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Abstract: More than 14 billion pencils are manufactured and used globally every year. On average,
a pencil is discarded after 60% of its original length has been depleted. In the present work we
propose a simple and affordable way of converting this non-neglectable amount of waste into added
value carbon product. In particular, we demonstrate the microwave synthesis of carbon from the
wood pencil with and without chemical activation. This could be a process stage before the final
recycling of the expensive graphite core. In the latter case, irradiation of the wood pencil in a domestic
microwave oven heats up the pencil’s graphite core, thus inducing carbonization of its wood casing.
The carbonized product consists of amorphous carbon nanosheets having relatively low surface area.
However, if the wood pencil is soaked in 50% KOH aqueous solution prior to microwave irradiation, a
significantly higher surface area of carbon is obtained, consisting of irregular-shaped porous particles.
Consequently, the obtained carbon can easily decolorize a methylene blue aqueous solution, can be
used to make pocket warmers or gunpowder, and lastly, serves as an excellent adsorbent towards
Cr(VI) removal from water, showing a maximum adsorption capacity of 70-75 mg/g within 24 h at
23 °C,pH =3.

Keywords: wood pencil; microwaves; chemical activation; carbon; practical applications

1. Introduction

Pencils have been fundamental in mankind history for writing, drawing or recording
information. It is even more surprising, though, that pencils bring an air of creativity
when used by children for educational purposes, scientists for writing down new ideas,
novelists and poets for creating new essays, astronauts for taking notes on space, architects
for designing new patterns and artists for sketching new drawings on canvas or for making
impressive pencil tip sculptures. It is for all these reasons and more that pencils are
widely used in our everyday life in large quantities. Characteristically, it is estimated that
more than 14 billion pencils are globally produced every year to cover our needs or other
intellectual quests.

These small yet socio-influential carbon-containing wonders are simply made of a
molded graphite core and a wood casing. For making the core, graphite is mixed with clay
filler in the presence of water to obtain a thick paste. The paste is forced through a mold to
create a spaghetti-like string, which is cut to precise length sticks that are dried in ovens.
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Firing the dry sticks creates the graphite cores, which are then placed in wood casings to
assemble the pencil.

Besides writing and drawing, pencils have also attracted significant scientific attention.
In the notorious case of a breakthrough discovery, they were originally served as the source
of graphene in an unusual way to win a Nobel Prize in physics [1]. Moreover, due to the
conductive nature of graphite, they are often used for creative science activities, such as
electrodes for the electrolysis of water, to draw flexible graphite circuits on a paper or even to
design on-skin electronics using pencil and paper. Worth mentioning towards this direction
is also the popular web-based experiment of burning a pencil inside a domestic microwave
oven. This experiment is one of the many performed in the course of putting various
everyday objects into the microwave test by curiosity (e.g., aluminum foil, CDs, mirror,
grapes, ivory soap, marshmallows, etc.). Graphite, being a good conductor of electricity,
strongly interacts with microwaves to produce hot plasma [2-5] that sets the pencil’s wood
casing alight. As a result, a wood-derived carbon residue is obtained after microwave
ignition. It is staggering though that no report in the literature deals or even discusses on
the structural characterization, morphological features and potential applications of this
wood-derived carbon. By also considering that over 14 billion pencils are used globally
every year as well as the fact that most of them are discarded until they become 60% shorter
after use, one realizes that pencils do produce enough waste worth converting into useful
material. This fact acquires even greater interest when set in the context of biomass-derived
carbons using microwave heating [5], although viability and sustainability in the case of
pencils might be considered weaker compared to a plentiful agriculture source. Moreover,
the production cost and the negative environmental fingerprint of the graphite production
process led many startup companies to search for a way to recycle pencils as well as how to
organize networks for graphite recycling. The first stage for this valorization process will
be the separation of the wood from the graphite core of the pencils. In this perspective, the
method studied herein could be applied as the first stage and become economically viable.

Based on these grounds, herein we present the microwave synthesis, characterization
and potential application aspects of wood pencil-derived carbon, hence offering a fast
and cost-effective way of converting pencil waste into applicable carbon material. First,
we demonstrate that direct irradiation of wood pencil inside a domestic microwave oven
for a couple of minutes generates hot graphite plasma, which ignites and carbonizes the
pencil’s wood casing. This results in carbon nanosheets, an important class of carbon
nanomaterials with useful properties as catalyst supports or reinforcing fillers in polymer
nanocomposites [6,7]. Second, by exploiting the excellent adsorption capability of wood,
we show that similar microwave treatment of the KOH-activated [8,9] wood pencil results
in porous carbon particles of a relatively high surface area. The obtained carbon decolorizes
dye aqueous solutions, generates heat in pocket warmers when combined with metallic
iron, sodium chloride and a small amount of water, forms the basis of gunpowder when
properly mixed with KNOj; and S and efficiently removes the toxic hexavalent chromium
Cr(VI) from water at an acidic pH (e.g., the pH of industrial wastewaters). The microwave
synthesis, characterization and perspectives of wood pencil-derived carbon with and
without activation are thereafter presented.

