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Abstract

Although an agricultural byproduct, lignin can be a felicitous choice serving as a carbon
fiber precursor upon bio-cleaning with Pseudomonas fluorescence. In this study, carbon fiber
produced from electrospun bio-cleaned lignin (Bio-KLLB) was demonstrated to be a novel
efficient adsorbent for methylene blue in wastewater treatment. Bio-cleaning effectively changed
lignin from un-electrospinnable to easily-electrospinnable by removing impurities. Bio-KLB
carbon fiber mats showed average fiber diameter of 278.95+49.89 nm, and randomly dispersed
fiber mats showed average elastic modulus of 1532.87+439.63 MPa and tensile strength of
16.72+5.21 MPa. Adsorption of methylene blue on Bio-KLB carbon fibers was analyzed at pH =
9, where optimal adsorption and decent reusability were observed. Kinetic adsorption was fitted
well with pseudo-first-order model while adsorption isotherms were fitted to both Langmuir and
Freundlich models. The highest adsorption capacity was 548.65 mg/g based on Langmuir model.
The results provide clear evidence that electrospun bio-cleaned lignin-based carbon fibers can be

a strong alternative material for dye treatment.



1. Introduction

Dyes are colorants binding to surfaces to alter product appearances for textile !, photo
printing 2, plastics °, food and drug industries *. Releasing industrial dyes into water weakens
photosynthesis or light penetration of water, depletes oxygen from water, and provokes adverse
effects on human health °. Some dyes can cause skin irritation, organ dysfunction, allergic
dermatitis, or mutation ®. Methylene blue (MB), an extensively used cationic dye, can induce
anemia, hypertension, and nausea ’. Thus, removal of dyes from wastewater is imperative for
ensuring environmental safety. Common dye removal techniques include solvent extraction %7,
electrolysis °, electrochemical reactions '°, photocatalytic decolorization !, ultrafiltration !2, and
adsorption !*. Most of these methods are expensive, demand specialized equipment, generate
toxic byproducts, or are unable to manage complete extraction of dyes. However, dye removal by
adsorption is of particular research interest because it is cost-effective, easy to operate, and

efficient '

. The conventional adsorbent is commercial activated carbon adopted by most textile
industries '°; however, it may include relatively high-cost material. The present study evaluated a
promising low-cost sustainable alternative to commercial activated carbon.

Carbons from sustainable precursors, such as agricultural byproducts or locally available
natural resources have attracted considerable research interests as adsorbents for water treatment
16-19 Lignin, the most abundant aromatic biomass, is one such bio-sustainable resource and a
potential alternative precursor for carbon fiber (CF). Lignin is extracted from black liquor, a
byproduct from pulp and paper industry. Among various types of lignin, kraft lignin (KL) is
widely researched due to its high purity and yield ?°. In the pulp mills, lignin is recycled as fuel ?';
on the other hand, its low cost, sustainability and copious availability make lignin a promising
candidate for producing value-added materials such as CF.

Electrospinning is a commonly employed and highly tailorable production method for
fabricating submicron fibers. Electrospun fibers have been extensively studied for the adsorption
of dyes, especially MB. Zhao et al. reported that electrospun B-Cyclodextrin-based nanofibers
exhibited maximum adsorption capacity of 826.45 mg/g for MB and good recyclability ?2. The
adsorption capacity of the nanofibers was exceptional with reported tensile strength of 2.28+0.12
MPa. Submicron to nanoscale lignin-based CF mats produced from electrospinning are porous

with large surface area, which are desirable characteristics for adsorbents as they allow for high

loading of catalyst-adsorbate system and large mass flux ». Beck et al. proposed to use carbon



nanofibers electrospun from commercial lignin and polyvinyl alcohol (PVA) as dye adsorbent 2.
PVA was used as a spinning aid to accommodate low-molecular-weight lignin. The maximum
adsorption capacity was 220 mg/g for MB which, although lower than the value reported by >,
was much higher than electrospun PAN-based carbon nanofibers, activated carbon, and carbon
nanotube #°. While the mechanical properties of the CFs were not reported, the authors
demonstrated the feasibility of using this renewable material as potential MB adsorbent for water
treatment.

