Special Issue: Sustainable Polymers and Polymer Science
Dedicated to the Life and Work of Richard P. Wool

Guest Editors: Dr Joseph F. Stanzione Ill (Rowan University, U.S.A.)
and Dr John J. La Scala (U.S. Army Research Laboratory, U.S.A.)

EDITORIAL

Sustainable Polymers and Polymer Science: Dedicated to the Life and Work of Richard P. Wool
Joseph F. Stanzione lll and John J. La Scala, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.44212

REVIEWS

Richard P. Wool's contributions to sustainable polymers from 2000 to 2015
Alexander W. Bassett, John J. La Scala and Joseph F. Stanzione Ill, J. Appl. Polym. Sci. 2016,
DOI: 10.1002/app.43801

Recent advances in bio-based epoxy resins and bio-based epoxy curing agents
Elyse A. Baroncini, Santosh Kumar Yadav, Giuseppe R. Palmese and Joseph F. Stanzione lll, J. Appl. Polym. Sci. 2016,
DOI: 10.1002/app.44103

Recent advances in carbon fibers derived from bio-based precursors
Amod A. Ogale, Meng Zhang and Jing Jin, J. Appl. Polym. 5ci. 2016, DOI: 10.1002/app.43794

RESEARCH ARTICLES

Flexible polyurethane foams formulated with polyols derived from waste carbon dioxide
Mica DeBolt, Alper Kiziltas, Deborah Mielewski, Simon Waddington and Michael J. Nagridge, J. Appl. Polym. Sci. 2016,
DOI: 10.1002/app.44086

Sustainable polyacetals from erythritol and bioaromatics
Mayra Rostagno, Erik J. Price, Alexander G. Pemba, lon Ghiriviga, Khalil A. Abboud and Stephen A. Miller, J. Appl. Polym. Sci.
2016, DOI: 10.1002/app.44089

Bio-based plasticizer and thermoset polyesters: A green polymer chemistry approach
Mathew D. Rowe, Ersan Eyiler and Keisha B. Walters, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43917

The effect of impurities in reactive diluents prepared from lignin model compounds on the properties of vinyl ester resins
Alexander W. Bassett, Daniel P. Rogers, Joshua M. Sadler, John J. La Scala, Richard P. Wool and Joseph F. Stanzione llI,
J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43817

Mechanical behaviour of palm oil-based composite foam and its sandwich structure with flax/epoxy composite
Siew Cheng Teo, Du Ngoc Uy Lan, Pei Leng Teh and Le Quan Ngoc Tran, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43977

Mechanical properties of composites with chicken feather and glass fibers
Mingjiang Zhan and Richard P. Wool, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.44013

Structure-property relationships of a bio-based reactive diluent in a bio-based epoxy resin
Anthony Maiorana, Liang Yue, Ica Manas-Zloczower and Richard Gross, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43635

Bio-based hydrophobic epoxy-amine networks derived from renewable terpenoids
Michael D. Garrison and Benjamin G. Harvey, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43621

Dynamic heterogeneity in epoxy networks for protection applications
Kevin A. Masser, Daniel B. Knorr Jr., Jian H. Yu, Mark D. Hindenlang and Joseph L. Lenhart, J. Appl. Polym. Sci. 2016,
DOI: 10.1002/app.43566


http://onlinelibrary.wiley.com/doi/10.1002/app.44212/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44212/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43801/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43801/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43801/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44103/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44103/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44103/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43794/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43794/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44086/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44086/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44086/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44089/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44089/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44089/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43917/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43917/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43917/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43817/full
http://onlinelibrary.wiley.com/doi/10.1002/app.41549/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.43817/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43817/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43977/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43977/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43977/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44013/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44013/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44013/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43635/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43635/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43635/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43621/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43621/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43621/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43566/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43566/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43566/full

Special Issue: Sustainable Polymers and Polymer Science
Dedicated to the Life and Work of Richard P. Wool

Guest Editors: Dr Joseph F. Stanzione Ill (Rowan University, U.S.A.)
and Dr John J. La Scala (U.S. Army Research Laboratory, U.S.A.)

Statistical analysis of the effects of carbonization parameters on the structure of carbonized
electrospun organosolv lignin fibers

Vida Poursorkhabi, Amar K. Mohanty and Manjusri Misra, J. Appl. Polym. Sci. 2016,

DOI: 10.1002/app.44005

Effect of temperature and concentration of acetylated-lignin solutions on dry-spinning of carbon
fiber precursors
Meng Zhang and Amod A. Ogale, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43663

Polylactic acid bioconjugated with glutathione: Thermosensitive self-healed networks
Dalila Djidi, Nathalie Mignard and Mohamed Taha, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43436

Sustainable biobased blends from the reactive extrusion of polylactide and acrylonitrile butadiene styrene
Ryan Vadori, Manjusri Misra and Amar K. Mohanty, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43771

Physical aging and mechanical performance of poly(t-lactide)/ZnO nanocomposites
Erlantz Lizundia, Leyre Pérez-Alvarez, Miriam Saenz-Pérez, David Patrocinio, José Luis Vilas and Luis Manuel Leén,
J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43619

High surface area carbon black (BP-2000) as a reinforcing agent for poly[(-)-lactide]
Paula A. Delgado, Jacob P. Brutman, Kristina Masica, Joseph Molde, Brandon Wood and Marc A. Hillmyer, J. Appl. Polym. Sci.
2016, DOI: 10.1002/app.43926

Encapsulation of hydrophobic or hydrophilic iron oxide nanoparticles into poly-(lactic acid) micro/nanoparticles via adaptable
emulsion setup

Anna Song, Shaowen Ji, Joung Sook Hong, Yi Ji, Ankush A. Gokhale and Ilsoon Lee, J. Appl. Polym. Sci. 2016,

DOI: 10.1002/app.43749

Biorenewable blends of polyamide-4,10 and polyamide-6,10
Christopher S. Moran, Agathe Barthelon, Andrew Pearsall, Vikas Mittal and John R. Dorgan, J. Appl. Polym. Sci. 2016,
DOI: 10.1002/app.43626

Improvement of the mechanical behavior of bioplastic poly(lactic acid)/polyamide blends by reactive compatibilization
Jeongln Gug and Margaret J. Sobkowicz, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43350

Effect of ultrafine talc on crystallization and end-use properties of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
Jens Vandewijngaarden, Marius Murariu, Philippe Dubois, Robert Carleer, Jan Yperman, Jan D'Haen, Roos Peeters and
Mieke Buntinx, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43808

Microfibrillated cellulose reinforced non-edible starch-based thermoset biocomposites
Namrata V. Patil and Anil N. Netravali, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43803

Semi-IPN of biopolyurethane, benzyl starch, and cellulose nanofibers: Structure, thermal and mechanical properties
Md Minhaz-Ul Haque and Kristiina Oksman, J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43726

Lignin as a green primary antioxidant for polypropylene
Renan Gadioli, Walter Ruggeri Waldman and Marco Aurelio De Paoli J. Appl. Polym. Sci. 2016, DOI: 10.1002/app.43558