2. Materials and Methods
2.1. Microwave Synthesis

A wood pencil (type: 2H; weight: 4 g) on a ceramic plate (Figure 1a) was placed inside
a domestic microwave oven (Figure 1b) and irradiated for 2 min under rotation at 700 W
until ignition was stopped (Figure 1c). The plasma produced from the pencil’s graphite
core eventually ignited the pencil, leading to carbonization of the wood casing. After
microwave treatment, the graphite core had spontaneously come off the carbonized casing
(Figure 1d), thus making the collection of the carbonized specimens easy (Figure 1e). A total
of 10 pencils were microwaved separately this way. All the carbonized wood specimens
combined were crushed into a fine powder and treated with 2 M HCl aqueous solution
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for 24 h in order to remove wood ashes. The solid was repeatedly washed with de-ionized
water until it had a neutral pH. Acetone was added prior to drying at 100 °C. Following,
the dried sample was additionally treated with concentrated HF aqueous solution (48%)
for another 24 h in order to etch the clay fillers originally present in the pencil. Once
again, the solid was repeatedly washed with de-ionized water until it had a neutral pH, and
acetone was added prior to drying at 100 °C. A non-conductive black powder was obtained
at a yield of 3% per pencil item (henceforth denoted as PC). Conductivity was tested in
powdered form by the 2-point method using a multimeter. The lack of conductivity actually
reflects its amorphous character. On the other hand, the low yield results from the ignition
of the pencil in air inside the microwave oven chamber, which in turns leads to carbon
etching through combustion. Further technical upgrades over the microwave oven are
required in order to be able to introduce an inert gas (e.g., N) in the ignition chamber that
will considerably limit carbon combustion. In this case we would expect a much higher
carbon yield.

Figure 1. A wood pencil on a ceramic plate was placed in the microwave oven (a) and irradiated for
a couple of minutes at 700 W under rotation (b). The graphite core produced hot plasma, igniting the
pencil (c). After that, the graphite lead and the carbonized wood casing were spontaneously split
from each other (d). The carbonized wood specimens were collected and acid-treated to finally afford
a fine carbon powder, codenamed PC (inset glass vial) (e).

2.2. Activation Process

For the activation process, ten wood pencils were first scrubbed with a sand paper
in order to remove the paint coating around each pencil and then soaked in 50% KOH
aqueous solution for 24 h at ambient conditions (no exothermic phenomena were observed).
The impregnated pencils were removed from the alkaline bath, wiped off with a paper
towel and dried in a box oven at 100 °C for 24 h. Each pencil was microwaved as above
to form a voluminous carbon mass around the pencil’s graphite core (Figure 2). The
voluminous carbon mass was scratched off the graphite lead and worked up similarly to
PC by successively washing with HCI and HF as above. A non-conductive black powder
was obtained at yield of 4% per pencil item (henceforth denoted as APC).
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Figure 2. A wood pencil impregnated with KOH (a) was microwave irradiated as above (b). The
graphite core produced hot plasma, igniting the pencil (c) and afforded a voluminous carbon mass
around the graphite lead (d). The voluminous carbon was mechanically separated from the lead and
worked up similarly as above to afford a fine carbon powder, codenamed APC (inset glass vial) (e).