One of the most challenging issues to make lignin-based CF suitable for water treatment
is the spinnability of lignin. Lignin is unspinnable by itself due to its low molecular weight (MW),
and thus an aiding polymer with higher MW is typically mixed with lignin to improve the
spinnability. Impurities such as sodium and carbohydrates also negatively affect the spinnability,
leading to defects in the fibers, electrospraying, or complete inability to spin. Common
purification methods, such as acid washing or fractionation, generally adopt harsh chemicals that
are environmentally unfriendly. To address this problem, a novel process was introduced in our
previous work to biodegrade impurities using bacteria Pseudomonas fluorescence without
modifying the structural integrity of lignin 227, The purification was shown to improve the
mechanical properties of the lignin-based CFs produced from kraft lignin A (KLA) 2627,

In this work, we explore CFs electrospun from bio-cleaned lignin as a low-cost, non-toxic,
and biodegradable adsorbent material. We produced electrospun CFs from untreated KLLA and
bio-cleaned kraft lignin B, while KLB before bio-cleaning was completely unspinnable. The
morphologies, mechanical properties, and MB adsorption capacity of the lignin-based CFs were
characterized for water treatment application. Figure 1 shows a schematic of process to fabricate

lignin-based carbon fibers and use them for MB adsorption.
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Figure 1. Experimental schematic of fabrication of lignin-based carbon fibers and MB adsorption

2. Materials and Methods
2.1. Materials

KLB and KLA (Amallin™) were both produced by West Fraser Timber Co. Ltd. and
supplied by InnoTech, Alberta. KLLA is water-insoluble and acidic, while KLB is water-soluble
and alkaline. The bio-cleaning process and optimization of electrospinning were outlined in
earlier works 2%?7. Anhydrous grade N,N-Dimethylformamide (DMF), Hydrochloric acid (HCI),
polyethylene oxide (PEO) with molecular weight of 1000 kDa and MB with molecular weight of
319.85 Da were obtained from Sigma Aldrich, Canada. MB was selected as a model dye to
examine the adsorption capacity of CFs. Methanol was purchased from Fisher Scientific.
2.2. Solution Preparation

Lignin samples were dried in a vacuum chamber at 100 °C prior to solution preparation.
A small amount of PEO was used as a binding polymer to assist lignin in the electrospinning

process. It was first dissolved in DMF at 80 °C and under the stirring rate of 600 rpm to obtain a



uniform solution. Vacuum-dried lignin powder was then added to the PEO solution to achieve an
overall solid concentration of 22 wt% and lignin/PEO weight ratio of 95/5 ?’. The same stirring
conditions were applied to the solution overnight (12 hours). The solution was cooled to room
temperature (RT; 20+£2°C) prior to electrospinning.
2.3. Electrospinning

The solution was loaded in a 10 mL syringe (BD PrecisionGlide, Fisher Scientific,
Canada). A syringe pump (Geneq Inc., Canada) was used to obtain a feed rate of 420 nl/s 27. A
positive voltage of 14 kV was applied to a blunt needle (20 Gauge) attached to the syringe by a
high voltage supplier (GAMMA High Voltage Research, Ormond Beach, FL, USA). The static
collector was a grounded plate covered with aluminum foil, located at 20 cm from the needle tip.
After collecting for 30 min, the electrospun fiber mat was placed in a fume hood overnight to
ensure the residual DMF was fully evaporated. Three fiber mats were produced under each
electrospinning condition for further characterization. All lignin samples used for electrospinning
are listed in Table 1.
2.4. Thermostabilization and Carbonization

The electrospun lignin fiber mats were cut into 40 mm x 70 mm rectangular strips and
placed on a quartz plate. Both thermostabilization and carbonization were performed in a tube
furnace (OTF-1500X-UL, Lindberg/Blue M™, MTI Corporation, USA). The sample was heated
at a rate of 0.5 °C/min in air from RT to 250 °C and held at 250 °C for 1 hour 2’2, It was then
brought back to RT while argon was purged through the chamber for 3 hours until air was fully
removed. The sample was heated again under argon at the same rate till 250 °C, followed by
carbonization where the infusible fibers were heated at a rate of 5 °C/min to 1000 °C and held at
1000 °C for 1 hour. Finally, the sample was cooled to RT and weighed to determine the yield of
carbonization.
2.5. Scanning Electron Microscopy and Fiber Analysis