Evaluation of the emulsion copolymerization of vinyl pivalate and methacrylated methyl oleate
Alan Thyago Jensen, Ana Carolina Couto de Oliveira, Silvia Belém Gongcalves, Rossano Gambetta and Fabricio Machado
J. Appl. Polym. 5ci. 2016, DOI: 10.1002/app.44129


http://onlinelibrary.wiley.com/doi/10.1002/app.44005/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44005/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44005/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44005/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43663/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43663/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43663/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43663/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43436/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43436/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43436/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43771/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43771/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43771/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43619/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43619/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43619/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43926/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43926/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43926/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43749/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43749/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43749/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43749/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43626/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43626/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43626/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43350/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43350/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43350/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43808/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43808/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43808/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43803/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43803/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43803/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43726/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43726/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43726/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43558/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43558/full
http://onlinelibrary.wiley.com/doi/10.1002/app.43558/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44129/full
http://onlinelibrary.wiley.com/doi/10.1002/app.44129/full

Applied Polymer

SCIENCE

Statistical analysis of the effects of carbonization parameters on
the structure of carbonized electrospun organosolv lignin fibers
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ABSTRACT: Organosolv process is among the top choices for pretreatment of lignocellulosic biomass in cellulosic ethanol production.
The lignin obtained as coproduct of this process is a low molecular weight biopolymer. Development of high-value application for
this material enhances the economic viability of the bioethanol production process. In this study, aqueous sodium hydroxide solution
of organosolv lignin/poly(ethylene oxide) (PEO) blend with 95/5 wt % ratio was electrospun. The fiber morphology and thermal
properties were compared with organosolv lignin/PEO fibers electrospun from N,N-dimethylformamide (DMF) solution. Although
organosolv lignin powder and fibers spun from DMF had a low T, (~100°C), the fibers from alkaline aqueous solutions did not
exhibit a glass transition point and could be carbonized without thermostabilization. The effects of carbonization heating rate,
temperature, and time on the average fiber diameter, Raman peaks, and X-ray diffraction results of the carbonized electrospun fibers
were statistically analyzed by using a two-level factorial design of experiments. Carbonization temperature, time, and interaction of
these two parameters have the most significant effects. Formation of graphitized structures in the carbonized fibers was confirmed by
transmission electron microscopy (TEM). The alkaline aqueous electrospinning of organosolv lignin has the advantages of using a
green solvent, ability to increase the lignin content of fibers to more than 95 wt %, and removing the time and energy intensive step
of thermostabilization before carbonization. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44005.

KEYWORDS: biopolymers & renewable polymers; electrospinning; fibers; glass transition; porous materials
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INTRODUCTION extractable material mainly lignin and hemicellulose."®® From
economic perspective, pretreatment step has the highest contri-
bution (around 18%) to the total production cost of cellulosic
ethanol. Organosolv process provides the opportunity for sol-
vent recovery by distillation. The most commonly used solvent
is ethanol due to its low toxicity. However, the current technol-
ogies for ethanol recovery require a significant amount of
energy which increases the process cost. Therefore, economic
viability of organosolv process as well as cellulosic ethanol pro-
duction highly depends on utilizing the coproducts in high-
value applications.®*™'? Currently, produced lignin during cellu-
losic ethanol production is burned to produce energy for the
process. The excess of lignin (~60 wt %) can be used in higher
value applications.'? Research and development has been going
Organosolv process was first developed to avoid air and water  on to use lignin for production of carbon fibers as a way to
pollution in pulp/paper industries in the 1970s. Later, this increase the revenue of cellulosic ethanol process, as well as
process was studied for biomass pretreatment in biofuel produc-  developing a renewable resource-based and low-cost alternative
tion.® In organosolv process, a mixture of organic solvents is  for polyacrylonitrile (PAN)-based carbon fibers in specific
percolated through the biomass. This separates almost all of the  applications.'*'?

Addition of bioethanol to vehicle fuel has been mandated due
to its positive impacts on environment, reduced dependence on
fossil fuels, and engine performance." Second-generation bioe-
thanol, also known as cellulosic ethanol, is produced by conver-
sion of polysaccharides from a wide range of lignocellulosic
material.> Cellulose and hemicellulose are covered by lignin
which is an irregular aromatic phenolic polymer."*® Several
physical, chemical, and biological pretreatment processes have
been developed to break and separate lignin in order to make
cellulose accessible to hydrolyzing enzymes. Among different
pretreatments, organosolv process is one of the highly investi-
gated and promising methods.*”

© 2016 Wiley Periodicals, Inc.
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Organosolv lignins have a structure very similar to native lig-
nins with high purity and homogeneity. They have a high quan-
tity of phenolic and aliphatic hydroxyl groups, low molecular
weight, low ash content, and low glass transition point."”

Lignin fibers have been produced by melt spinning and electro-
spinning to be used as precursors for carbon fiber produc-
tion.'*'® Electrospinning is an electrostatically driven spinning
to produce fibers with submicron to nanometer diameters.'”'®
Electrospun lignin-based fibers have been produced as precur-
sors for carbon nanofibers which have been studied for applica-
tions in energy storage devices.'®

In the literature, electrospun lignin-based fibers have been
produced from blends of kraft lignin/poly(ethylene oxide)
(PEO),***® alkali lignin/PAN,”>**" and organosolv lignin in
organic solvents. Organosolv lignins have been electrospun by
two different approaches. One is electrospinning of solution
blends of organosolv lignin and a binder polymer mostly in
N,N-dimethylformamide. Most frequently used binder polymers
are PEO***® and PAN.>>”* The other approach is utilizing co-
electrospinning with lignin solution in ethanol as core and etha-
nol as shell solution.”® While most of the lignin-based fibers are
spun from solutions in DME electrospinning of aqueous
solutions of lignin has been limited to alkali and kraft lignins.
Distilled water and aqueous sodium or potassium hydroxide
solutions have been used as a solvent for electrospinning of
blends of alkali lignin/PEO,” alkali lignin/poly(vinyl alcohol)
(PVA),'®*” kraft lignin/PEO,”® and alkali lignin/soy protein/
PEO.”” Organosolv lignins are also soluble in aqueous alkali
hydroxide solutions and therefore can benefit from an aqueous
solution for spinning.

Electrospun lignin-based fibers are often produced as precursors
for carbon fiber production. Carbonization of the fibers is usu-
ally a two-step thermal process. First step is thermostabilization
which is a thermal oxidation of the material by slowly heating
the sample in air. The purpose is to increase or remove the glass
transition point of the material. This step is crucial to prevent
fusion and merging of the fibers at the points they contact each
other. Carbonization is the second step in which the sample is
heated in an inert atmosphere at a higher heating rate to tem-
peratures more than 800°C. During this step the carbonized
structure is formed.**?’