2.3. Characterization Techniques

X-ray diffraction (XRD) was conducted on background-free Si wafers using Cu Ko
radiation from a Bruker Advance D8 diffractometer (Bruker, Billerica, MA, USA). Raman
spectra were recorded with a micro-Raman system RM 1000 Renishaw using a laser exci-
tation line at 532 nm. The N, adsorption—desorption isotherms were carried out at 77 K
on an AutosorbiQ (automated gas sorption analyzer), Quantachrome INSTRUMENTS,
porosimeter. Both PC and APC samples were outgassed under a vacuum (i.e., 10~® mbar)
at 150 °C for 10 h before the experiments. Pore structure parameters were estimated using
different models, such as the CPSM model [10-15], the Brunauer-Emmet-Teller [16], the
Horvath-Kawazoe model [17], and the Dubinnin—-Raduskevitch model [18]. The over-
all pore volume was calculated via the total adsorbed nitrogen amount at P/Py = 0.998.
Atomic force microscopy (AFM) images were collected on silicon wafers in tapping mode
with a Bruker Multimode 3D Nanoscope (Ted Pella Inc., Redding, CA, USA). Scanning
electron microscopy (SEM) images were obtained using a JEOL JSM-6510 LV SEM Mi-
croscope (JEOL Ltd., Tokyo, Japan) equipped with an X—Act EDS—detector by Oxford
Instruments (Abingdon, Oxfordshire, UK, an acceleration voltage of 20 kV was applied).
Ultraviolet-visible (UV—-vis) spectra of chromium solutions were measured in quartz cu-
vettes with a UV-2401(PC)-Shimadzu two-beam spectrophotometer. The scanning range
was 400-700 nm and the increasing step was 0.5 nm. X-ray photoelectron spectroscopy
(XPS) was performed with a PHI VersaProbell (Physical Electronics, Chanhassen, MN,
USA) spectrometer using an Al Ka source (15 kV, 50 W). The obtained data were evaluated
and deconvoluted with the MultiPak (Ulvac-PHI, Inc., Osaka, Japan) software package.
The spectral analysis included Shirley background subtraction and peak deconvolution
employing mixed Gaussian—Lorentzian functions.

2.4. Batch Experiments

Kinetic experiments at pH = 3 and T = 23 °C were carried out to figure out the APC’s
adsorption capacity on the Cr(VI) removal. Initial Cr(VI) concentration, contact time and
pH value were the parametric properties of the solution used for such kinetic experiments.
More specifically, liquid solutions with an initial concentration of 5.8 ppm, temperature
T =23 °C and pH value from 1.5 to 8.0 were used to test the effect of the pH to the maximum
adsorption capacity of APC. Liquid solutions with pH = 3, T = 23 °C, and initial Cr(VI)
concentration 5.5 ppm, 10.65 ppm, 20.7 ppm, 40 ppm and 53 ppm were used to test the
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effect of the initial concentration and the contact time upon the Cr(VI) removal capacity of
APC and to study the kinetic behavior of such processes. The different concentrations of the
liquid Cr(VI) solution were prepared using a stock Cr(VI) solution (1 mg/mL), which was
prepared by dissolving an appropriate quantity of KoCr,O7 (Sigma-Aldrich (St. Louis, MO,
USA), 99.98%) in deionized water. At different time periods (0, 0.5, 1, 2, 3, 6,9, 24 and 48 h)
during the sorption process, 3 mL of the suspension were withdrawn and centrifuged. The
supernatant solution was measured using UV photometry, while the solid and the rest of
the unused centrifuged solution were returned to the suspension. The Cr(VI) concentration
of the solutions was determined by using the 1,5-diphenylcarbazide (Sigma-Aldrich, >97%)
method [19]. In all cases of batch experiments, the sorbent dosage was 180 mg/L and pH
was adjusted by HCI for acidic values and NaOH for alkaline ones.

In order to determine the concentration of the chromium species in the solution after
the sorption procedure, an oxidation process using potassium permanganate KMnOy (Alfa
Aesar (Haverhill, MA, USA), 98%) was used [20,21]. Specifically, 180 mg/L of APC reacted
with 5.8 ppm Cr(VI) solution at pH 3 under 24 h stirring. Subsequently, the suspension was
centrifuged and the residual Cr(IIl) species in the supernatant solution were oxidized by
adding KMnQO,. A small equivalent excess (1.2 x) of MnOy4 ~, compared with the maximum
chromium species concentration (5.8 ppm), was mixed with the solution in order to ensure
the oxidation of all chromium species to Cr(VI). The Cr(VI) concentration was determined
using the 1,5-diphenylcarbazide method.

2.5. Adsorption Kinetic Models

Two models originated from the mass balance equations for a continuous stirred batch
reactor assuming complete mixing (ideal) conditions, and two semi-empirical models were
used to interpret the kinetic data. An extensive analysis for the development of such models
is reported in literature [20,21]. These four model equations are as follows:

Pseudo First Order (PFO) model g, = q, X (1 —ehax t) 1)
2x ko x t
Pseudo Second Order (PSO) model ¢, = e * 2 % )
qQ X ko x t +1
Intra Particle Diffusion (IPD) model ¢, = Kjp x t2 +c 3)
1
Diffusion Chemisorption (DC) model q, = 4+ 4)

de ' Kpc x t05

where gt (mgcy(v)/gac) is the uptake of the Cr(VI) on the APC particles at time t (h), ge
(mgcrvry/gac) is the uptake at the equilibrium stage, k; is the adsorption rate constant for
PFO mechanism, k; is the adsorption rate constant for PSO mechanism, Kyp [mg/(g x h0?)]
is the adsorption rate constant for IPD mechanism, C (mg/g) is an index of the boundary
layer thickness at the surface of the carbon particles for the IPD mechanism and Kpc
[mg/(g x h%°)] is the rate constant of the Cr(VI) ions transfer from the liquid into the solid
particles for DC mechanism.

