89, 91, 92]. Figure 8 aims to highlight the dif-
ference between each of the aforementioned sampling methods.

Figure 8 Sampling methods used in experimental design. The representation
of each sampling method depicts an experimental matrix for evaluating a sys-
tems response as a function of two factors. This figure is an adaptation based
on Greenhill et al. [89], and k represents the number of factors.
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Concerning this thesis, CCD represents a versatile approach for analyzing
the effect of carbonization factors on the system responses. This experimental
method optimizes a specific response by following the Response Surface Meth-
odology (RSM) [90, 93-97]. For example, recently, Breitenbach et al. [96] uti-
lized the CCD method to maximize the carbonization yield and surface area of
viscose-based CF. Although their article described an experimental sequence
based on a square matrix (i.e., two factors), extending the matrix size to a third
factor is also possible. The CCD matrix depicts a three-dimensional array in a
three-factor design, as Figure 9 shows [93].

CCD has different modifications, including the Face-centered Central Com-
posite Design (FCCD), to reduce the number of experiments while exploring
the response surface [98]. Figure 9 illustrates the FCCD method, composed of
eight factorial sampling points, six points at the center of the cube faces, and
a central point. Eslami-Farsani [95] proved the suitability of using FCCD to
optimize the mechanical performance of CF after varying the carbonization
time and temperature. However, to the knowledge of the author, no work has
attempted to build knowledge of the ACF responses by employing a three-fac-
tor FCCD. A model including three factors may enhance a better understand-
ing of the synergistic effect of the factors on, for instance, the CF performance
and carbonization yield.

Figure 9 Three-dimensional matrix of the Face-centered Central Composite
Design. The array highlights the sampling points required to follow the Re-
sponse Surface Methodology. [93]
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3 Research materials and methods

This chapter presents a detailed description of the materials and methods em-
ployed in this thesis. First, Section 3.1 covers the information related to the
raw materials, while Section 3.2 outlines the experimental design. Then, Sec-
tion 3.3 describes the carbonization and activation process of Ioncell fibers.
From Section 3.5 and onward, this chapter presents the technicalities of each
characterization method.

3.1 Materials

Ioncell fibers (draw ratio: 6, length å  9 cm, and diameter å 15 µm) were used
as CF precursors for this study. Ioncell fibers contain primarily cellulose; nev-
ertheless, the present work employed fibers based on polymer blends with dif-
ferent cellulose/lignin ratios. As Section 2.2 reviewed, adding lignin to a cellu-
lose matrix should enhance the carbonization yield obtained from the organic
precursor. Therefore, CF manufacturing proceeded with three types of Ioncell
fibers: (a) E100, (b) E70, and (c) E50. The former names speak for the cellulose
weight content (wt.%). For example, sample E70 stands for a fiber constituted
by 70 wt.% cellulose, in which the remaining 30 wt.% implies the lignin con-
tent. Cellulose in the fibers is pre-hydrolyzed kraft birch pulp, and lignin is
organosolv beech lignin (BL) [31]. For a detailed description of the Ioncell pro-
cess, the reader is directed to articles published by Sixta et al. [49, 51, 52]. The
regenerated cellulose composing the Ioncell fibers was analyzed via Size Ex-
clusion Chromatography (SEC), see Appendix A. This study estimated a mo-
lecular weight (Mw) of 130 kDa and a polydispersity index of 2.7. Measuring
the Mw of cellulose followed the same protocol described recently by Pitkänen
and Sixta [99] but used 9.0% LiCl in DMAc instead of 0.9%. The dehydration
catalyst, DAP (reagent grade  Ó 98%), was purchased from Sigma-Aldrich (In-
dia). Preparing the aqueous solution for the catalyst impregnation into the
fibers used deionized water.

3.2 Experimental design

As part of the aim of this thesis, the response (ώ), CF yield (ώ ), was modeled.
With that intention, the experimental design considered three independent
factors (k): the molar concentration of DAP in the impregnating solution (ὼ ),
CO2 activation time (ὼ ), and lignin content in the Ioncell fiber (ὼ ). The exper-
imental design adhered to the space limitations fixed by a three-dimensional
FCCD, which calculates the number of sampling points (N) according to Eq. 2.
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The FCCD allowed analyzing the interaction between the factors and their
effects on the responses at three levels (low, medium, and high). In addition,
for assessing the statistical dispersion of the results, a triplicate was chosen
at the center point (n). Creating and analyzing the FCCD was assisted by
OriginPro® 2021b using the built-in app Design of Experiments. Table 2 col-
lects the sampling points of the design matrix.

