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Abstract: Bark is a heterogeneous solid material comprising mainly of phloem and cork fractions.
These fractions differ in chemical composition and anatomical structure, and value-added activated
carbons produced from these fractions have different surface properties. Low-temperature pyrolysis
was shown to be a promising method for producing activated carbon precursors from bark fractions
at higher yields than conventional slow pyrolysis. Here, we produced mesoporous activated carbons
(ACs) from cork and phloem fractions of Quercus cerris bark by low-temperature pyrolysis followed
by steam activation at 900 °C. The results showed steam-activation of biochars from Q. cerris bark
fractions yielded ACs with acceptable surface properties. The ACs contained 9.9% and 23.3% ash
content, and specific surface areas of 201 m? g~! and 512 m? g~! for cork and phloem fractions,
respectively. Calcium was the principal inorganic component of ACs, followed by potassium, silicon,
and iron. Surface functional groups of bark fractions and biochars were lost during steam activation,
as evidenced by FT-IR spectroscopy. The burnout temperatures of cork and phloem ACs were
726 °C and 736 °C, respectively. The ACs showed a high methylene blue and methyl orange
adsorption capacity, with the removal of 80% and 90% of methylene blue and 58% and 68% of methyl
orange after 48 h for cork and phloem ACs, respectively.
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1. Introduction

Fossil fuels such as coal, crude oil, and natural gas were major material and energy
resources in the last century, processed by an array of chemical unit operations desig-
nated as refineries. However, in recent years, this trend has started to change because
of the environmental and economic consequences of using fossil fuels such as depletion
of resources, environmental pollution, and global warming [1]. Alternative renewable
fuels, circular economy, and biorefineries have become important topics with the goal of
producing renewable and environmentally-friendly fuels and materials while reducing or
eliminating waste [2-5].

Tree barks are among the important forestry byproducts with an estimated global
production of over 400 million cubic meters annually [6]. Except for certain species such as
cork oak, birch, wattle, etc. that have a valued utilization for their barks, tree barks are usu-
ally treated as a waste stream and used mainly for fuel in domestic heating. However, barks
are interesting solid materials with a rich chemical composition including polysaccharides,
lignin, and suberin, and they have high extractives and inorganic content [7]. Thus, barks
may be screened for relevant properties and converted via a cascade biorefinery process to
produce value-added products [8].
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Among the value-added biomass biorefinery products are activated carbons (ACs)
which are carbon-based materials with well-developed internal pore structures [9,10]. ACs
are currently being used in a number of applications such as adsorbents in water, purifi-
cation, and air filtration, catalyst supports, or high-performance electrode materials [11].
These applications require a high specific surface area, and the specific surface area of ACs
is reported to range between 250 and 2400 m? g~! [12]. Commercial ACs are currently
prepared from coal, wood, or coconut shells [13,14], with highly variable specific surface
areas usually ranging between 600 and 1500 m? g~! [13,15] and used principally for water
purification [9].

Quercus cerris (Turkey oak) bark is a potential raw material for a biorefinery because
it contains a substantial amount of cork (27% of the bark) that may be fractionated and
used similarly to Quercus suber cork, while the phloem-containing cork and phloem may
be converted into value-added products and chemicals such as composites, adsorbents,
triterpenoids, and polyphenols [16-19]. The production of ACs is another possible conver-
sion route for Q. cerris bark valorization in a biorefinery scheme since our previous results
showed ACs with acceptable instant methylene blue adsorption properties (similar to those
of commercial activated carbon) could be produced from low-temperature biochars of waste
cork and phloem fractions of Q. cerris bark by using a single-step steam activation [20]. The
promising results of that study suggest the activation process may be optimized either by
using different chemical activation agents since enhanced specific surface areas are usually
obtained with lignocellulosic biomass by chemical activation [21] or by modifying the
precursor (biochar) preparation [22]. High-temperature torrefaction or low-temperature
pyrolysis at temperatures around 300 °C seem to be feasible methods for producing biochar
precursors to obtain activated carbons with acceptable surface properties while keeping
the biochar yield relatively high (60-70% for Q. cerris phloem and cork, respectively) [20]
when compared to traditional carbonization at approximately 500 °C which results in lower
biochar yields (approximately 35% for Q. cerris phloem) [15,23,24]. The biochar yield is an
important parameter in the process economy of activated carbon production particularly
when using physical activation. In fact, for the same biochar, the activated carbon yield is
lower with physical activation than with chemical activation because of the applied higher
temperatures which lead to greater degradation of ACs [21].