2.6. Gibbs Free Energy Calculation

According to literature [21,22] for the calculation of Gibbs free energy (AG?),
Equations (5) and (6) could be used:

Kp = qe/Ce ®)

AG? = —RTInKp (6)

where Kp (mLyiq. /gac) is the distribution coefficient, ge (mgcy(v1)/gac) is the amount of
Cr(VI) adsorbed in the activated carbon at equilibrium stage, Ce (mgcy(vr)/mLy;q.) is the
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concentration of Cr(VI) in the liquid phase at the equilibrium stage, R (8.134 ] /mol K) is the
gas constant, and T (K) is the process temperature in Kelvin.

3. Results and Discussion
3.1. Structural Characterization and Morphology

The XRD patterns of PC and APC are shown in Figure 3. PC displays a broad (002)
reflection with an interlayer spacing (dgo2 = 0.39 nm) indicative of amorphous carbon [22,23].
APC also appears amorphous-exhibiting; however, it has an even broader (002) reflection
at higher dgp; = 0.42 nm [22]. This, as expected, signals a higher degree of amorphousness
and defect concentration for the chemically activated carbon. APC additionally contains
X-ray detectable traces of residual K,COj3 as a result of carbon reaction with KOH [8,9].
Carbonates were also evident by infrared spectroscopy (not shown). Its persistent presence
even after acid treatment of the solid with HCl and HF implies, rather, that some K,COs3
crystallites might be entrapped inside the carbon matrix. Note also that the shape of the
(002) peak is asymmetric in both samples. This asymmetry is related to the existence of
closely spaced peaks of different intensities, generated by different carbon turbostrates [24].
Overall, the obtained carbons resemble the amorphous character of low-temperature wood-
derived carbons [25].

—PC
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Figure 3. XRD patterns of the PC (a) and APC (b) powders. APC additionally contained traces of
residual K,COs.
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The amorphous character of PC and APC is additionally confirmed by Raman spec-
troscopy [26] (Figure 4). PC shows the typical G and D carbon bands at 1590 cm~! and
1375 cm ™!, respectively, whereas the same bands appear downshifted at 1587 cm~! and
1353 cm ™! for APC [27-29]. In both cases, the Raman bands are broader than those of
crystalline graphite. The full-width at half maximum FWHM of the D band in either PC
or APC is nearly 100 cm~! vs. 60 cm ™! for crystalline graphite, while the corresponding
FWHM of the G band in either PC or APC is nearly 70 cm ™! vs. 15-35 cm ™! for crystalline
graphite. In respect to the relative intensity ratio of the two bands Ip/Ig, this equals to
0.68 for PC and 0.77 for APC; i.e., the graphitization degree is higher in PC than APC,
in accordance with the XRD results. These ratios are considerably higher than those of
crystalline graphite with Ip/Ig = 0.2 [30]. The broadness of the bands together with the
relatively high Ip /I intensity ratio is typical of amorphous carbon [26].

~o
=
L
£ | APC
n
=
&
-
=
)
PC

800 1000 1200 1400 1600 1800 2000
Raman shift (cm'l)

Figure 4. Raman spectra of PC (black line) and APC (red line), showing the characteristic D and G
carbon bands from left to right.

According to the SEM study, PC consists of perfectly aligned stacks of large plates
with flat and compact surface morphology (Figure 5). According to AFM, the flat plates
are actually made of carbon nanosheets with an average thickness of 3 nm (Figure 6). The
formation of carbon nanosheets could be rationalized as the following: (i) nanosheets are
the closest existing analogue to thermodynamically stable graphite with platy morphol-
ogy, and (ii) the wood casing in pencils is engineered wood with a unique compressible
lamellar structure. With respect to the structure of the amorphous nanosheets, these are
expected to be composed of stacks of incompletely crystallized carbon layers in turbostratic
ordering, consisting of both aliphatic and aromatic regions and containing either struc-
tural O heteroatoms within the carbon matrix or/and -OH/C=0 functional groups on the
outer surface.
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Figure 5. SEM images of the PC sample. (a) Magnification x4000, scale 5 um, (b) magnification
%1500, scale 10 um, (c¢) magnification x3000, scale 5 um.
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Figure 6. (a) AFM image of cross-sectional analysis of selected carbon nanosheet in PC sample,
(b) AFM statistical analysis of thickness for 30 randomly selected nanosheets.