N = 2 + 2Ὧ + ὲ N = 17 Eq. 2

Table 2 Sampling points of the Face-centered Central Composite Design.
Running the experiments followed the order denoted by the column “Experi-
ment.” The minimum and maximum levels of each factor and the medium level
of the lignin content were manual inputs. Experiments N1 to N8 are factorial
points in the design matrix, and N9 to N14 are star points. The last three
experiments represent the replicates at the center point.

Experiment
Catalyst
(mmol/L)

CO2 activation
(min)

Lignin
(wt.%)

N1 0 0 0

N2 40 0 0

N3 0 40 0

N4 40 40 0

N5 0 0 50

N6 40 0 50

N7 0 40 50

N8 40 40 50

N9 0 20 30

N10 40 20 30

N11 20 0 30

N12 20 40 30

N13 20 20 0

N14 20 20 50

N15 20 20 30

N16 20 20 30

N17 20 20 30
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 Eq. 2 gives a total of 17 experiments, translating to eight factorial points,
six star points, and three center points in the experimental array. Modeling a
response assumed that the quadratic polynomial in Eq. 3 describes the influ-
ence of the factors on a single response [90]. In Eq. 3, ὦ  is a constant value
called intercept or average, ὦ  is the regression coefficient depending on the
linear effect of the factor, ὦ  is the factor quadratic effect, ὦ  is the interaction
coefficient between the factors, and ‐ is the observed experimental error. This
thesis uses a matrix-based notation for the discussion. Thus, indices 1, 2, and
3 were assigned to DAP, CO2 activation time, and lignin, respectively. For ex-
ample, the coefficient ὦ  represents the interaction between DAP impregna-
tion and lignin. Similarly, the coefficient ὦ  is the quadratic effect of DAP
impregnation, and ὦ  is the linear effect of the CO2 activation time.

ώ = ὦ + ὦ ὼ + ὦ ὼ + ὦ ὼ ὼ + ‐ Eq. 3

3.3 Preparation of the activated carbon fibers

First, all the precursor fibers were immersed in aqueous solutions containing
the respective molar concentrations of the catalyst (Table 2). More specifically,
the impregnation proceeded through dissolving DAP in water for 10 minutes
under magnetic stirring at room temperature. Thereafter, in 1:200 weight ra-
tios, 1.2 g of fibers were immersed for 2 hours in the freshly prepared DAP
solutions. Then, the soaked fibers were dried overnight in a drying oven with
forced convection, VENTI-Line® (VWR, Germany), to remove the excess liquid.
The impregnation protocol adapted the procedures described in the literature
[22, 35, 39, 62, 63, 75, 100]. Once dried, carbonization and CO2 activation of
the fibers took place in a tube furnace Nabertherm RHTH 80-300/16 (Ger-
many). The furnace heated two samples simultaneously to 800°C (5°C/min) in
an N2 gas (flow rate: 120 L/h) atmosphere. It is worth mentioning that before
every heating procedure, N2 gas purged the furnace for 15 minutes. When hav-
ing reached 800°C, the furnace was maintained at that temperature for 30
minutes, and then CO2 gas (flow rate: 120 L/h) was injected to match the N2

gas flow rate. CO2 gas flow lasted for the respective activation time of each
sample, and then it was reduced to zero. Subsequently, the fibers were cooled
to 100°C in the same N2 gas atmosphere. The flowchart in Figure 10 best de-
scribes the employed methodology to prepare the ACF. Finally, measuring the
CF yield took into account the initial fiber mass put in the furnace and the
mass recovered after heat treating them.
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Figure 10 Flowchart of the carbonization and CO2 activation of Ioncell fibers.