Scanning Electron Microscopy (SEM) samples were acquired from two different regions
on each fiber mat to perform fiber morphology characterization. The samples were placed on
SEM specimen stubs anchored with carbon tapes and coated with gold (Gold Sputtering Unit
DESK II, Denton Vacuum, Moorestown, USA) for 120 sec to prevent charging. Images were
taken from various locations on the sample with Zeiss EVO MA10 Microscope (Oberkochen,

Germany) under acceleration voltage of 20kV. For each electrospun condition, at least 100 fibers



were measured from SEM images with ImageJ (NIST, ver 1.52 p) to obtain the average fiber
diameter. Porosity analysis was conducted using DiameterJ, a plugin of ImageJ %. Binary (black
and white) images were produced by manually adjusting the thresholds to remove the
background. Mean area of the pores was determined by considering at least 3 SEM images of
each carbon mat. The equivalent pore diameter was calculated from the pore area using the

following equation ,

1
4 x Pore Areaj2 1)

Equivalent Diameter = ( _
2.6. Mechanical Test

Ten 10 mm x 50 mm specimens were cut from each randomly distributed fiber mat, with
the longer dimension along the loading direction. Tensile tests were conducted on the specimens
using an ElectroForce 3200 Series III tensile tester (Bose Corporation) with a 250 g maximum
load cell. Gauge length was 30 mm and strain rate was 0.01 mm/s. Thickness of each sample was
calculated following the same procedure as described in our previous work . Strain at failure
was determined when the load dropped below 0.1 N.
2.7. Chemical Characterization

Raman Spectra of CF samples were collected using inVia Raman Microscope (Renishaw,
UK) with laser wavelength of 532 nm scanned from 800 cm™ to 1800 cm™'. Fourier-transform
infrared spectroscopy (FTIR) was used to characterize surface functional groups of the CF
samples. FTIR was conducted using NicoletTM iS50 FTIR spectrometer (Thermo Fisher
Scientific) with a built-in attenuated total reflectance (ATR) module. Every measurement was
obtained with a resolution of 4 cm™ and 32 scans over the range of 400-4000 cm™'. Elemental
compositions of the CF samples were determined with X-ray photoelectron spectroscopy (XPS).
XPS was conducted using Kratos AXIS Ultra spectrometer with monochromatic Al Ko X-ray
source at 1486.7 eV, pass energy of 160 eV for survey scans and pass energy of 20 eV for high
resolution scans of C 1s. The XPS spectra were analyzed and deconvoluted with CasaXPS. The
binding energies were calibrated with reference to C 1s peak at 284.8 eV.
2.8. Methylene Blue Adsorption Experiments

MB solution was agitated in a shaker (VWR® incubating orbital shaker, VWR
International, Canada) operated at 120 rpm. The concentration of MB was determined with

Novaspec II spectrophotometer (Pharmacia Biotech, Cambridge, England) at the wavelength of



665 nm. A KLA-C or Bio-KLB-C (see Table 1 for the sample names) mat with mass of 2 mg was
submerged into the MB solution for adsorption experiments, with different durations specified
later. After extracting the CF mat, 2mL of the MB solution was transferred into a microcentrifuge
tube and centrifuged (mini-centrifuge from Fisherbrand™, Fisher Scientific, USA) for 10 mins to
remove any suspended CF sample. The supernatant was transported into a cuvette and its light
absorbance was measured by spectrophotometer. Absorbance measurement of each solution
concentration was repeated three times to obtain the average data. The adsorption experiments
were conducted at RT of 20-24°C.
2.8.1. Standard Curve of Methylene Blue

MB is a representative adsorbate that shows resemblance to other polar organic dyes, such
as crystal violet and cationic light yellow 7GL 3!; thus it was selected in this study to investigate
the adsorption ability of lignin-based CFs. The standard curve of MB was plotted based on the
absorbance of MB solutions with known concentration. MB powder was dissolved in deionized
(DI) water to produce 30 mL MB solutions with concentrations of 0-200 mg/L in 125 mL glass
flasks. The prepared solution was shaken until MB was fully dissolved. The average absorbance
was plotted against the corresponding MB concentration and fitted linearly to generate the
standard curve.
2.8.2. Effect of pH