Electrospun organosolv lignin-based fibers require longer ther-
mostabilization times to avoid their fusion compared with kraft
and alkali lignins. The successful conditions have been heating
rate of 0.05,"° 0.08,”° 0.2, 0.25** °C/min to 200°C and hold-
ing time at final temperature for 12, 24,>* and 36 h.**** Orga-
nosolv lignin-based fibers thermostabilized at 200 °C with a rate
of 1°C/min and maintained isothermal at maximum tempera-
ture for 2 h were fused and interconnected when PEO content
increased to 10%.>* Organosolv lignin/cellulose acetate blend
fibers melted when thermostabilized by heating to 300°C at a
rate of 2°C/min and isothermal time of 2 h. The fiber fusion
was controlled and prevented by an iodine treatment.'' In
contrast, alkali lignin-based fibers were thermostabilized at 1°C/
min,” modified kraft lignin-based fibers were thermostabilized
at 5°C/min.”” Therefore, improvement of thermostabilization
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Table I. Two Levels of the Parameters Studied by Design of Experiments

Lower and
Variable Symbol higher levels
Heating rate (°C/min) X1 2-7
Carbonization temperature (°C) Xo 800-1100
Carbonization time (h) X3 3-10

process of organosolv lignin-based fibers would increase the fea-
sibility of using this lignin for carbon fiber production.

Carbonization of the electrospun lignin-based fibers have been
performed at 900, 1000, or 1200°C with a rate of 10°C/min
and isothermal time at maximum temperature for 0, 1, or
2 h, 20222423273 1 3 heating rate of 5°C/min to 1000°C and
holding for 0.5 h.*> There are few studies which reported the
effects of carbonization temperature for electrospun lignin-
based fibers. Ruiz-Rosas et al.** compared microstructure of the
carbonized electrospun Alcell lignin fibers produced at 600, 800,
900, and 1000°C and a heating rate of 10°C/min. Schreiber
et al.*' compared carbonized organosolv lignin-based fibers pro-
duced at 600, 800, 1000, and 1200°C at a rate of 2°C/min and
held isothermal for 2 h. Another study compared carbonized
kraft lignin-based fibers produced at 600, 800, and 1000 °C and
holding time of 1 h.** These studies compared microstructure
of fibers carbonized at multiple temperatures. However, in addi-
tion to differences in the type of binder polymer and fiber com-
position, they used different heating rate and holding times.
Therefore, the effects of carbonization temperature observed in
one study may not be reproduced in another work.

Organosolv lignin and PEO are soluble in aqueous sodium
hydroxide solution and create a highly entangled network which
enables reduction of required PEO for spinning.’® In this study,
electrospun organosolv lignin/PEO fibers were produced from
an aqueous sodium hydroxide solution. The fibers were thermo-
stabilized at a faster rate than reported rates in the literature for
organosolv lignin. Carbonization of both as-spun fibers and
thermostabilized fibers was tested. The organosolv lignin/PEO
solutions in DMF were also electrospun. For comparison, feasi-
bility of thermostabilization of the latter fibers at the same heat-
ing conditions was studied. An in-depth analysis on the effects
of carbonization parameters on the microstructure of carbon-
ized electrospun fibers was performed by using a factorial
design of experiments. The effects of carbonization temperature,
heating rate and holding time on the microstructure of the car-
bonized O.L./PEO fibers were statistically analyzed. Diameter of
carbonized fibers, Raman peak characteristics, XRD data, and
TEM images were studied.

DESIGN OF EXPERIMENTS

A two-level factorial design of experiments was used to study
the effects of three main carbonization parameters. The parame-
ters were: (a) heating rate, (b) carbonization temperature, (c)
carbonization time. The two levels of each parameter and the
factorial design of experiments are presented in Tables I and II,
respectively.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44005
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Table II. Two-level Factorial Design of Experiments for Carbonization of the Electrospun Lignin Fibers (Nonrandomized Order)

Coded values

Uncoded values

Carbonization

Carbonization

Heating rate, Carbonization Carbonization

No. Heating rate (x4) temperature (x5) time (x3) x1 (°C/min) temperature, x5 (°C) time, x3 (h)
1 =il =il =il 2 800 8

2 1 -1 -1 7 800 3

8 =il 1 =il 2 1100 8

4 1 1 -1 7 1100 3

5 =il =il 1 2 800 10

6 1 -1 1 7 800 10

7 =il 1 1 2 1100 10

8 1 1 1 7 1100 10

9 0 0 0 4.5 950 6.5

The two levels of heating rate were 2 and 7°C/min which were
lower than the commonly used heating rate of 10 °C/min. Selec-
tion of lower heating rates was to study whether slow heating
affects the extent of ordered structure. The two levels of temper-
ature were 800 and 1100°C. The lower limit was selected in
agreement with the literature and based on the minimum tem-
perature required to carbonize lignin. The upper temperature
was limited by the physical capability of the furnace used in this
study as well as temperatures higher than 1100°C are known
for graphitization. Carbonization time which is the residence
time of fibers at the carbonization temperature was selected
much longer than the literature values which have been selected
as 1 or 2 h. In this study, 3 and 10 h were selected. Although
10 h carbonization time increases the energy requirements of
the process, it was selected as a high value to exhibit the effects
of time.

Design of experiments and statistical analysis of the data were
performed by Minitab® 17 software. Confidence level was
selected as 95%.

The studied responses were diameter of the carbonized fibers,
characteristics of the Raman peaks, and the interlayer spacing of
(002) crystallographic planes calculated by XRD. For diameter
analysis, 100 measurements were done for each sample. The
measurements were divided in five groups of 20 measurements.
Average of each group was entered as a replicate. For Raman
analysis, three measurements were done for each sample and
the data were entered as three replicates. For XRD, one mea-
surement was done for each sample. Significant variables are
reported by demonstrating corresponding Pareto charts. For the
variables which are close to the significant line of Pareto chart,
half normal plots were examined to confirm and the results are
reported.

EXPERIMENTAL

Materials

Organosolv hardwood lignin (O.L.) (M,, = 1551.7 g/mol, Aver-
age moisture content=3.16 +0.36 wt %) was received from
Lignol Innovations Ltd. (British Columbia, Canada). Poly(ethyl-
ene oxide) (PEO) with M, = 2,000,000 g/mol was purchased
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from Sigma-Aldrich Canada Co. Sodium hydroxide (NaOH),
N,N-dimethylformamide (DMF), and ethyl alcohol (EtOH)
were purchased from Fisher Scientific Company, Canada. All
the materials were used as received. Distilled water was used as
the solvent.

Solution Preparation and Electrospinning

Alkaline Aqueous Solution of O.L./PEO. First, separate solu-
tions of lignin and PEO were prepared by dissolving 2.5 g (dry
weight) O.L. powder in 15 mL of 0.5 M aqueous sodium
hydroxide solution, and 0.13 g PEO in 15 mL distilled water.
Both solutions were stirred at 70 to 75°C and ~600 rpm for
1 h. Then, 8 mL of each solution was transferred to an empty
beaker and 4 mL ethanol was added to obtain solutions of 7 wt
% (O.L./PEO: 95/5 wt/wt %) in a mixture of alkaline water/
ethanol: 80/20 vol/vol %. The NaOH/O.L. weight ratio in the
final solution mixtures was about 0.12. The mixed solution was
stirred gently for 5 to 7 min before spinning. Prolonged stirring,
insufficient heating, or high stirring intensity of the solutions
may lead to gelation of the mixture.36 Figure 1 shows the steps
for preparing the solutions.