3.4 Thermogravimetry

A thermogravimetric analyzer (TGA) Netzsch STA 449 F3 Jupiter (Germany)
was used to study the thermal decomposition of Ioncell fibers containing DAP
and lignin. The analyses simulated the carbonization conditions in the tube
furnace to assess the effect of temperature and CO2 activation on CF yield.
Therefore, the samples were heated from 40 to 800°C (5°C/min) under con-
stant N2 gas flow (60 ml/min). After reaching 800°C, the samples were main-
tained at that temperature for 30 minutes; then, CO2 gas flow (60 ml/min) was
injected to match the conditions of the protective atmosphere. The oxidizing
atmosphere lasted two hours, and the TGA device recorded the mass loss dur-
ing all the described thermal steps.
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3.5 Textural characterization

This thesis studied the CF textural properties by measuring their N2 phy-
sisorption capacity at -196°C. Before this characterization, around 60 mg of
each sample were degassed with N2 gas at 150°C for 12 hours. Then, creating
the adsorption isotherms proceeded using a Mircomeritics TriStar II 3020
(United States) analyzer, which gradually increased the relative pressure
(p/p0) and registered the loaded adsorbate. Finally, the BET surface area (as)
and microporosity volume of each sample were estimated using the PythonTM-
based framework “pyGAPS” [101]. Recently, Osterrieth et al. [102] have
pointed out the wide statistical dispersion in treating N2 adsorption data. This
dispersion results from different procedures to calculate textural properties,
such as the BET surface area. For this thesis, pyGAPS offered a standardized
procedure to calculate as and microporosity volume (Vµ) using the Rouquerol
[103] and t-plot methods (non-porous carbon surface as reference), respec-
tively.

3.6 Raman spectroscopy

Raman spectroscopy is a fast and potential method to elucidate the nanostruc-
ture of turbostratic carbon materials (combination of long- and short-range
order) [104, 105]. In the case of the CF herein studied, they are expected to be
highly disordered as cellulose and lignin are non-graphitizable materials [38,
106]. Furthermore, compared to X-ray diffraction, Raman spectroscopy does
not require grinding up the material, a procedure that can distort the crystal-
linity and modify the turbostratic structure of carbons [107]. Accordingly, the
CF samples were analyzed using an inVia™ Raman microscope Renishaw®

Qontor (United Kingdom). The samples analysis occurred using a green laser
beam (Ȋ = 532 nm and 10% intensity) and a 20× objective within a wave-
number (Ș) range from 850 to 1930 cm-1 (30 scans resolution). The resulting
spectrum of each sample was the average of the recorded signal of three meas-
urements at different sampling points. The background was subtracted from
all the spectra using the intelligent baseline subtraction tool of WiRETM 5.1
(first-degree function as baseline).

 As proposed in the literature [106, 108, 109], this thesis analyzed the CF
spectra by applying a three-peak deconvolution of the D and G bands. Two
Gaussian functions at the same spectral position fitted the D band, and a
Breit-Wigner-Fano (BWF) fitted the G band. The deconvolution process used
the Levenberg-Marquardt algorithm in OriginPro 2021b. Fitting the Raman
spectra of disordered carbons using three peaks has been reported as one of
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the most accepted procedures [106, 108, 109]. The former stems from the
meaningful parameters, which compose the cumulative fitting function pre-
sented in Eq. 4 [106, 108, 109]. In Eq. 4, I is the Raman intensity as a function
of the wavenumber, in which ȘD and ȘG are the D and G band phonons, re-
spectively. ǣD1 and ǣD2 are the widths of the two D sub-bands, while ǣG repre-
sents the width of the G band. The parameter q is a coupling factor in the BWF
function. Calculating the CF average crystallite diameter in the basal plane
(La) used the ID /IG ratios according to Ferrari’s and Robertson’s law (Eq. 5)
[110]. Since the D band is decomposed into two sub-bands with the same pho-
non, the sum ID1 + ID2 provides the parameter ID. In Eq. 5, EL is the laser
energy in eV (~2.33 eV), and a is the exponent to be calculated. For graphene,
a is 4 [111].

Ὅ((‫ = Ὅ Ὡ
( )

+ Ὅ Ὡ
( )

+ Ὅ
1 + ‫ ‫

ήῲ

1 + ‫ ‫
ῲ

Eq. 4

ὒ =

Ὅ
Ὅ

0.55 × 2.41
Ὁ

Eq. 5

3.7 Scanning electron microscopy

The CF surface was inspected using a Field Emission Scanning Electron Mi-
croscope (FE-SEM) Zeiss Sigma VP (Germany). Before imaging the CF, the
samples were cut into small segments and sputter-coated with a gold-palla-
dium 80/20 alloy. Then, the coated CF were mounted on carbon adhesive tape
and analyzed under a high vacuum. Chapter 4 presents selected SEM images
to enrich the discussion; the reader is directed to Appendix B to visualize all
the SEM images. The fibers were laid horizontally on the sample holder to
observe their longitudinal sections. Imaging the CF required an electric po-
tential from 5 to 9 keV. Energy-Dispersive Spectroscopy or EDS (Ultim Max,
Oxford Instruments) accompanied the analyses in a selected case.
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3.8 Application of carbon fibers in CO2 adsorption