Appl. Sci. 2022,12,410 90f19

On the other hand, SEM study of APC shows instead the presence of irregular-shaped
porous particles due to chemical etching of the carbon matrix by KOH [8,9] (Figure 7).

WO16mm SS3) x1.300 Opm S Sav WO SS3)

Figure 7. SEM images of the APC sample. (a) Magnification x1300, scale 10 um, (b) magnification
x 8000, scale 2 um.

Based on the total nitrogen adsorbed amount during porosimetry measurements,
which are depicted in Figure 8, it is obvious that APC exhibits around a four times higher
pore volume compared to PC. The sharp knee in the low—pressure range (i.e., P/P, < 0.01)
indicates the presence of microporosity (Dmicropore < 2 nm) in both cases.
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Figure 8. N, adsorption (filled circles)—desorption (empty circles) experimental data for PC and
APC. The continuous lines show the CPSM model fitting comparison. The inset figures show the pore
size distribution (PSD) according to the Horvath-Kawazoe (dash dots) and to the CPSM (line) model.
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More specifically, as it is reported in Table 1, according to the CPSM [10,11] and to
the Dubinnin—Raduskevitch (D-R) [19] method, the micropore volume fraction is 39% for
PC and 73% for APC. The pore volume distribution, provided by the application of the
CPSM or the Horvath-Kawazoe [20,31] model, indicates pores around D = 1.5 nm or 1.9 nm
and D = 1.06 nm or 1.67 nm for PC and APC, respectively. One the other hand, the pore
population distribution provided by the CPSM model indicates the major number of pores
at around D = 1.38 nm for PC and at around D = 0.97 nm for APC.

Table 1. Pore structure parameters derived from the CPSM model simulation of the overall
N, adsorption—desorption hysteresis loop, the Dubinnin—-Raduskevitch (D-R) method and the
Horvath-Kawazoe (H-K) model.

Sample Vpore VD_R micro VCPSMmicro DCPSM Nmean DCPSM Vmean DHKVmean
Code (cm3/g) (cm®/g) (% cm3/g) (nm) (nm) (nm)
PC 0.080 0.034 0.030 1.38 1.50 1.90
APC 0.306 0.24 0.21 0.97 1.06 1.67

Moreover, according to Table 2, the perfect simulation of the nitrogen porosimetry
process by the CPSM model provides specific surface area values at Scpsy = 105 m?/g
for PC and Scpgy = 776 m?/ g for APC. For the estimation of such values, this model
takes into account the microporosity and the pore curvature effect on specific surface area
calculations [12]. This effect is more intense in the case of APC, where the microporosity
fraction is higher.

Table 2. Specific surface area (SSA) estimation derived from the classic BET model as well as from
the CPSM model.

Sample Code SgeT (M?/g) Scpsm (m2/g)
PC 82 105
APC 509 776

The composition of PC and APC was analyzed via XPS, showing the dominant pres-
ence of carbon and oxygen (Figure 9). The oxidized state of carbon was further evidenced
in the high-resolution C1s profiles, in which the characteristic peaks for oxidized car-
bon [29,32-34] were present in both samples (Figure 9). The position of the analysis peaks
and the area percentiles of the deconvoluted carbon components were practically the same
for both samples. More specifically, the C1s components were attributed to sp? /sp® carbons
(284.8 eV, ~70%), C-O (286.2 eV, ~17%), C=0 (287.5 eV, ~7%) and O-C=0 (289.1 eV, ~4%).
The component at 290.8 eV (~2%) is the characteristic satellite feature ascribed to 7t-7t* tran-
sitions within sp? conjugated carbons [35-37]. The presence of oxygen-containing groups
on the surface of the solids provides active sites for further post-functionalization [38] or
strong molecular interactions pertaining to adsorption/removal processes.
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Figure 9. (a) XPS survey of PC material; (b) high resolution C1s spectra of PC material; (c) XPS survey
of APC material; and (d) high resolution C1s spectra of APC material.

3.2. Practical Applications

On account of the relatively high surface area and oxidized surface of APC, which
favors strong binding of various substances to the surface, this section mainly focuses
on some practical aspects of this sample. In a quite common demonstration, APC was
added to an aqueous solution of methylene blue, shaken for few seconds and passed
through a filter to give a colorless filtrate due to complete retention of the dye by the
activated carbon [39,40]. The high surface area of APC together with the strong electrostatic
interactions between the positively charged methylene blue and the negatively charged
sites of the porous solid (e.g., ionizable oxygen-containing surface groups, such as phenolic
and carboxylic) leads to strong and quantitative binding of the dye onto the carbon matrix.
This simple process can minimize water pollution from dye industry, where the breakdown
of the released dye by UV light or bacteria may form potentially cancer-causing compounds
in water, such as amino-naphthol and anisidine [41].