Solution of O.L/PEO in DMEFE 0.2 g PEO was dissolved in
20 mL DMEF and stirred at 70°C for 1 h. Then 3.8 g O.L. pow-
der was added and stirred for 1 h. The O.L./PEO ratio in the
solution was 95/5 wt/wt %. The total polymer content was

PEO p
wlz-;er T~ ’

LS. 7 wt% (O.LJPEO: 95/5)
of $ in
each (alkaline water/EtOH: 80/20)
/ solution
NaOH/O.L. ratio = 0.12

Lignin (O.L.)
in
NaOH/water (0.5 M)
Figure 1. Schematic of steps for preparing the 7 wt % (O.L./PEO: 95/5)
solution in a mixture of alkaline water/ethanol:80/20 for electrospinning.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]
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increased to 20 wt % which was higher than polymer content
of alkaline aqueous solutions to achieve a continuous spinning.

A NANON-01A (MECC Co., Japan) electrospinning instrument
was used to spin the solutions. The voltage was kept constant at
20 kV. The feed rate was about 0.7 mL/h and was further
adjusted to obtain a continuous and steady flow of spinning.
The fibers were collected on a stationary flat plate covered with
aluminum foil located at a distance of 22 cm from the needle.
A 24-gauge needle was used throughout the experiments. The
O.L./PEO fibers spun from mixture of aqueous sodium hydrox-
ide and ethanol solution are shortly named as O.L./PEO/aq
NaOH and the O.L./PEO fibers spun from DMF solution are
named as O.L./PEO/DME

Carbonization of the Electrospun Fibers

Collected fibers were cut into pieces and placed in ceramic
boats for thermal treatments in furnace. Thermostabilization of
the fibers was done in a SentroTech, STT—1200°C horizontal
tube furnace. Two ends of the tube were closed with fittings
that had a small opening for air.

Before carbonization experiments for statistical analysis of the
parameters, the O.L./PEO/aq NaOH fibers were thermostabi-
lized at 250 °C with a heating rate of 0.5°C/min and isothermal
time for 2 h.*>**

Carbonization of the fibers was performed in a Carbolite,
GHA—1200°C horizontal tube furnace. The tube diameter was
7 cm and was continuously purged with nitrogen (~2 L/min).
The carbonization conditions are presented in Table II. The
yield percentage was calculated by dividing the weight of resid-
ual material by the initial weight.

Electrospun fibers were collected with random orientation and
during carbonization the fibers were free without external
stretching or stress effects. Constraining the sides of the samples
could cause different effects in individual fibers based on their
alignment with the direction of the restrained sides and it could
interfere with the effects of carbonization thermal parameters.

Characterization

Microscopy. A Hitachi S-570 scanning electron microscope
(Hitachi High Technologies, Tokyo, Japan) was used at an accel-
erating voltage of 10 kV. Before imaging, samples were coated
with gold/palladium in an Emitech K550 sputtering device
(Ashford-Kent) for 2 min at a coating rate of 5 to 6 nm/min.
The images were analyzed by Image] 1.48t software. Average
fiber diameters were calculated based on 100 measurements
made from images of different points of the samples.

Energy-dispersive X-ray spectroscopy (EDS) was performed
using Phenom ProX SEM (Nanoscience Instruments). The spec-
ifications are 137 eV Mn Ka, and ZAF corrected. The accelerat-
ing voltage was 10 kV and samples were not coated before
analysis.

Differential Scanning Calorimetry (DSC). A TA Instruments—
Q200 DSC equipment was used for measuring the glass transi-
tion point of the fibers. About 2 to 5 mg of the sample was
encapsulated in an aluminum pan and tested under a 50 mL/
min flow of nitrogen. Moisture content of the samples was
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removed by heating them from 0°C to 90°C at a rate of 5°C/
min and keeping isothermal at 90 °C for 10 min. Then the sam-
ples were cooled to 0°C. The softening point of O.L. is around
100°C which overlap with the broad moisture evaporation
peak. Therefore, samples were dried at 90 °C.

After removing the moisture, samples were heated from 0 to
180 °C (first heating cycle). After again cooling to 0°C, the sam-
ples were heated to 200°C (second heating cycle). The heating
and cooling rates were 10 °C/min. Thermograms obtained from
first and second heating cycles were analyzed.

Raman Spectroscopy. A Renishaw Raman imaging microscope
was used to collect the spectra with a Near Infrared 780TF
diode laser which had a wavelength of 785 nm. The 50X objec-
tive lens of the microscope was used to set the laser location on
the samples. The instrument was calibrated by the silicone’s
Raman active vibration peak at 520 cm™'. The spectra were col-
lected between 500 and 2500 cm™'. The laser power was set to
50% of 25 mW maximum output power. The scans were made
using accumulation of two separate measurements of 20 s each.
Three points of each sample were scanned.

Raman spectra were deconvoluted by Gaussian—Lorentzian curve
fitting to three peaks.”> The R* value for all the fittings was
more than 0.97. The baseline was fitted by an exponential decay
2 function with a general equation of:

y=y0+A1 e_"/t‘ +A2€_x/tz (1)

where y, = offset, A; and A, = amplitude, #; and #, = decay con-
stant are equation parameters.

X-ray Diffraction (XRD). The carbonized fibers were grinded
into fine powder by using mortar and pestle. Each sample was
mounted on a glass fiber with vacuum grease. A SuperNova
Agilent single-crystal diffractometer equipped with a microfocus
CuKa (L= 1.54184 A) radiation source and Atlas CCD detector
was used to study the samples at room temperature. X-ray dif-
fraction images were collected from four different angular posi-
tions of the goniometer using ¢ scans to generate a 1D powder
pattern within a 26 range of 10 to 60°. The images were proc-
essed using CrysAlisPro software. Plots of the powder pattern
were generated from the original images with a step of 0.02° in
20.

The interplanar spacing of crystalline planes was calculated
using the Bragg’s equation:

A=2d sin (2)

where A is the wavelength of the X-ray, d is the crystal plane
spacing, and 0 is diffraction angle.

Transmission Electron Microscopy (TEM). For sample prepa-
ration, carbonized fiber mats were put in distilled water and
sonicated to separate and disperse the fibers in water. Then
samples of dispersed material were taken by TEM grids with
formvar/carbon film supports (Electron Microscopy Sciences).
A field emission TEM from FEI Company (Tecnai G2 F20) was
used for imaging the samples.
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Figure 2. SEM images of the electrospun fibers from solutions of 7 wt % (O.L./PEO: 95/5) in aqueous sodium hydroxide (a) top surface of the fiber mat facing
the needle, (b) bottom surface of the mat facing the collector, average diameter of fibers in (a and b) = 1.4 = 0.3 um, (c) O.L./PEO/aq NaOH fibers (spun
from a mixed solution with 20 vol % ethanol) average diameter = 2.6 um, (d) O.L./PEO/DMF electrospun fibers, average diameter = 0.8 = 0.1 pm.