As a non-structural application for CF, this thesis assessed their performance
in CO2 adsorption. Designing these experiments considered the methodology
described by Ojwang et al. [112]. Thus, thermogravimetric CO2 gas adsorption
tests were chosen, and they required mounting from 13 to 15 mg of CF in a
thermogravimetric analyzer STA 449 F3 Jupiter, Netzsch (Germany). The ex-
perimental sequence in the analyzer followed this order. First, the CF were
degassed at 150°C for 1 hour under He gas flow (200 ml/min). Afterward, the
temperature was reduced to 40°C, and the samples were maintained under
the same gas flow for two hours to stabilize the temperature. Then, the ad-
sorption and desorption consisted of switching the atmosphere from He to CO2

stepwise. Figure 11 depicts the gas switching process. Finally, CO2 adsorption
and desorption isotherms were plotted from the experimental data after
weight-averaging the loaded adsorbate at each step depicted in Figure 11.

Figure 11 Isothermal CO2 thermogravimetric adsorption and desorption se-
quence. The adsorption and desorption experiment consists of increasing the
flow rate of CO2 in the same proportion as the protective He gas is being re-
duced and vice versa
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3.9 Quantitative surface chemistry

Five CF samples were selected to analyze the influence of oxygen-containing
functional groups on the CO2 uptake. With that intention in mind, X-ray pho-
toelectron spectroscopy (XPS) was performed on samples N4, N7, N8, N11,
and N16. The XPS analyses used a Kratos AXIS Ultra DLD X-ray photoelec-
tron spectrometer using a monochromated AlkȀ X-ray source (1486.7 eV) at 100
W. The XPS spectra were obtained using a pass energy of 80 eV and a step
size of 1.0 eV. Alternatively, acquiring high-resolution spectra required pass
energy of 20 eV and a step size of 0.1 eV. Photoelectron signals were acquired
at a 90° take-off angle (ultra-high vacuum conditions). The X-ray beam had a
diameter of 1 mm, and the analysis area was 300×700 µm. The XPS spectra
were surveyed at three different spots in the samples. All the spectra were
charge-corrected according to the position of the graphitic bonding of carbon
at 284.2 eV. Appendix E shows the XPS spectra and their signals deconvolu-
tion.
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4 Results and discussion

Chapter 4 presents and discusses the experimental and numerical results af-
ter characterizing the CF samples enlisted in the design matrix. The thesis
attempted to model the CF yield, and to enrich the discussion, the specific
surface area and microporosity volume were fitted to Eq. 3 as well. Table 3
summarizes all the CF experimental responses for the reader’s convenience.

Table 3 Sampling points of the Face-centered Central Composite Design. The
table compiles their CF yield (ώ ), BET surface area (as), microporosity volume
(Vµ), average crystal size diameter in the basal plane (La), and adsorbed CO2

for each sample.

Sample
DAP

(mmol/
L)

CO2 acti-
vation
(min)

BL
(wt.
%)

◐
(%)

as

(m2/g)
Vµ

(cm3/g)
La

(nm)
CO2

(mmol/g)*

N1 0 0 0 13.51 - - 1.20 1.65

N2 40 0 0 24.73 - - 1.19 1.67

N3 0 40 0 10.91 671 0.258 1.25 1.83

N4 40 40 0 22.56 576 0.219 1.29 1.80

N5 0 0 50 25.71 - - 1.20 1.53

N6 40 0 50 27.30 - - 1.19 1.63

N7 0 40 50 21.83 613 0.230 1.26 1.90

N8 40 40 50 24.84 524 0.199 1.26 1.72

N9 0 20 30 17.73 515 0.195 1.25 1.59

N10 40 20 30 22.72 434 0.164 1.22 1.68

N11 20 0 30 20.80 - - 1.08 1.45

N12 20 40 30 18.86 526 0.199 1.24 1.75

N13 20 20 0 17.33 472 0.178 1.22 1.70

N14 20 20 50 23.91 484 0.184 1.24 1.66

N15 20 20 30 18.90 503 0.190 1.22 1.69

N16 20 20 30 18.54 483 0.184 1.25 1.79

N17 20 20 30 19.12 474 0.181 1.27 1.69

* Load at p/p0 = 0.75
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4.1 Carbon fiber yield