It is expected cork and phloem biochars result in ACs with different properties because
of the natural variability of the precursor regarding chemical composition and structure in
agreement with other carbonaceous materials [25]. Cork is a porous solid material with
high suberin content, while phloem is an amorphous material with high polysaccharide
and ash content. Thus, they have a different chemical composition from that of wood with
their notable suberin (cork) and ash (phloem) contents and with their lower polysaccharide
content (cork and phloem). Our previous results revealed waste Q. cerris phloem had a
promising potential for producing biochar precursors for the production of activated car-
bons by moderate-temperature carbonizations at 400-600 °C followed by a steam activation
by which specific surface areas between 262 m? g~! and 318 m? g~! were obtained [24].
The potential of waste cork fraction of Q. cerris bark in the production of ACs is currently
not known. This study is set up to fill this knowledge gap because the knowledge of
the properties of activated carbons of waste cork and phloem biochars is crucial for the
valorization of these materials in value-added applications such as hydrogen storage [26],
CO, capture [26], high-temperature catalyst supports [27], and removal of heavy metals
from wastewaters [28], as well as for the optimization of the activation process by biochar
production, or by application of a chemical activation.

To optimize the activation process, the first step is to perform a thorough characteriza-
tion of the produced activated carbons. This study also aims to provide a basis for tailoring
the properties of waste cork and phloem ACs for selected applications. ACs were produced
via a steam-activation process of low-temperature (200-350 °C) slow pyrolysis biochars of
Q. cerris cork and phloem, and characterized by scanning electron microscopy (SEM), nitro-
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gen porosimetry, X-ray fluorescence analysis, infra-red spectroscopy, thermogravimetric
analysis, as well as methylene blue and methyl orange adsorption.

2. Materials and Methods
2.1. Materials

Bark samples of Quercus cerris trees were collected in the south of Turkey, near Hatay
city. The samples were reduced into 5-8 mm particles by mechanical grinding and shipped
to Portugal to perform a pilot-scale separation and fractionation of cork and phloem tissues
aiming at separating a good-grade cork fraction [16]. The pilot-scale operation also yielded
waste cork and phloem fractions that were used to produce low-temperature biochars at
temperatures between 200 °C and 350 °C (which included torrefaction and low-temperature
pyrolysis temperature zones) in glass reactors under oxygen-limited conditions. The detailed
biochar production process can be consulted in our previous article [20].

2.2. Production of Activated Carbons

Steam activation of low-temperature cork and phloem biochar mixtures was car-
ried out under oxygen-limited (no additional oxygen was introduced during the high-
temperature activation) conditions at 900 °C and 7-min reaction time on previously ground
and 1 h water-soaked cork and phloem biochars (mass ratio 1:2 (w/w) for biochar and
deionized water, respectively). During the activation process, the biochars were sealed in
ceramic crucibles which allowed devolatilization but prevented oxidation. These conditions
were selected for their simplicity, rapidness, and industrial production suitability [20].

2.3. Scanning Electron Microscopy (SEM)

Surface properties of activated carbons are among the most important parameters for
their application. The surface properties of the precursors and the activated carbons were
analyzed to observe the effects of high-temperature activation. Thus, scanning electron
microscopy (SEM) analyses were performed on cork, phloem, cork biochar, phloem biochar,
cork-activated carbon, and phloem-activated carbon samples using a Hitachi S2400 electron
microscope under an accelerating voltage of 20.0 kV.

2.4. Nitrogen Physisorption

The physical adsorption of nitrogen is the most-used method for the characterization
of surface area and porosity of solid materials, in particular of activated carbons (ACs).
The surface area and porosity of the cork and phloem ACs indicate the validity of the
activation process and allow comparison to surface properties of different ACs. The
nitrogen physical adsorption analysis of the cork and phloem ACs was performed in a
Micromeritics porosimeter (ASAP 2010, Norcross, GA, USA) at 77 °K, after pre-treatment
at 150 °C for at least 12 h. The surface area of activated phloem was determined using the
BET model (Brunauer-Emmett-Teller). BJH (Barrett-Joyner-Halenda) model was used for
determining pore size distribution.

2.5. X-ray Fluorescence Analysis (XRF)

The mineral composition of ACs contributes to their thermochemical reactivity and
adsorption properties. Therefore, the mineral composition of the ACs is important to
evaluate their use in adsorption and thermochemical reactions. The mineral composition in
the ash fraction of cork, phloem, cork biochar, phloem biochar, cork-activated carbon, and
phloem-activated carbon was determined through an X-ray fluorescence analyzer (Niton
XL 3t, Thermofisher Scientific, Waltham, MA, USA). All the XRF tests were conducted in
triplicate, and the results presented as average values.

2.6. Fourier Transform Infrared Spectroscopy (FT-IR)

Another factor that determines the thermochemical reactivity and adsorption prop-
erties of ACs is the surface functional groups. The surface functional groups of precur-
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sors and the ACs were determined via Fourier transform infrared spectroscopy (FI-IR).
Cork, phloem, cork biochar, phloem biochar, cork-activated carbon, and phloem-activated
carbon samples (particles under 180 um) were oven-dried at 105 °C during 1 h before
experiments. The samples were placed on the diamond (ATR-FTIR) and the reflectance
spectra were acquired with a Perkin Elmer Spectrum Two mid-infrared FI-IR spectrometer
(Rodgau, Germany) in the range of 4000-400 cm ! with a spectral resolution of 8 cm ! and
an average of 32 scans.