Results and Discussion

Electrospun O.L./PEO Fibers. In preliminary experiments,
homogeneous solution of 7 wt % (O.L./PEO: 95/5) in aqueous
sodium hydroxide was prepared without addition of ethanol.
About 8 mL of the solution was electrospun with a feed rate of
0.6 mL/h (weight of the collected fiber was around 400 mg).
Visual inspection of the collected fiber mat showed differences
in the appearance of the two sides of the mat. The bottom side
which was facing the collector looked fibrous and more flexible
while the top side which was facing the needle looked like a
brittle sheet. Low magnification SEM images of both sides were
collected and compared. Images showed that the fibers on the
top side of the mat were more interconnected [Figure 2(a)],
while the bottom side was mostly made of free fibers [Figure
2(b)]. Since the fibers were spun from the same homogeneous
solution, changes in solvent evaporation would be the cause of
fibers interconnection on their contact points. At the beginning
of the spinning, deposited fibers on the collector are separated
and have enough time for drying before the next fibers fall on
them. By passing time and increasing the amount of fibers,
there is not enough time for drying and fibers merge together
on their contact points. This situation became worse when the
relative humidity of the spinning chamber increased to above
35% and temperature was below 30°C. This effect reduces the
yield of free fibers. One approach to reduce the interconnectiv-
ity of the electrospun fibers is to reduce the spinning time. This
causes production of very thin fiber mats. The other approach
is to increase the evaporation rate by addition of a volatile sol-
vent like ethanol. Therefore, 20 vol % of ethanol was added to
the solutions of 7 wt % (O.L./PEO: 95/5) before electrospinning
of fibers for carbonization study. The fibers had less intercon-
nection and were not merged together [Figure 2(c)]. They were
more evenly spread on the collector foil and could be handled
with less fiber breakage

Solution blends of O.L./PEO in DMF were also electrospun to
compare the fibers spun from alkaline aqueous and organic sol-
vent solutions. SEM image of the O.L./PEO/DMF electrospun
fibers are shown in Figure 2(d). Compared with aqueous solu-
tions, higher polymer concentration was required to be dis-
solved in DMF for successful spinning. The difference in
required polymer concentration can be attributed to differences
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in polymer chain configuration and entanglements and also dif-
ferences in surface tension of solvents.

Differential Scanning Calorimetry (DSC). Thermal transitions
of electrospun lignin fibers and thermostabilized fibers were
studied by DSC and compared with the O.L. powder. The DSC
thermograms are shown in Figure 3.

First and second heating cycles of O.L. powder show a low soft-
ening temperature of 100°C. The O.L./PEO/DMF fibers have a
similar Ty ~ 95 °C in both heating cycles which as is expected is
a close value to glass transition point of O.L. powder.

O.L./PEO/aq NaOH fibers show a different trend and do not
have a detectable glass transition point in both cycles. In the
thermogram of the first heating cycle, a broad endothermic
peak around 140 °C is observed. The second heating cycle does
not show any significant thermal event. T, of lignin is inversely
proportional to its hydrogen content which appears in C-H and
O-H bonds.*® Removal of glass transition point of O.L./PEO/aq
NaOH fibers can be due to substitution of hydrogen in phenolic
OH groups with sodium ions from alkaline solution. Dissolving
O.L. in aqueous NaOH solution to prepare for the electrospin-
ning causes structural changes in lignin which is reflected in
thermal properties of the fibers. Appearance of the broad endo-
thermic peak for these fibers can be attributed to re-orientation
or some endothermic re-organization of the polymer chains in
these fibers. During electrospinning, networks of entangled
polymer chains are extended along the electrical force direction.
When the solvent evaporates and the fibers solidify, the chains
freeze into their extended state.”” This endotherm has been
reported to be a sign of conformational rearrangement of mole-
cules from the oriented glassy to the isotropic rubbery state.*”**
The same endothermic peak which appeared for as-spun fibers
is also observed for thermostabilized fibers. The slow heating
rate during thermostabilization, can be one of the reasons that
even after thermostabilization, the fibers show the endothermic
peak in DSC.

After completion of each DSC experiment, the sample was
examined. Lignin powder sample had turned into a solid piece
of dark material due to softening and merging of the particles.
The same happened to O.L./PEO/DMF fibers but O.L./PEO/aq
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Figure 3. DSC thermograms of first and second heating cycles of (a) O.L. powder, (b) electrospun fibers of O.L./PEO/aq NaOH, (c) thermostabilized
fibers of (b), (d) electrospun fibers of O.L./PEO/DME. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

NaOH fibers and thermostabilized fibers remained unchanged
and preserved their fibrous network after DSC cycles.

Thermostabilization and Carbonization of the Fibers. The
O.L./PEO/aq NaOH fibers were thermostabilized at 250°C for
2 h and a heating rate of 0.5°C/min. To confirm resistance of
the fibers to melting, they were subsequently carbonized at
1000°C with a heating rate of 5°C/min. SEM images [Figure
4(a)] showed the fibers were carbonized without considerable
melting or fusion of the fibers.

Since the DSC results of O.L./PEO/aq NaOH fibers did not show a
noticeable glass transition point, carbonization of the as-spun
fibers without passing the thermostabilization step was also tested.
SEM images of the fibers showed successful carbonization without
melting or fusion of the fibers [Figure 4(b)]. The average fiber
diameter was close to the carbonized fibers which passed the ther-
mostabilization. Hu and Hsieh® reported direct carbonization
without thermostabilization of (alkali lignin/PEO: 9/1 w/w) blend
fibers electrospun from aqueous solutions with and without addi-
tion of NaOH or KOH. They carbonized the fibers at both 600
and 850 °C with a heating rate of 10 °C/min.

In experiments designed for statistical analysis of the carboniza-
tion parameters, the O.L/PEO/aq NaOH fibers were passed
through both of the thermostabilization and carbonization steps

30 pm

Average Diameter =
2340.6 um

Average Diameter =
24+0.7 um

Figure 4. SEM images of carbonized O.L./PEO/aq NaOH fibers, (a) car-
bonized fibers after thermostabilization, (b) carbonized fibers without
thermostabilization.
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to have a comparable thermal history with the carbonized fibers
reported in the literature. It is also observed from DSC results
that some chain realignment happens when the fibers are first
heated to 200°C. This may change the microstructure of the
carbonized fibers. Studies which reported effects of carboniza-
tion parameters had thermostabilized the fibers at 200, 250,
300°C, for 1, 2, 36 h.**™** In this study, an intermediate ther-
mostabilization temperature and time of 250°C and 2 h were
selected.

When O.L./PEO/DMF fibers [Figure 5(a)] were heated at the
same thermostabilization conditions as O.L./PEO/aq NaOH
fibers, they melted and left a black solid residue [Figure 5(b)].
Then the following program was applied to thermostabilize the
fibers: heating to 90°C with a rate of 0.5°C/min then 2 h iso-
thermal, stepwise 10 °C increase in temperature at the same rate
of 0.5°C/min and 2 h isothermal up to 200 °C. The same proce-
dure was also repeated with a heating rate of 0.1 °C/min. After
both attempts, the fibers were shrunk and melted together as it
is shown in Figure 5(b). It is in agreement with behavior of
organosolv lignin which requires thermostabilization at very
slow heating rate and long processing times.”>*>** It highlights
the importance of taking advantage of an environmentally
friendly aqueous alkali hydroxide solution to dissolve lignin for
electrospinning of precursor fibers.