As Section 3.2 mentioned, OriginPro 2021b assisted in the statistical analysis
of the CF yield (ώ ). These results were fitted to the model described in Eq. 3
using the built-in MLR tool of OriginPro. In a first trial, the factor CO2 activa-
tion time showed a negligible effect on ώ . However, knowing that the activa-
tion process should contribute to increasing the sample burn-off [67], the effect
of the oxidizing atmosphere on ώ  was reviewed before continuing with further
experimentation and analyses. Therefore, it was found that during CO2 acti-
vation, the elongated morphology and packed fiber clusters, such as the ones
depicted in Figure 2, hindered CO2 diffusion from the oxidizing atmosphere to
the solid material. The described phenomenon led to an ineffective activation
via the Boudouard reaction (Eq. 1); in other words, the mass transfer kinetics
did not contribute to producing CO. For handling this experimental impedi-
ment, CF were cut into small fragments (< 5 mm), and samples having activa-
tion times different than zero were reactivated by following the same heat
treatment procedure described in Section 3.3.

 After reactivation, the MLR of Eq. 3 successfully modeled the observed ώ
and delivered the coefficients listed in Table 4. In addition, Figure 12 depicts
a comparison of the observed and predicted ώ ; the regression model fitting the
experimental results has ~0.993 as coefficient of determination (R2).  From the
model coefficients, only the quadratic term (ὦ ) for the CO2 activation time
was removed since it was indistinguishable from noise. Analyzing the effects
of each factor on ώ  revealed a positive influence of both DAP and lignin on
increasing ώ . However, this increment was more noticeable when the precur-
sor fibers contained only one of them. The negative coefficient ὦ  implies that
combining DAP and lignin had a minor synergistic effect on increasing ώ ; this
would answer the expectation of Trogen et al. [31], who suggested that lignin
and dehydration catalysts may further enhance ώ  when used together. Re-
garding the independent effect of DAP and lignin, they were anticipated. For
the first one, Breitenbach et al. [22] have recently achieved a carbonization
yield of 34.6% by impregnating viscose fibers with a 56 mmol/L DAP solution.
Similarly, Bai et al. [62] reported having increased from 19% to 23% the car-
bonization yield of DAP impregnated Lyocell fibers. Respecting the lignin ef-
fect on ώ , Trogen et al. [31] have lately observed in E50 fibers a carbonization
yield of ~23%, which is almost three times the yield they reported for E100
fibers.
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Table 4 Coefficient list of the Multiple Linear Regression applied to the ob-
served carbonization yields. The coefficients represent the interactions and ef-
fects of the factors on the yield.

Model Coeff. SC Standard error P Conf. int (±)

ὦ 18.50 0.23 5.57×10-13 0.52

ὦ 3.34 0.17 4.19×10-8 0.39

ὦ -1.30 0.17 5.51×10-5 0.39

ὦ 3.46 0.17 3.18×10-8 0.39

ὦ 0.89 0.30 1.96×10-2 0.70

ὦ 2.06 0.32 1.98×10-4 0.73

ὦ 0.23 0.19 2.53×10-1 0.43

ὦ -2.30 0.19 1.71×10-6 0.43

ὦ -0.18 0.19 3.63×10-1 0.43

Figure 12 Observed carbonization yield compared to the predicted yield. Es-
timating the predicted yield occurred in OriginPro by following a Multiple Lin-
ear Regression of the design matrix inputs. The dashed line depicts an identity
function.
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The enhanced yield promoted by adding DAP to Ioncell fibers may stem
from two phenomena. The first one could be a reduction in the dehydration
temperature of cellulose [35]. The second would come from a condensation re-
action between cellulose and nitrogen [35]. The observations made by Zeng
and Pan [35] suggest that the C–OH group of cellulose reacts with the ammo-
nium salt (NH4+) in DAP. This reaction starts producing –C=N– at ~100°C and
continues up to temperatures above 800°C. This condensation process inhibits
the CF ignition during pyrolysis [35]. Another alternative proposed by Zeng
and Pan [35] mentions that the remaining DAP in the CF induces an apparent
increment in the carbonization yield. To assess this effect, Figure 13 shows
the EDS analysis on sample N10. The mapping of the CF surface confirms the
observation by Zeng and Pan [35]; there is residual content of DAP in a few
segments of the CF. However, Inductive Coupled Plasma Mass Spectroscopy
(ICP-MS) showed that the initial content of DAP in the Ioncell fibers was
~0.04-0.2 wt.%. These percentages are in the same range as the model stand-
ard error, which turns the residual DAP into a negligible effect on ώ . Concern-
ing the effect of lignin on ώ , Ioncell fiber blends (E70 and E50) have a slow
decomposition over an extended temperature range [31]. Above 200°C, lignin
pyrolysis promotes a melt-phase radical process, consisting initiation, propa-
gation, and termination reactions [31]. These reactions have a similar effect
to those reported on DAP; both lignin and DAP cross-link the precursor fiber
[31, 35], reducing the probability of forming volatile compounds during a heat
treatment [46].