Another interesting application refers to pocket warmers (or hand warmers) and the
generation of useful heat by mechanically mixing APC (1 g) with iron powder (5.3 g) and
NaCl (1 g) in the presence of a small amount of water (3 g). For this application it is
essential to use high surface area carbon. Since APC entraps O, from air into its pores, the
obtained mixture resembles a galvanic cell composed of an iron anode (—) (Fe3* +3 e — Fe,
E°® = —0.04 v), an oxygen cathode (+) (O + 2 H;O +4e — 4 OH™, E° = +0.40 v) and
a salt electrolyte (NaCl-H,O). As the electrons move from the anode to the cathode, the
following exothermic redox reactions occurs: 4 Fe + 3 O, + 6 HO — 4 Fe(OH)3, thus
producing enough heat to raise the temperature of the mixture up to 80 °C within 5-10 min
of mechanical stirring. Notably, the temperature of the mixture slowly drops from 80 to
40 °C within an hour, thus retaining its warmness long enough for practical applications.
This effect can be accredited to the thermal insulating properties of the porous carbon
matrix used in the mixture. At this stage, the further addition of water (2 mL) and stirring
again raises the temperature of the mixture, this time up to 65-70 °C. Alternative to pocket
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warmers, APC can be easily mixed with KNO3 and S to make energetic gunpowder as well
(75% KNO3-15% APC-10% S).

Another practical application of APC pertains to hexavalent chromium Cr(VI) removal
from water. Hexavalent chromium Cr(VI) is used in several important industrial processes
that produce wastewaters with high levels of this toxic and carcinogenic species [42] (at
least one to two orders of magnitude higher than the recommended levels). Hence, the
removal of Cr(VI) from industrial wastewaters before releasing them into the environment
becomes a great necessity. Among several existing materials and methods used for Cr(VI)
removal [43,44], carbon absorbents appear quite appealing due to their good removal
efficiency, inexpensiveness and low toxicity [20,21,45-47]. Characteristically, APC can
effectively remove Cr(VI) in the form of Cr,O7 2 at pH = 3. This acidic pH is common for
industrial wastewaters and also helps to inverse the surface charge of the carbon support
by protonation of the -OH groups into -OH,"*, thus favoring the electrostatic binding
of the dichromate ions. Interestingly, no removal was observed at neutral pH, possibly
due to electrostatic repulsions between the dichromate anions and the negatively charged
phenolate and carboxylate groups on the carbon surface.

It is evident from Figure 10a that for temperature T = 23 °C, after 24 h, and for the initial
concentration at 5.5 ppm (i.e., 55 times higher than the recommended value in water), APC
adsorbs 100% the Cr(VI) amount for pH values in the range 14 (acidic environment). After
this value of pH the % adsorbed amount decreases and almost reaches 0% at pH = 8.0. For
this reason, all kinetic experiments were carried out at pH = 3. As it is shown in Figure 10b
for Cinit = 40 ppm, the experimental maximum adsorbed amount after 24 h of adsorption
process is qmax(24 h) = 76 mgcy v /gac, while for Ci,it = 53 ppm the experimental maxi-
mum adsorbed amount after 48 h of adsorption process is qmax(48 h) = 75 mgcvr/gac-
This means that the maximum adsorbed amount is around 75 mgcyvr) /gac, if the initial
Cr(VI) concentration is higher than 40 ppm, the temperature is 23 °C and the pH = 3. More-
over, the maximum adsorption capacity of APC as compared to the maximum adsorption
capacity of PC is clearly higher for all cases of the Cr(VI) initial concentration.
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Figure 10. (a) Effect of pH on maximum uptake capacity for APC. (b) Effect of initial Cr(VI) concen-
tration on Cr(VI) removed amount for pH =3 and T = 23 °C after 24 h by PC and APC.
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It is also apparent from Figure 11 that APC exhibits superior adsorption rate and
capacity properties compared to PC. For this reason, only the APC’s kinetic data were
interpreted in this work. Furthermore, for Cin;t = 53 ppm, APC exhibits an experimental
maximum adsorbed amount that is practically constant after 24 h of the adsorption process
[i-e., qmax(24 h) = 72 mgcyvr)/gac and qmax(48 h) = 75 mgcrvr)/gacl- This essentially
means that APC gets fully saturated after 24 h.

80
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Figure 11. Kinetics and capacity comparison for various initial concentrations of PC and APC.