Effect of pH on MB adsorption was evaluated by adding 0.1 mol/L HCI or NaOH
dropwise to modify the pH (ranging between 3 and 11) of 100 mL MB solution with initial
concentration of 40 mg/L. KLA-C and Bio-KLB-C mats were added into each MB solution and

agitated until equilibrium was reached. The equilibrium adsorption capacity ¢, (mg/g) was

calculated from the following equation *2,
(C,—C,)xV
=~ & 2
de W 2)
where C; (mg/L) and C, (mg/L) are respectively the initial concentration and the final
equilibrium concentration of the MB solution. V (mL) is the volume of MB solution and W (g) is
the mass of the adsorbent. Average adsorption capacity was evaluated at different pH levels to

find the optimal pH for adsorption.
2.8.3. Kinetic Adsorption Experiments



Using the optimal pH determined from Section 2.7.2, CF mat was immersed in 100 mL
MB solution (initial concentration of 40 mg/L). The MB solution was agitated and 2 mL was
extracted at different time to measure the adsorption capacity
(CO -C, ) xV

W )

0 =

where C, is the concentration of the MB solution at the time of extraction t (min). The extraction

was performed once every 5 mins for the first 30 mins (0, 5, 10, 15, 20, 25, 30 mins) and once
every hour afterwards (1, 2, 3, 4, 5 hours). The measured adsorption capacities were plotted
against time and fitted with the pseudo-first-order model and pseudo-second-order model 3.

Pseudo-first-order model is given by,

G =0, — 0, xexp(—Kt) 4)
where K, is the rate constant for the pseudo-first-order equation. Pseudo-first-order model
assumes that the dominating adsorption mechanism is physical (physisorption). Pseudo-second-
order model is given by,

— K2qe2t

1+ K,q.t ®)

t

where K, is the rate constant for the pseudo-second-order equation. Pseudo-second-order model

assumes that the dominating adsorption mechanism is chemical (chemisorption). The time to
reach equilibrium adsorption capacity was determined from kinetic adsorption experiments.
2.8.4. Batch Adsorption Experiments

After finding the time to reach equilibrium adsorption, CF mats were submerged into 100
mL MB solutions with initial concentrations of 1-40 mg/L at the optimal pH level. The solution
was agitated until equilibrium. The equilibrium adsorption capacity averaged from 3 tests was
plotted against different solution concentrations to determine the adsorption isotherm, which was

then fitted with the Langmuir model and Freundlich model **

. Langmuir adsorption isotherm
assumed that maximum adsorption took place as the adsorbate formed a saturated monolayer on a
homogeneous adsorbent surface with constant adsorption energy and no transmigration of
adsorbate occurred *>*¢. Freundlich adsorption isotherm assumed that adsorption occurred on a
heterogeneous absorbent surface with exponential distribution of adsorption energies *°.

Langmuir model is given by,



— qmax K LCe

%=1k C, ©)

where ¢, 1s the maximum adsorption capacity and K, is the equilibrium constant. Freundlich

max

model is given by,

1

g, = KFCeH )
where K_ and n are Freundlich constants that indicate adsorption capacity and adsorption

intensity, respectively.
2.8.5. Cyclic Adsorption Experiments

The reusability of CF mat was assessed by immersing the CF mat adsorbed with dye (40
mg/L) from batch adsorption experiments into methanol solution with 5% 0.1 M HCI (v/v) for 3
hours *. After desorption, CF mat was washed with DI water and dried in air overnight. Then
dried CF mat was submerged into 40 mg/LL MB solution again for adsorption. This process was
repeated 5 times to evaluate the cyclic adsorption efficiency of the CF mat, which is an

assessment of its reusability.