 On the other hand, CO2 activation time showed a negative impact on ώ .
The negative sign of ὦ  agrees with the literature; the samples burn-off (gasi-
fied carbon) increases by extending the CO2 activation time [22, 67]. Never-
theless, the interactions between CO2 gas with DAP and lignin had mixed ef-
fects on ώ . First, a positive coefficient ὦ  denotes favorable interaction be-
tween the dehydration catalyst and activation time. This positive coefficient
indicates that the samples containing DAP have a lower reactivity; therefore,
CO2 activation seems not to decrease the CF yield. Similar trends were ob-
served by Breitenbach et al. [22] and Zeng and Pan [35]. For this thesis, it is
possible that at the activation temperature (800°C), the carbonization process
continues, and as a consequence, it may lead to carbon redeposition from the
CO2 atmosphere. This redeposition could occur after the recrystallization of
the carbon structure and a CO2 diffusion limitation due to residual DAP cov-
ering the CF surface, as Figure 13 illustrates. Since DAP promotes the for-
mation of crystalline domains in the CF at ~800°C (reduced accessibility) [35],
the oxidizing atmosphere may deposit carbon on the CF surface via the re-
versible process of the Boudouard reaction. The former statements may also
explain why in Figure 14, when increasing the activation time and fixing the
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DAP concentration to 40 mmol/L, the contour plot shows an extended area
where the CO2 activation does not drop the yield below 22%.

Figure 13 Energy-Dispersive Spectroscopy mapping of a) carbon, b) oxygen,
and c) phosphorus in sample N10. The average composition of the d) scanned
zone accounted for 89.7% C, 7.6% O2, and 2.7% P.

 The interaction between lignin and CO2 activation time, given by ὦ , shows
that CO2 molecules react with the carbon produced when lignin is added to the
precursor fiber. Lignin should induce the formation of a turbostratic carbon
structure as it modifies the long-range order of cellulose in the precursor fiber
[38]. This modification on the precursor fiber could probably make the CF
more accessible to CO2 molecules. Hence the interaction coefficient ὦ  has a
negative sign. However, the coefficient ὦ  is close to the standard error, and
its effect should not be overanalyzed. After assessing the physical meaning of
the coefficients, the contour plot in Figure 14 was created from the model re-
sponse surface. Observing Figure 14, the highest ώ  stemmed from mixing
DAP and lignin in their maximum amounts. However, this yield is only ~2%
higher than the predicted observed from the individual effects of adding either
DAP or lignin at their highest levels. As mentioned before, the negative coef-
ficient ὦ  implies that the combination of DAP and lignin does not own a sig-
nificant contribution to increasing ώ , as pointed out recently by Le et al. [61].
A better explanation of the interaction phenomena between lignin, DAP, and



28

cellulose would require elemental analysis of samples obtained at different
carbonization stages. The former task surpasses the scope of this thesis.

Figure 14 4-D contour plot of the predicted response surface interactions and
cumulative effects of diammonium hydrogen phosphate, lignin, and CO2 acti-
vation time on the carbon fiber yield. The plot results from a Multiple Linear
Regression applied to the observed carbonization yields, R2 = 0.993.

 Figure 15 shows some selected thermogravimetric analysis results to un-
derstand the mass loss during carbonization better. Regarding the samples
E100, E70, and E50, this thesis observed similar trends as reported by Trogen
et al. [31]; blending cellulose with lignin increases the carbonization yield of
the Ioncell fiber. Similarly, adding a dehydration catalyst to the Ioncell fibers
had the same effect as the described above in the tube furnace. In other words,
for sample E70/DAP, the carbonization yield is lower than the recorded for
samples E100/DAP. This could imply the non-cooperative behavior of mixing
lignin and DAP, at their respective concentrations, for increasing the carbon-
ization yield. However, the yield increased when lignin and DAP were mixed
at higher concentrations (E50/DAP). This effect was also observed in the tube
furnace carbonizations. Finally, Figure 15 also depicts the mass loss behavior
during CO2 activation. The CO2 activation segment demonstrated a slight
mass loss (~1.5%) for all the DAP samples. These results reinforce the ideas
discussed above; either the residual catalyst on the CF surface may hinder the
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CO2 gas diffusion for increasing the burn-off level, or the reactivity of these
fibers is lower when the precursor fibers contain DAP.