S 140545 550

As it is shown in Figure 12, four different kinetic models were used to quantify the
adsorption kinetics in our work. The R? parameter of the Levenberg-Marquardt least-
square fitting algorithm (Table 3) was the first tool for the evaluation of such models, in
our case. The R? of the Pseudo First Order (PSO) model falls off as the initial concentration
increases. This is reasonable because for Cj,it = 5.5 ppm (the lower initial concentration),
the occupation by Cr(VI) or other elements of the unoccupied sites in the pores is the
controlling stage (PFO mechanism) [48] and the Cr(VI) was consumed totally before any
saturation or transient phenomenon starts. But for higher initial concentrations, after the
first steps, the occupation of the unoccupied sites stops to be the controlling stage. The R?
trend of the pseudo second order (PSO) model is more stable as the initial concentration
increases. This is an expected result because, for an increased initial concentration, a high
percentage of the active sites of the pore surface were occupied quickly during initial
time moments, but when this initial time pass, phenomena, such as transient adsorption,
chemisorption, Van der Waals bonding, ion exchange and reactions, etc., start to exist in the
pores. The PSO model was developed on the premise that chemisorption phenomena are
the controlling mechanism [48].

This is the reason that the PSO model provides better fitting for increased initial Cr(VI)
concentrations. The internal particle diffusion (IPD) R? values exhibited an increasing
trend as the initial concentration increases. This is logical because the larger amounts
of Cr(VI) in pores the lower the in-pore mobility of such species. This means that the
intra particle diffusion (IPD) mechanism tends to be the controlling stage, but it is not
accomplished. Nevertheless, the R? values for the IPD model are poor compared to the
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respective values of the other three models. For this reason, this mechanism could not be
the controlling mechanism of the process. To observe whether the PSO and chemisorption
is the only biosorption active rate limiting mechanism we fitted the experimental data
using the diffusion—-chemisorption model [48]. According to the R? values (Table 3) this
model exhibits a fitting efficiency similar to and in many cases better to the fitting efficiency
of the PSO model.

Table 3. R? correlation coefficient values provided by Levenberg-Marquardt least-square fitting
algorithm upon the APC experimental dataset.

APC-Cjp;; (ppm) PFO R? PSO R? IPD R? DC R?
5.50 0.999 0.998 0.503 0.984
10.65 0.945 0.986 0.706 0.998
20.70 0.912 0.962 0.710 0.989
40.00 0.914 0.963 0.727 0.961
53.00 0.909 0.943 0.736 0.948
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Figure 12. Fitted curves of four different kinetic models (i.e., (1) pseudo first order (PFO), (2) pseudo
second order (PSO), (3) intra particle diffusion (IPD), (4) diffusion-chemisorption (DC)), upon experi-
mental kinetic datasets of five different Cr(VI) initial concentrations (i.e., (a) 5.5 ppm, (b) 10.65 ppm,
(c) 20.7 ppm, (d) 40 ppm, (e) 53 ppm) for the APC material.

According to all the above mentioned, neither the collision of the adsorbed species
with the unoccupied pore surface sites nor the diffusion through pores are the only con-
trolling mechanism [49]. For this reason, the pseudo second order model (PSO) and the
diffusion—chemisorption (DC) model seems to be the most appropriate for the kinetic
study of this work. Such models indicate a more complex mechanism, involving both the
above-mentioned controlling stages plus a chemisorption process, which occurs on the
pore surface sites by bonding the adsorbate with surface groups and may be a reaction on
the surface of pores. Furthermore, the state of the adsorbate, i.e., liquid or gas, and the pore
size distribution of the activated carbon are strongly interactive [50]. In the case of liquid
media as an adsorbate, the existence of micropores in combination with the existence of
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meso and macro pores is more effective for such adsorption processes [49]. In our case, ac-
cording to the CPSM model [10,11], APC exhibits approximately 31% macro-meso porosity,
which contributes to the relatively quick intraparticle diffusion, and approximately 69%
microporosity, which contributes to the relatively slow diffusion and transient adsorption,
the surface bonding, the chemisorption and the surface reactions [49].

Table 4 presents the predicted equilibrium concentration for APC based on both
the pseudo second order (PSO) model and the diffusion-chemisorption (DC) model. It
is obvious that after a long time (theoretically infinite) of the adsorption process, the
theoretical overall adsorbed amount will be around 71 mgc,(vr)/gac, according to the PSO
model, and around 90 mgc(vr)/gac, according to the DC model. Furthermore, it is obvious
from the same table that for initial concentration equal or greater to 40 ppm, APC achieves
its maximum saturation capacity.

Table 4. Predicted Cr(VI) APC adsorption capacity for Cr(VI) at the equilibrium stage for pH = 3 and
T=23°C.