3. Results and Discussion
3.1. Spinnability

Before bio-cleaning, KLB formed a gel-like solution at 22 wt% of solid. The impurities
within KLB increased the viscosity of the solution and prohibited it from electrospinning.
Reducing the total solid concentration was insufficient to enable the spinnability of KLB. After
bio-cleaning with Pseudomonas fluorescence, ash and carbohydrate content were reduced by 99%
and 57% respectively without affecting lignin ?°. These impurities negatively influenced
solubility of lignin in the solvent, adversely affected electrospinning, and posed undesirable
impact on carbon yield and mechanical properties of the produced lignin-based CFs 7%, Bio-
KLB solution was able to be electrospun into uniform fibers at 70 kV/m. The transition of
spinnability demonstrated the effectiveness of bio-cleaning in purifying lignin for electrospinning
purpose.
3.2. Fiber Morphology

SEM images of electrospun and carbonized Bio-KLB fibers before and after MB

adsorption are shown in Figure 2. Corresponding images for KLA have been reported in *’. Bio-



KLB electrospun fibers were uniform and cylindrical (Figure 2a); only a few porous beads and
irregular lumps were observed (Figure 2b) similar to the findings reported by Aslanzadeh et al.
3940 Average diameter of Bio-KLB fibers reduced from 421.58+59.47 nm after electrospinning
to 278.95+49.89 nm after carbonization. The fiber diameter of Bio-KLB-C was 58% smaller than
that of KLA-C 7. The small fiber diameter of Bio-KLB-C was crucial in dye adsorption since it
reduced the probability of solvent entrapment that could induce bead formation *!. After
adsorption, the fiber morphology did not change but average fiber diameter increased up to 1.24
times of the original size (Figure 2d), indicating that MB particles were adsorbed onto the surface

of Bio-KLB-C.

Table 1

Information on the electric field used and diameter of the as-spun and carbonized fibers

Electric Field Fiber Diameter

Name Sample Ref
(kV/m) (nm)
KLA Electrospun untreated KLA 50 1000.48 £ 97.48 z
KLA-C Carbonized untreated KLA 50 663.17 + 64.51 2
Bio-KLB  Electrospun bio-cleaned KLB 70 421.58+59.47 This work
Bio-KLB-C  Carbonized bio-cleaned KLB 70 278.95+49.89 This work

10



Figure 2. Fiber morphology of (a) electrospun Bio-KLB with uniform fibers, (b) electrospun
Bio-KLB with beads, (¢) Bio-KLB-C fibers before adsorption, and (d) Bio-KLB-C fibers after

adsorption

Mean mat pore area, porosity obtained from DiameterJ, and calculated equivalent pore
diameter are summarized in Table 2. Even though pore size of Bio-KLB-C was smaller compared
to KLA-C, smaller fiber diameter and larger porosity for Bio-KLB-C drastically enlarged the
surface area for adsorption *>. The pores were large enough for MB molecules to diffuse into the
mat and the greater surface area provided a larger number of potential reaction sites for MB

adsorption.
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Table 2
Measured pore properties for KLA-C and Bio-KLB-C mats

Name Mean Pore Area (nm?) Porosity (%) Equivalent Pore Diameter (nm)
KLA-C 1661.6 37.13 46.00
Bio-KLB-C 271.6 66.55 18.59

3.3. Mechanical Properties

Mechanical properties of the lignin fiber mats are compared in Figure 3. Representative
stress-strain curves are presented in Figure S1 (see Supporting Information). All lignin fibers
manifested substantial decrement in the strain at failure after carbonization, indicating reduction
in fiber ductility caused by carbonization. Tensile strength of Bio-KLB fibers showed 2-fold
increase after electrospinning and 3-fold increase after carbonization, compared to KL A fibers.
Average elastic modulus of Bio-KLB-C showed 1.7-fold increase from KLA-C. These data
indicated bio-cleaning not only improved spinnability of KLB by removing the impurities like
ash and carbohydrates 2°, but also enhanced mechanical properties of lignin fibers. High
mechanical performance is favored for adsorbents in practical water treatment applications,
especially in industrial processes where high durability is required in order to prevent tear and
other damages ****. The excellent mechanical properties demonstrated here make Bio-KLB-C a

durable adsorbent with high structural integrity suitable for a wide range of applications.
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Figure 3. Mechanical properties, including (a) elastic modulus, (b) tensile strength, and (c) strain
at failure of lignin fibers after electrospinning and carbonization with data of KLA and KLA-C (*)

reported in previous work
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3.4. MB Adsorption
3.4.1. pH Effect and Kinetic Adsorption

The effect of pH on the equilibrium adsorption capacity of MB on KLLA-C and Bio-KLB-
C is shown in Figure 4a. After submerging CF mat into 40 mg/L MB solution, the reactions of
KLA-C and Bio-KLB-C to pH showed qualitative similarity but significant quantitative
differences. High adsorption capacity of MB on CF has been reported at both low and high pH
levels in other literatures for different precursors *%°, In this work, equilibrium adsorption
capacity for KLA-C increased as pH changed from 3 to 5, reached maximum at pH = 5, and
decreased as the solution became more alkaline (pH>5). The overall equilibrium adsorption
capacity of MB on KLA-C was much lower compared to that of Bio-KLB-C, and the variation
with pH was insignificant.