Figure 15 Thermogravimetric analysis of Ioncell fibers. The figure depicts the
mass loss in percentage as a function of time and temperature by simulating
the carbonization conditions in the tube furnace. That is, the samples were
heated from 40 to 800°C (5°C/min) under flowing N2 gas (60 ml/min) and then
stabilized for 30 minutes at 800°C. After the stabilization time elapsed, CO2

was injected to match the N2 gas flow. The CO2 activation segments can be
observed in the graph after 180 min. Samples E100, E70, and E50 containing
DAP shared the same impregnation as N2, N10, and N6, respectively.

4.2 Textural characterization

Determining the BET specific surface area (as) required measuring N2 adsorp-
tion isotherms at -196°C. In past years, as as a parameter to assess the texture
of activated carbons has raised divided opinions [46, 79]. However, more crit-
ical for this research is the ambiguous procedure to calculate as, a problem
recently exposed by Osterrieth et al.  [102]. Therefore, for analyzing the N2

adsorption isotherms, this thesis took advantage of “pyGAPS”, a Python-based
framework for processing adsorption isotherms [101]. Iacomi and Llewellyn
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[101] developed pyGAPS to standardize the mathematics involved in adsorp-
tion isotherms analysis. This thesis compared the results obtained from
pyGAPS with those generated from “betsi-gui” [113]. Similar to pyGAPS,
betsi-gui is a Python-based framework for calculating BET surface areas using
the Rouquerol criteria. After processing the adsorption isotherms with both
Python tools, this study concluded that pyGAPS and betsi-gui lead to the same
as results. Thus, both tools have demonstrated an asset in standardization.

 For the analyses, this thesis preferred using pyGAPS, since it offers various
algorithms to calculate other textural properties, such as Vµ. Appendix C col-
lects the graphs produced from pyGAPS; these plots illustrate the procedures
to calculate as and Vµ. Table 3 summarizes the outcomes of processing the iso-
therms. As shown in Figure 16, CF samples without activation protocol dis-
play no measurable N2 physisorption. Thus, Table 3 misses as and Vµ of these
samples. In general, the isotherms (Figure 16) depicted high gas adsorption at
low relative pressures (p/p0 < 0.1) followed by a sharp knee, turning the gas
adsorption asymptotic to a maximum. This adsorption behavior corresponds
to the IUPAC classification type I(a), a characteristic of microporous materials
[114]. The microporous nature of the studied CF explains the lack of adsorp-
tion data for the unactivated samples. The diffusion kinetics of N2 molecules
into the solid carbon, at the experimental temperature (-196°C), finds limita-
tions due to the narrow pore size (< 2 nm) [115]. To overcome this diffusion
constraint, multiple authors have suggested complementing the N2 adsorption
isotherms with CO2 isotherms at room temperature [115-117].

 From the isotherms in Figure 16, as and Vµ were calculated according to the
BET theory and t-plot method, respectively. Then, assessing the influence of
each experimental factor on the textural properties relied on calculating the
regression parameters presented in Eq. 3 for as and Vµ. Intrinsically, the re-
sponses missing from the unactivated samples removed the coefficient ὦ
from the response surface analysis. Eliminating the coefficient ὦ  agrees with
the CF yield response surface analysis, implying that the CO2 activation time
had only a linear effect on increasing the burn-off level and developing poros-
ity. For the other regression coefficients, Table 5 and Table 6 summarize them.
The models for as and Vµ showed similar trends. For example, from the linear
coefficients, the CO2 activation time (ὦ ), followed by the lignin content (ὦ ),
had the most significant effect on increasing as and Vµ. The effect of ὦ  can be
attributed to an increment of the burn-off level after gasifying carbon from the
CF [67], as Figure 7 depicted.
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Figure 16 Nitrogen adsorption and desorption isotherms of the samples com-
posing the Face-centered Central Composite Design. The abscissa in each plot
represents the relative pressure (p/p0) and the ordinate the N2 load in mmol/g.
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Table 5 Coefficient list of the Multiple Linear Regression applied to the cal-
culated BET surface areas. The coefficients represent the interactions and ef-
fects of the factors on the carbon fiber textural property. R2 = 0.941.