Morphologies of Carbonized Electrospun O.L./PEO/aq NaOH
Fibers. SEM images of electrospun O.L./PEO fibers and thermally
treated samples prepared according to the design of experiments
(Table II) are shown in Figure 6. Average diameter of nine batches
of electrospun fibers, made for the nine carbonization experi-
ments, was between 2.2 £ 0.6 and 3.1 = 0.7 pm. The fibers spun
from aqueous solutions usually have larger diameters compared
with fibers spun from organic solvents such as DME.***>?¢ During
thermostabilization, low molecular weight volatile material and
weak groups on the polymer backbone leave the fibers resulting in
weight reduction of the material. Average yield of thermostabiliza-
tion was 83 = 3 wt %. Average diameter of the thermostabilized
fibers was 2.6 * 0.6 um. Thermostabilization did not have signifi-
cant effect on reduction of fiber diameters. Lallave et al.** also
reported no change in diameter of Alcell lignin fibers after
thermostabilization.
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Figure 5. Electrospun O.L./PEO/DMF fibers, (a) as-spun fibers, (b) black solid residue after thermal process at 200 °C. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

The average percentage of diameter reduction for the nine car-
bonized samples was about 27.7 = 6.4%. This result is in agree-
ment with results obtained for fibers made from aqueous
solution of alkali lignin/PVA. Blend fibers with 30, 50, and 70
wt % of lignin had about 28 + 4% reductions in diameter.”?
Lallave et al®* produced both filled and hollow carbon fibers
from Alcell lignin solutions in ethanol. Diameter of their fibers
was in the range of 400 nm to 2 um which after carbonization
reduced to around 200 nm. The diameter reduction is attrib-
uted to the mass loss due to removal of elements such as hydro-
gen and oxygen (and sulfur for kraft lignins).*

After carbonization, the fibers preserved their fibrous structure
without major fusion or merging. Average diameter of each
sample after carbonization is reported in Table III.

The fibers carbonized at 800°C had a rough surface compared
with the ones carbonized at 1100°C. EDS analysis of the fiber
surface showed a higher percentage of inorganic material on the
rough surfaces. The inorganic material was mainly from the
sodium hydroxide in the spinning solution which was carried
and remained with fibers when the solvent evaporated; and also
ash content of the lignin. When the fibers were carbonized at
low temperatures the inorganic material did not completely
evaporate from the fibers and solidified and recrystallized on
the surface during cooling the samples. The fibers carbonized at
1100°C, did not have rough surfaces but some shallow pores
were visible on some areas of the fibers. Gao et al® also
observed the similar spherical roughness on the surface of elec-
trospun lignin fibers which contained Pd, Pt, or a combination
of these metal particles.

Effects of the three thermal treatment parameters on the car-
bonized fiber diameter were evaluated by statistical analysis of
the diameter of samples made according to design of experi-
ments. Figure 7 is the Pareto chart of standardized effects for
diameter. It shows that carbonization time followed by heating
rate have the highest significant effect on the diameter. Interac-
tion of the three variables is the next significant effect. Two
variable interactions and temperature are the nonsignificant
parameters.

Main effects and interaction plots are shown in Figure 8.
Increasing the heating rate and carbonization time reduces the
diameter. Temperature alone did not show a significant effect
but it shows the effect by interaction with other parameters.
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Heating rate and temperature showed the highest interaction.
With increasing the heating rate, the highest temperature causes
more reduction in diameter. Time and heating rate, both,
reduce the diameter with more reduction happening for higher
times and higher heating rates. Time and temperature has the
smallest amount of interaction.

Raman Spectroscopy of the Fibers. Raman spectra of carbon-
ized fibers showed two peaks associated with sp® and sp’
hybridizations of carbon. The peaks are located around 1300 to
1320 and 1580 to 1600 cm ' corresponding to sp® (D band)
and sp”> (G band) hybridizations, respectively.’®>' The Raman
spectrum of each sample was deconvoluted to three peaks; two
Lorentzian peaks in the ranges of 1580 to 1600 cm™ ' and 1297
to 1320 cm™ " for the G and D bands, and a Gaussian peak in
the range of 1480 to 1590 cm ™' between the D and G peaks.
The last peak is to improve the adjusted R* of the fitted peaks.>
The R* value for the fits was more than 0.97 for all the meas-
urements. The peak deconvolution for one of the carbonized
fiber samples are shown in Figure 9.

D band is an indication of polycrystalline graphite. It represents a
material with turbostratic carbon structure in which the carbon
atoms are disordered around the graphite sheets. The G band
presents carbon structure in a single crystal of graphite.”® Ratio of
intensity of D band to G band (R = Ip/I;) indicates the degree of
graphitization and ordered structure. The R value is also used to
calculate the graphitic mole fraction (xg) and crystallite size
[L, (nm)] according to the following equations®*°’:

I 1
Graphitic mole fraction: xg= ¢ - (3)
Ip+Ilc 1+R
Crystallitesize: L,= (2.4 1071%) 2* (R)™! (4)

In eq. (4), A is the wavelength of the incident laser (785 nm).
Characteristic peak information is summarized in Table IV and
their statistical analyses are discussed in the subsequent sections.

Effect of Thermal Parameters on D and G Band Positions. Many
factors can affect the positions of Raman peaks of carbonaceous
materials, such as nitrogen doping on the fiber surface, numbers
of layers, defects, strains, substrate, etc. Addition of defects
causes a change in vibration energy levels.**°

According to the Pareto chart in Figure 10(a), temperature and
time have significant effect on the center point of D band. With
increasing these two parameters the band position shifted to a
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Figure 6. SEM images of as-spun, thermostabilized and carbonized O.L./PEO/aq NaOH fibers. Numbers under each image are: (sample number accord-

ing to Table IT) heating rate (°C/min), carbonization temperature (°C), time (h).

lower value [Figure 11(a)]. Interaction terms are the next
important parameters and heating rate is the last one [Figure
10(a)]. For samples prepared at higher temperatures or longer
times, the changes in heating rate do not change the D band
position and the position stays at lower Raman shifts compared
with lower times or temperatures [Figure 11(c)].
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For center point of the G band [Figure 10(b)], carbonization
temperature, heating rate, and all the two-by-two interactions
are significant parameters. Increasing the temperature shifted
the band position to higher values, which is opposite to the
effect on D band position [Figure 11(a,b)]. The interaction
plots show that when the fibers are carbonized for long hours,
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Table III. Average Diameter of Thermostabilized Fibers, Carbonized
Fibers, and Carbonization Yield

Thermostab. fiber ~ Carbonized fiber,  Carbonization

No. average dia. (um) average dia. (um)  vyield (%)
1 28+0.5 22+0.5 42.6

2 26+0.7 22=+05 457

3 2.7+06 21+04 —

4 28+0.5 20+x04 324

5 25+0.5 21+04 40.3

6 26+0.6 1.7+x04 442

7 23+05 1.6+04 825

8 2.5+0.5 1.8+0.5 40.4

9 28+0.5 1.9+04 27.6

Sample numbers are in the same order as Table Il. Yield of sample 3 was
not available.

the heating rate and temperature do not affect position of the
G band [Figure 11(d)].

Effect of Thermal Parameters on D and G Band Full Width
at Half Maximum (FWHM). FWHM of the bands is a measure
of degree of graphitization. Narrower peaks show more ordered

57
structures.