The equilibrium adsorption capacity of MB on Bio-KLB-C experienced much more
drastic changes with pH compared to KLA-C: slight increase with pH from 3 to 5, rapid rise until
the peak at pH =9, and gradual decrease as pH level further increased. The weak adsorption at
low pH level could be attributed to protonated MB at triplet state competing with free H" ions to
the adsorption sites of Bio-KLB-C **7. As pH level elevated, reduction of surface charge
promoted adsorption of cationic MB. The transition from increasing to decreasing trends of the
adsorption capacity curve corresponded to the optimal pH at which the adsorption performance
was the best.

The optimal pH level was applied for subsequent kinetic adsorption experiments. The
changes in kinetic adsorption capacity with respect to time are shown in Figure 4b and 4c¢ for
KLA-C and Bio-KLB-C, respectively. The data were fitted using non-linear pseudo-first-order

model and pseudo-second-order model with constant parameters, and the correlation coefficients

(R?) are summarized in Table 3. For KLA-C, a slight increase in kinetic adsorption capacity was
observed in the first 30 mins. However, the standard deviation of the data in Figure 4b was so

large that the change in data can be concluded to be statistically insignificant. Neither models

fitted the data well, with low R*, due to the small variation of the adsorption capacity with time.
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Table 3
Kinetic Adsorption Model Parameters for KLA-C and Bio-KLB-C

Pseudo-first-order model Pseudo-second-order model Experimental
Adsorbent ) )
g, (mg/g) K, (I/min) R? Q. (mg/g) K, (/min)  R? g, (mg/g)
KLA-C 3.80 0.21 0.15 3.93 0.14 0.52 3.94
Bio-KLB-C 174.16 0.02 0.96 214.50 1.02 E-4 0.94 168.97

In terms of Bio-KLB-C, kinetic adsorption capacity increased briskly and saturated after
180 min (3 hours), indicating the attainment of equilibrium. From Figure 4c, the pseudo-first-

order and pseudo-second-order models both fit the kinetic adsorption data of Bio-KLB-C well

with R* of 0.96 and 0.94 respectively. The equilibrium adsorption capacity predicted by the
pseudo-first-order model was closer to the experimental value. The good agreement between the
data and these two models suggested physisorption (pseudo-first-order model) and chemisorption
(pseudo-second-order model) both affected the adsorption of MB on Bio-KLB-C “3. The fitting
was better with the pseudo-first-order model, suggesting physisorption was more dominant. The
small Bio-KLB-C fiber diameter assisted in the physisorption of MB as demonstrated in the SEM
characterization.

It is clear from Figure 4 that the adsorption capacity of MB on KLA-C was much lower
than that of Bio-KLB-C. In consideration of its low adsorption capacity and large standard
deviations observed in Figure 4b, adsorption isotherm experiment was not conducted for KLA-C.
For Bio-KLB-C, adsorption isotherm tests were conducted for the duration of 3 hours, which was

the time required to reach equilibrium in kinetic adsorption (Figure 4c).
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Figure 4. (a) Effect of pH on the equilibrium adsorption capacity of MB on KLA-C and Bio-
KLB-C, (b) kinetic adsorption of MB on KLA-C and (c) kinetic adsorption of MB on Bio-KLB-
C, both fitted with pseudo-first-order model and pseudo-second-order model

14



3.4.2 Chemical Characterization

Raman and FT-IR spectra of KLA-C and Bio-KLB-C are shown in Figure 5. In the
Raman spectra (Figure 5a), the D band and G band were found at 1325-1335 cm™ and 1590-1600
cm’!, respectively. D band corresponded to vibration mode of sp® hybridized carbon and G band
corresponded to idealized sp? hybridized carbon #°. The intensity ratio (In/Ig) between D band
and G band was 0.87 for KLA-C and 0.90 for Bio-KLB-C, indicating both samples mainly
consisted of amorphous carbon. However, In/IG of both samples was lower than In/I of CF
produced from sulfur free softwood lignin, suggesting lignin-based CFs reported in this study
possessed higher degree of graphitization 2.