APC-Cjyj¢ (ppm) qe (mgcyvn/gac) (PSO) qe (mgcr(vn/gac) (DC)
5.50 31.8 35.8
10.65 53.5 66.8
20.70 59.8 74.1
40.00 71.6 93.2
53.00 69.8 85.3

In the case of PSO mechanism and for the 5.5 ppm as the initial concentration, the
predicted adsorbed amount at the equilibrium stage qe was higher than the initial concen-
tration. This means that the total amount of the Cr(VI) was adsorbed and no equilibrium
stage occurs at this experiment. Thus, no Gibbs free energy for the adsorption process could
be calculated for this experiment. For an initial concentration of 10.65 ppm, 20.70 ppm,
40.00 ppm and 53.00 ppm of the calculated Gibbs free energy values are —26.2 kJ/mol,
—21.0kJ/mol, —19.0 k] /mol and —18.0 k] /mol, respectively. The negative sign is attributed
to the spontaneous nature of the adsorption process during these experiments [20,21,51].
Moreover, values —20 kJ/mol > AG? > —80 kJ/mol indicate the transition from the ph-
ysisorption process to the chemisorption. As for the DC mechanism, the predicted equilib-
rium stage concentrations, e, were higher than the initial concentration in both cases of
5.5 ppm and 10.65 ppm. Thus, the Gibbs free energies were calculated only for 20.70 ppm,
40.00 ppm, and 53.00 ppm, as the initial concentration and were found to be —22.2 kJ/mol,
—20.00 kJ/mol and —18.6 k] /mol, respectively.

According to both the PSO and DC mechanism and the calculated AG? values, more
than one adsorption mechanism was the main mechanism during our experiments, i.e.,
physisorption, chemisorption, ion exchange, surface complexion and redox reaction [20,21,51].

To investigate if a redox reaction occurs simultaneously with the physical adsorption,
diffusion and chemisorption process, a titration procedure of the liquid solution was carried
out with KMnOQjy at the end of the adsorption process, as described in the experimental
section [21]. APC eliminates 100% of the Cr(VI) from the liquid solution (5.8 ppm) after
a 24 h reaction at pH = 3. Moreover, Cr(Ill) was raised in the liquid solution exhibiting
a concentration of 23%. This fact evidences that apart from the physisorption, bonding,
transient adsorption and chemisorption processes, a redox reaction is also taking place
simultaneously in the pore surface.

Interestingly, the sample after the adsorption process contained a low intensity Cr2p
peak in the region of chromium oxides, which was deconvoluted in two components with
same area percentage (Figure 13). The peak at 577.3 eV was attributed to Cr(Ill) oxide and
the one at 579.3 eV to Cr(VI) oxide [52,53]. This implies that chromium interacts with the
carbon surface through both the ion exchange and redox reaction mechanisms. The latter
was simultaneously accompanied by a roughly 10% increase of the C=O and O-C=0 groups
in the chromium-containing solid as a result of the carbon oxidation by the Cr(VI) species.
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Figure 13. Deconvoluted high-resolution Cr2p spectrum of the APC sample after chromium adsorption.

4. Conclusions

We have presented a practical way of converting pencil waste into functional car-
bon materials with the aid of microwaves. The strong interaction of graphite lead with
microwaves produces hot plasma, causing the carbonization of the pencil’s wood cas-
ing. Without chemical activation, an important class of carbon nanomaterials is obtained,
namely carbon nanosheets. However, chemical activation with KOH leads to porous carbon
particles that can decolorize dye solutions, produce heat in pocket warmers based on iron
and carbon, fuel gunpowder and efficiently remove hexavalent chromium from water
under acidic conditions. In both cases (with or without activation), the derived carbons are
amorphous and oxidized; i.e., they bear oxygen-containing functionalities at the surface,
which may facilitate further post-functionalization of the solids towards reconstructed
derivatives. The method is simple, fast (e.g., completes within 1-2 min of irradiation) and
cost-effective due to the microwave technology involved, whereas the excellent absorptivity
of wood and its ability to take up a variety of fluids/solutions is soaked in, and it provides
additional options in the chemical activation or surface modification of the wood pencil-
derived carbons. By considering the number of pencils used per year (14 billion), their
average mass when discarded (i.e., 40% of the average mass of a pencil, the latter being
about 4 g) and the carbon yield (3—4%), it is roughly estimated that nearly 500-1000 metric
tons of carbon could be annually produced this way, finding numerous useful applications
in water purification filters, pocket warmers or gunpowder manufacture. Besides writing
and drawing, pencils could be, after all, the subject of fundamental carbon science and
technology without sophisticated requirements.
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