Model Coeff. SC Standard error t-Value Prob > |t|

ὦ 472.24 12.26 131.17 5.81×10-5

ὦ -40.8 19.20 -11.33 7.70×10-3

ὦ 92.58 18.35 25.72 1.51×10-3

ὦ 9.39 18.92 2.61 1.21×10-1

ὦ 22.71 18.96 6.31 2.42×10-2

ὦ -5.20 23.44 -1.44 2.85×10-1

ὦ 1.50 13.44 0.42 7.17×10-1

ὦ -38.58 23.11 -10.72 8.59×10-3

Table 6 Coefficient list of the Multiple Linear Regression applied to the cal-
culated microporosity volume. The coefficients represent the interactions and
effects of the factors on the carbon fiber textural property. R2 = 0.944.

Model Coeff. SC Standard error t-Value Prob > |t|

ὦ 1.79×10-1 4.62×10-3 166.36 3.61×10-5

ὦ -1.57×10-2 7.23×10-3 -14.62 4.64×10-3

ὦ 3.58×10-2 6.91×10-3 32.29 9.01×10-4

ὦ 4.42×10-3 7.13×10-3 4.11 5.44×10-2

ὦ 8.29×10-3 7.14×10-3 7.71 1.64×10-2

ὦ -1.75×10-3 8.83×10-3 -1.63 2.45×10-1

ὦ 2.07×10-3 5.06×10-3 1.9 1.94×10-1

ὦ -1.70×10-2 8.70×10-3 -15.87 3.95×10-3

 However, the coefficient ὦ , representing the intercept of the model, is rel-
atively high compared with the experimental results of as. This high value
complicates interpreting the physical meaning of all the other parameters, as
their influence on as is small and close to the standard error. Therefore, the
following discussion is not definitive and only open space for explaining possi-
bilities.  Having stated that, the positive linear coefficient ὦ  could mean that
adding lignin to the precursor fiber enhances the surface area; this also would
explain the positive coefficient for ὦ . Alternatively, the DAP impregnation
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seemed to influence the textural properties negatively. At this point, the re-
sidual content of DAP on the CF may have hindered the diffusion of N2 mole-
cules into the solid carbon, or simply the CF structure is less porous due to
different pyrolysis pathways. To reduce the effects of overfitting, ὦ  was re-

a)

b)

Figure 17 Scanning electron microscopy image of samples a) N8 and b) N9.
Sample N8 was produced from E50 fibers impregnated with diammonium hy-
drogen phosphate. N9 was produced from E50 fibers. Both samples were acti-
vated for 40 minutes under a CO2 atmosphere.
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a)

b)

Figure 18 Observed a) BET surface area and b) volume of microporosity com-
pared to their predictions. The predictions stem from a Multiple Linear Re-
gression of the design matrix inputs. The dashed line depicts an identity func-
tion.
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moved from the model. Zeng and Pan [35] reported that washing off the CF
effectively removes the residual DAP content. Therefore, future research
should assess the effects of adopting this practice on CF properties.

Regarding the interaction coefficients, DAP and CO2 activation time did not
show an increasing effect (ὦ ) on as, similar as observed for ώ . The residual
catalyst and possible crystallization of the CF induced by DAP at the carbon-
ization temperature (800°C) may have blocked CO2 diffusion and removal of
solid carbon from the CF matrix [35]. In order to explain the physical meaning
of the coefficient ὦ , the discussion requires analyzing the SEM images of the
CF samples containing DAP and lignin. Hence, to explain the possible inter-
action between lignin and DAP, Figure 17 a) shows a close-up of the surface
of sample N8. The SEM image presents evidence of the phenomenon suspected
in Section 4.1. The melt-phase pyrolysis of lignin and DAP seemed to create
“eruptions” on the CF surface while leaving the residual DAP content under-
neath the surface. These rearrangements in the CF may leave some mi-
cropores to which N2 molecules are accessible. The negative sign of ὦ , lignin,

Figure 19 Correlation between BET surface area and volume of microporosity
of the samples composing the Face-centered Central Composite Design. The
dashed line denotes a linear fit with intercept and slope, ~0 cm3/g and 3.85×10-

4, respectively.
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