In the FTIR spectra (Figure 5b), small peaks between 675 and 900 cm™ were attributed to
C-H out-of-plane bending *°. The 1070-1200 cm™ band was attributed to C-O stretching of
alcoholic or phenolic groups in CF, or axial deformation of C-N of aliphatic amines in MB %!,
After reaching equilibrium adsorption capacity, the peaks at 1120~1150 cm™ slightly shifted for
both KLA-C and Bio-KLB-C to 1140 cm, indicating the C-N/C-O functional groups
participated in the interaction with MB molecules. The peaks at 1570-1580 cm™ could be due to
C=C stretching in aromatic rings >2. The peaks in the range of 1700-1900 cm™ corresponded to
carboxylic acid groups and the peaks at 2100 cm™ were attributed to the C=C=C groups >,

The surface functional groups of the CF samples before and after adsorption were
characterized with XPS. The XPS spectra (Figure 5c) showed that before the adsorption, KLA-C
consisted of 79.66% C and 20.34% O, while Bio-KLB-C consisted of 74.39% C and 25.61% O.
After adsorption, N 1s and S 2p appeared for KLA-C and Bio-KLB-C. These elements did not
exist before the adsorption, which indicated adsorption of MB on the surface of the CF samples.
The increase in nitrogen content was ascribed to cationic MB-N+ group *. The oxygen content
decreased to 13.92% for KLA-C and 18.06% for Bio-KLB-C. The C 1s spectra (Figure 5d) were
deconvoluted to C-C/C-H at 284.8 eV, C-O at 285.4 eV, C-N/C-O at 286.1 ¢V, and O-C=0 at
288.7 eV 6%, C-N/C-O increased from 26.39% to 39.80% for KLA and from 23.83% to 42.05%
for Bio-KLB-C, demonstrating chemisorption of MB on the surface.

The occurrence of chemisorption explained the good fitting of kinetic adsorption curve
for Bio-KLB-C with the pseudo-second-order model in Section 3.4.1. In alkaline solution, the
surface functional groups on Bio-KLB-C such as the carboxyl group were deprotonated to

promote cationic MB-N+ groups to be attracted to the CF samples. But in acidic solution, these

15



functional groups were protonated to repulse cationic MB *°. Therefore, the equilibrium

adsorption capacity of MB on Bio-KLB-C maximized in alkaline environment (Figure 4a). On

the other hand, the pseudo-first-order model provided even better fitting to the kinetic adsorption

curve of Bio-KLB-C, suggesting that physisorption might be a more dominant adsorption

mechanism. The much smaller fiber diameter of Bio-KLB-C provided more adsorption sites for

MB, which caused the MB adsorption capacity of Bio-KLB-C to surpass that of KLA-C.
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3.4.3. Adsorption Isotherm

To analyze adsorption isotherm, Bio-KLB-C mats were used to adsorb MB in solutions
with initial concentration of 1-40 mg/L at the optimal pH of 9 for 3 hr. Langmuir and Freundlich
adsorption isotherm models were used to fit the data with parameters listed in Table 4. The
adsorption isotherm of Bio-KLB-C with fitted models is shown in Figure 6a. The plot illustrates
the relationship between equilibrium adsorption capacity and equilibrium MB concentration. The
large standard deviations at high equilibrium concentration were related to the random fiber
morphology of Bio-KLB-C, where random locations of reaction sites induced deviations in the

equilibrium adsorption capability.