Carbonization temperature has significant effect on reducing
the FWHM of D band [Figures 12(a) and 13(a)]. Heating rate
and time are not significant variables but their increase widens
the band [Figure 13(a)].

Increasing the carbonization time and temperature significantly
reduces FWHM of G band [Figure 13(b)]. Interaction between
these two variables is also a significant factor. At shorter car-
bonization time, increasing the temperature narrows the G
band, while for longer times, increasing the temperature has the
opposite effect [Figure 13(d)].

Effect of Thermal Parameters on R Value. R value was calcu-
lated from the ratio of height of deconvoluted peaks. This value
is a measure of the ordered structure and is inversely propor-
tional to the crystalline size of graphite sections. With increasing
the R ratio, the crystalline size decreases. R values more than
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Figure 7. Pareto chart of standardized effect. Response is diameter of car-
bonized fibers, a = 0.05. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

one show the presence of disordered structure is more domi-
nant compared with graphitic structure.

Results of the statistical analysis showed that the three parame-
ters in the selected range did not have significant effect on the
R value of the carbonized fibers. The parameters with highest
influence were interaction between heating rate and tempera-
ture, temperature, and time (Figure 14).

The main effects and interaction plots show that increasing the car-
bonization temperature reduces the R value (Figure 15). At higher
temperature more organized graphitic structure is formed. Effect of
increasing the carbonization time on the R value is opposite to the
temperature. At longer times the R value increases which means
increasing the intensity of D band. Interaction plots show that R
value can be decreased at longer times by increasing the heating
rate or increasing the temperature [Figure 15(b)].

The effect of heating rate on the R value depends on the tem-
perature. For higher temperatures, increasing the heating rate
increases the R value but at lower temperatures, increasing the
heating rate causes formation of more graphitic structure and
the R value decreases [Figure 15(b)].

Effect of Thermal Parameters on Graphitic Mole Fraction
(xg) and Crystallite Size (L,). Calculated values for x; are
reported in Table IV and used for statistical analysis. The
parameter levels tested in this study did not have significant

Rate * Temp
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N e
T 1.8
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Figure 8. (a) Main effects and (b) interaction plots for diameter of carbonized fibers. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 9. Deconvolution of Raman spectrum of a carbonized Fiber. Red
dotted line is the fitted curve after peak deconvolution. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

effect on xg of the carbonized fibers [Figure 16(a)]. The order
of the important variables is similar to the order for the R
value. The main effect plots [Figure 17(a)] show x increases by
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increasing the temperature and heating rate. Longer carboniza-
tion time reduces the graphitic mole fraction. Among interac-
tions, the one between heating rate and temperature has the
highest influence [Figure 17(c)]. Selecting a higher heating rate
to reach the high temperature level reduces the x5 but for lower
temperature, it has an opposite effect.

Graphitic crystallite size (L,) is inversely proportional to the R
value. Therefore, same as R value, there is no significant variable
on Pareto chart of the carbonized fibers [Figure 16(b)]. Interac-
tion between time and heating rate has the most influence on
the response of L, Increasing the heating rate to reach the
lower carbonization temperature, increases the L, but for higher
carbonization temperature, heating rate has the opposite effect
[Figure 17(d)]. Carbonization time is the next important vari-
able in reducing the L, Increasing the temperature or time
increases the size of crystallites.

Ruiz-Rosas et al.** reported carbonization of electrospun fibers
from Alcell lignin with and without platinum as filler. The carbon-
ization heating rate was 10 °C/min and they tested carbonization
at 600, 800, 900, and 1000 °C. They observed narrowing of D and
G band which is also predicted in Figure 13. They also observed
an increase in the G band intensity with increasing the tempera-
ture, which is equivalent to reduction of R value (Figure 15). The

Table IV. Characteristic Peak Information of Deconvoluted Raman Spectra of Carbonized Fibers

D band center

G band center

No.  position (cm™3) position cm™%) R ratio D band FWHM? G band FWHM  xg Ly
1 1308.6+4.7 15941 +2.5 24+04 212.7+3.5 951+11.3 0.296 + 0.032 38.5+57
2 13202119 1584.7=7 22+0.9 200.5+53.1 96.9+20.7 0.336 £0.088 476=17.5
3 1304111 1600.0=0.4 2.0+01 178.7 3.6 785 = G A 0.335+0.006 459+1.2
4 1301.4+1.0 1594425 2.3+04 190.9+6.6 65454 0.306 £0.029 40354
5 1307.5+46 1594116 3.0+0.6 2199+132 55.0+£0.8 0.257 +£0.035 31.7+59
6 1306.3+3.3 1589.0+0.9 23+x01 223.7+56 746+43 0.298 + 0.006 387+x11
7 1300.5+3.3 1591123 22+01 195621 722=7.7 0.307 £0.005 405+1.0
8 1301113 1594.3=+1.0 2.3x0.3 200.9+49 72.5x2.7 0.307 +£0.028 40552
9 1297.8=0.4 1593942 22+01 196.3+9.4 59626 0.310+0.008 409+16
Sample numbers are in the same order as Table Il. Data are average of three measurements.
2Full width at half maximum of the peak.
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Figure 10. Pareto chart of standardized effect. Response is position of Raman bands for carbonized fibers, (a) position of D band, (b) position of G band.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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results showed dispersion of platinum slightly hindered the
graphitization of the fibers. It was observed by broadening of D
band and reduction in G band intensity.

Dallmeyer et al.**> reported carbonization of electrospun lignin
fibers produced from a blend of PEO with solvent fractionated
kraft lignin. Two ends of the strips of fibers were clamped dur-
ing carbonization experiment. The fibers were thermostabilized
and carbonized by heating to 250°C at a rate of 20 °C/min fol-
lowed by heating to 600, 800, or 1000°C at a rate of 10 °C/min
and 1 h isothermal. By increasing temperature, the R value,
FWHM, and Raman shift of G band increased while FWHM of

2.101
B
C
AB !
ABC
a i A Rate
AC !
BC B Tgmp
i C Time
00 05 10 15 20 25 30

Standardized Effect

(a)

(d)

Figure 11. Main effect and interaction plots for position of Raman bands for carbonized fibers. Main effect plots for center position of (a) D band, (b) G band;
interaction plots for center position of (c) D band, (d) G band. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

D band decreased and position of D band remained the same.
The increase in R values for carbonized lignin fibers can be
explained by the interaction curves. The main effect plots
shown in Figure 15(a) suggest that with increasing the tempera-
ture, the R value decreases. However, Figure 14(a) shows inter-
action between heating rate and temperature has more effect
than temperature alone. Figure 15(b) shows the effect of inter-
actions between heating rate and temperature. The two curves
cross each other just before 7 °C/min. If they are extrapolated to
higher rates, it is observed that experiments at higher tempera-
tures result in higher R values than lower temperatures. For

Term

BC

2.101

(@]

AB
AC

A Rate
B Temp
C Time

0 1 2 3 4 5
Standardized Effect

(b)

ABC

Figure 12. Pareto chart of standardized effect. Response is FWHM of (a) D band, (b) G band. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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FWHM of D band, temperature is the significant variable. The
results showed its reduction for lignin fibers with increasing the
temperature, which is consistent with Figure 13(a). The increase
in FWHM of G band for lignin is not consistent with the effects
of significant parameters. Only increasing the heating rate
increases the FWHM [Figure 13(b)]. The observed increase in
FWHM for carbonized lignin fibers suggests that it may be pos-
sible that at high heating rates, this effect becomes more promi-
nent. For position of D and G bands, temperature is the
significant parameter for D band [Figure 10(a)]. Increase in
temperature reduces the D band Raman shift. Position of G
band is affected significantly by temperature [Figure 10(b)]. In

Term 2.101
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Figure 14. Pareto chart of standardized effect. Response is R value. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 13. Main effect plots for FWHM of (a) D band, (b) G band; interaction plots for FWHM of (c) D band, (d) G band. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

the studied range, by increasing the temperature, the G band
position shifts to higher frequency [Figure 11(b)].