Table 4
Parameters for Fitting Adsorption Isotherm of Bio-KLB-C
Langmuir model Freundlich model
Oy (ME/e) K, (L/mg) R? n K (mg™"L"/g) R
548.65 0.02 0.98 0.88 5.16 0.98

Both Langmuir and Freundlich models fitted the adsorption isotherm data well with the

same correlation coefficient (R* = 0.98). The Langmuir equilibrium constant was small (K, < 1),

demonstrating that adsorption of MB on Bio-KLB-C was favorable *°. The maximum adsorption
capacity determined from Langmuir adsorption isotherm model was 548.65 mg/g, higher than the
maximum value of 222.95+132.80 mg/g obtained for the range of MB concentration considered
in the experiments. It is worth noting that this equilibrium adsorption capacity (222.95 mg/g) was
higher than that of electrospun commercial activated carbon and similar CFs produced from
commercial lignin >*. Comparing to other works in Table 5, the maximum equilibrium adsorption
capacity of MB on Bio-KLB-C (548.65 mg/g) surpassed most other CF adsorbents made from
electrospun bioresource fibers. Even though it may not reach the adsorption capacity of MB on
commercial activated carbon (980.3 mg/g), its research potential as a bioresource alternative to
activated carbon is immense .

After fitting using Freundlich adsorption isotherm model, K. =0.02 L/mg, the mass of

MB adsorbed at unit equilibrium MB concentration (C, = 1), was obtained ®'. The heterogeneity
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factor n measures the adsorption intensity and was found to be 0.88 in this work. The value of 1/n

larger than 1 suggested cooperative adsorption, where adsorbed MB molecules facilitated

subsequent adsorption from the solution %3,

Table 5

Maximum adsorption capacity of MB on electrospun bio-based CFs reported in other

investigations
Precursor Maximum adsorption capacity (mg/g) Reference
Commercial lignin-based CF 220 H
Coconut shell charcoal derived CF 166.67 64
Bagasse CF 15.6 65
Cellulose derived CF/carbon black 84.6 66
Bio-KLB-C 548.65 This work

3.4.4. Cyclic Adsorption

It is imperative to evaluate the reusability of adsorbent for economical application in
water treatment. The reusability of Bio-KLB-C was assessed for 5 cycles of adsorption-
desorption process. The cyclic adsorption efficiency of Bio-KLB-C is shown in Figure 6b, which
reduced below 80% after four cycles and decreased to 75% after the fifth cycle. The recyclability
of Bio-KLB-C was decent for MB adsorption. Overall, Bio-KLB-C is an auspicious novel

adsorbent material for dye adsorption in water treatment.

(a) v Experimental data of Bio-KLB-C (b) g
400 - Langmuir Isotherm Fitting ?—ﬁ
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350 [ I
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Figure 6. (a) Adsorption isotherm of MB on Bio-KLB-C, fitted with Langmuir adsorption
isotherm and Freundlich adsorption isotherm models, (b) adsorption efficiency in cyclic

adsorption tests of MB on Bio-KLB-C
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Since Bio-KLB-C exhibited exceptional mechanical properties, it can be considered for
other applications such as membrane filtration or supercapacitor electrodes. In terms of water
treatment, the potential usage of Bio-KLB-C in the removal of metals, oil, or other dyes can be
investigated in future works. Conducting nitrogen adsorption analysis to characterize the specific
surface area and the pore size distribution of KLA-C and Bio-KLB-C will be beneficial to further

confirm the mechanism of their MB adsorption capacities.

4. Conclusion

This work introduces a novel sustainable adsorbent material, electrospun bio-cleaned
lignin-based carbon fibers, and provides a comprehensive study on its application in MB
adsorption. Submicron carbon fibers were successfully produced from Bio-KLB via
electrospinning. Bio-cleaning substantially enhanced spinnability of KLB, converting KLLB from
un-spinnable to electrospinnable material. The carbonized Bio-KLB fibers showed 34% reduction
in fiber diameter, 3-times increase in elastic modulus, and 2-times increase in tensile strength.
The average fiber diameter of Bio-KLB carbon fibers was 278.95+49.89 nm. The small-diameter
fibers increased specific surface area of the fiber mat and the porous structure facilitated adoption
mechanism towards dye molecules. Bio-KLB carbon fibers exhibited excellent adsorption of
methylene blue (MB). Kinetic adsorptions of MB on Bio-KLB carbon fibers showed good
agreement with pseudo-first-order model. This work has demonstrated a novel strategy to use
electrospun bacteria-purified lignin-based carbon fibers in methylene blue adsorption.
Electrospun Bio-KLB carbon fiber is a potential low-cost alternative to activated carbon in
wastewater treatment and a strong candidate in the development of next-generation sustainable

adsorbent material.
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