1" studied the carbonization of iodine treated

and non-treated electrospun blend fibers of hardwood organo-
solv lignin (Lignol Innovations, Ltd.) and cellulose acetate (CA)
with two different lignin to CA blend ratios of 2/1 and 4/1.
They could have successful carbonization of fibers at a heating
rate of 2°C/min to 800 or 1000°C and carbonization time of
1 h. This is close to conditions of samples No. 1 and No. 3 of
this report. They observed similar D band positions especially at
high lignin contents to this report. However, for the G band,
they observed lower Raman shifts at the maximum point of the
peak. They observed a higher R ratio, which shows more disor-
dered structure. They also observed a lower FWHM for D band,
smaller crystalline size (L,), and lower graphitic mole fraction
(xg). These effects could be due to addition of a second poly-
mer or less molecular orientation during the electrospinning of
the fibers.

Schreiber et a

X-ray Diffraction Analysis. The X-ray patterns of the carbon-
ized fibers are shown in Figure 18. All the graphs have a broad
peak spanning in the range of 15 to 33° with a maximum at 26
~ 23° which corresponds to (002) crystallographic plane of
graphite. The wide range of the peak suggests the crystallites
have a small size and they have a low degree of order.*>*
Another smaller peak is also visible with a maximum at 20 ~
43° which is related to diffraction from (100) planes.58 The

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44005


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

Rate Temp Time Rate * Temp

2.6 —— 800 °C
- o o
24 +-- 1100 °C

22| oumn®

2.45
2.40
2.30
2.25
2.20

Rate * Time Temp * Time

-~
261 o e --e--10h

—— 3h

Mean of R value

Mean of R value

2.0/
2.0 4.5 7.0 800 950 1100
Rate Temp

(a) (b)
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average interplanar spacing, d(002), calculated from the Bragg
equation [eq. (2)] for the carbonized fibers was between 0.379
and 0.390 nm. The interlayer spacing indicates the degree of
packing of the crystal structure. Its reduction can be an indica-
tion of more porous structure and lower density.”* Lai et al.**
calculated the d(002) spacing for carbonized fibers from blends
of alkali lignin and PVA. The fibers were heated to 1200°C at a
rate of 5°C/min and kept for 1 h to carbonize. The interplanar

Term
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spacing increased by increasing the lignin content in the precur-
sor fibers and reached to 0.418 nm for carbonized fibers of lig-
nin/PVA:70/30.

The results of statistical analysis of d(002) spacing are shown in
Figure 19. It shows that interaction between all the three param-
eters has the significant effect on the interlayer spacing. Among
all the parameters, carbonization time has the highest effect on
the packing of the layers. The interaction plots show that for
long carbonization times, heating rate and temperature do not
have effect on the d spacing but at shorter times, higher heating
rate and higher temperatures create the same effect.

TEM Analysis. The carbonized fibers were dispersed in water
and sonicated to break them in smaller and thinner pieces
which could be analyzed by TEM. Images show that each parti-
cle is made of multiple layers and circular structures are
observed on the edges and also inside the bulk of the material
(Figure 20). Lignin is described to have self-similarity and is
described as a fractal object.”® It may explain the regular circular
patterns in the fibers. Thinner sections of the fibers also demon-
strate high porosity of the material.

Samples 2, 6, 7, 8, 9 (Figure 20) which were carbonized at
higher heating rate and longer times demonstrate aggregates of
parallel crystal lines which are stacks of graphene sheets. By
increasing the carbonization temperature, the lines become lon-
ger which is an indication of increase in graphene crystal size.
The aggregates are not oriented in a preferred direction, espe-
cially in fibers carbonized at lower temperature. Examination of
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Figure 19. Statistical analysis results for d(002) spacing (a) pareto chart of standardized effect, (b) main effect plots, (c) interaction plots. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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multiple TEM images of one sample showed existence of both
disordered and ordered domains in samples 2, 6, 7, 8, 9. Similar
graphitic structures were observed in TEM images of electro-
spun PAN fibers carbonized at 1100°C® or the electrospun
PAN fibers carbonized at 1000°C and graphitized at 2200 °C.°"
For most of the carbonized electrospun lignin blend fibers, for-
mation of a porous and turbostratic structure is reported.”>**
Johnson et al.’* examined the structure of commercial carbon
fibers produced from dry-spun lignin/PVA precursor fibers car-
bonized at 1500 and 2000 °C. They reported formation of circu-
lar inclusions in fibers carbonized at 1500 °C. The areas in the
wall of circular inclusions had more lattice order compared
with the rest part of the fiber. The highly ordered regions of
graphitic layers appeared when the fibers were treated at
2000°C.

CONCLUSIONS

Lignin-based fibers were electrospun from a blend of organosolv
lignin/PEO with 95/5 wt/wt ratio in a mixture of aqueous
NaOH and ethanol (80/20 v/v). Although organosolv lignin
powder had a low glass transition point (~100°C) leading to
fusion upon heating, dissolving lignin in alkaline aqueous solu-
tion improved the thermal stability of the material. The lignin-
based fibers did not show a glass transition point and remained
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1

44005 (15 of 17)

unchanged after heating. It enabled direct carbonization of the
fibers at 1000°C and a heating rate of 5°C/min without ther-
mostabilization. In comparison, fibers with the same composi-
tion electrospun from solution of the lignin/PEO blend in DMF
exhibited similar T, to lignin powder. These fibers could not
withstand thermostabilization at a heating rate of 0.1°C/min
and fused together.

Effects of different levels of carbonization parameters on the
microstructure of carbonized electrospun lignin/PEO fibers were
statistically analyzed by using a two-level factorial design of
experiments. The studied carbonization parameters were tem-
perature, isothermal time at maximum temperature, and heat-
ing rate.

Average carbonization yield was about 38%. Average diameter
of as-spun fibers was 2.6 = 0.6 pm and reduced to ~2 um after
carbonization. Statistical analysis showed heating rate and time
have significant effects on the diameter of the carbonized fibers.
Characteristics of deconvoluted Raman spectra showed that
temperature is the significant variable for most of the properties
followed by time. Analysis of XRD results showed interaction
between three parameters is the significant variable in determin-
ing the interlayer spacing of (002) crystalline planes. TEM
images confirmed formation of ordered graphitic domains in
the carbonized fibers mainly after 10 h of carbonization.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44005
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