2.7. Thermogravimetric Analysis (TGA)

The thermal degradation of ACs is an important parameter for high-temperature
applications. The thermal degradation of ACs was evaluated in the most severe (oxidizing)
conditions. The combustion experiments of the cork and phloem ACs were performed
using a thermogravimetric analyzer with a differential scanning calorimetry sensor, alumina
pans, and an airflow rate of 48 mL min~!. Approximately 5 mg of activated carbon samples
were used with the following linear heating program: isothermal at 40 °C for 5 min; a
linear heating step till 800 °C with a heating rate of 10 °C min~!, and a final cooling step
of 50 °C min . For comparison, a commercial activated carbon (Panreac, CAS Number:
7440-44-0) was also analyzed under the same conditions. The burnout temperature of
ACs was calculated at 99% conversion [29]. The ash content of ACs was considered as the
residual mass.

2.8. Methylene Blue and Methyl Orange Adsorption

The adsorption properties are the most important properties of ACs because they are
primarily used for adsorption purposes for the removal of a high number of pollutants
including dyes, heavy metals, and organic pollutants. The adsorption properties of cork
and phloem ACs were evaluated by using adsorption tests with cationic and anionic,
methylene blue (MB) and methyl orange (MO) dyes, respectively between instant (5 min),
24 h, and 48 h, time intervals. Approximately, 25 mg of activated carbon sample was
placed in a test tube, and 5 mL of an MB or MO aqueous solution was added. The tube
was shaken for 3 s (Heidolph REAX top shaker, Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany) and the mixture was centrifuged at 5000x g rpm for 5 min (Hettich
EBA 20, Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany) before the adsorption
tests after the adsorption time interval. The MB or MO concentration in the solution was
determined using UV-vis spectrophotometry (Novaspec II, Pharmacia LKB Biotechnology,
Uppsala, Sweden) at 664 nm or at 463 nm for MB and MO, respectively.

2.9. Statistical Analysis

A paired t-test was performed at 0.05 level to determine if there was a significant
difference between the adsorption properties (instant, 24 h, and 48 h methylene blue and
methyl orange adsorption) of cork and phloem-activated carbons.

3. Results and Discussion
3.1. Surface Structure

The surface of bark fractions, biochars, and ACs were analyzed to understand the
effect of temperature and steam in the activation process [14]. The surface morphology
of the cork fraction in Q. cerris bark, as exemplified in Figure 1a, shows a typical cork
structure in a tangential section [30]. Low-temperature pyrolysis does not alter the cork
structure, as shown in Figure 1b exemplifying a non-tangential section, but the cork cell
wall thickness is slightly reduced and pyrolysis products are deposited on the inner cell
walls. The activation of the cork biochar clearly impacts the cellular structure, as shown in
Figure 1c: the cork cells expand substantially, the cell walls straighten and becomes thinner,
and mesopores are formed in the cork cell walls by occasional wall rupture. This effect
of high temperature steaming of cork has been similarly reported for the production of
expanded cork [31,32].
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SE_MAG: 1000 x HV: 20.0 kV

Figure 1. SEM micrographs of Quercus cerris cork (a), cork biochar produced at 325 °C (b), and cork-
activated carbon (c). Black regions in the cell walls of cork-activated carbon are pores. SE: Secondary
electron, MAG: magnification, HV: High voltage (kV).

The phloem has a cellular structure with different types of cells, as exemplified in
Figure 2a, with cells larger than those in cork and higher solid proportion. Phloem biochar
retained its cellular structure, but the cell wall material was disorganized and built up a
heterogeneous mass of fragments, as exemplified in Figure 2b. Pores were also formed in
the phloem-activated carbon (Figure 2c).

Figure 2. SEM micrographs of Quercus cerris phloem (a), phloem biochar produced at 325 °C (b), and
phloem-activated carbon (c). Black regions in the cell walls of phloem-activated carbon are pores.
SE: Secondary electron, MAG: magnification, HV: High voltage (kV).

Q. cerris phloem contains a high amount of inorganic material, predominantly calcium
oxalate crystals that appear within cells [16]. These crystals largely remain in the biochar
and in the activated carbon and can be observed in the phloem-activated carbon, as shown
in Figure 3. The presence of a substantial inorganic fraction in the phloem possibly prevents
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the achievement of greater surface areas during steam activation compared to chemical
activation [13], as it is discussed in the following sections.

SE MAG: 1000 x HV: 20.0 kV

Figure 3. Calcium crystals in Quercus cerris phloem-activated carbon. SE: Secondary electron, MAG:
magnification, HV: High voltage (kV).

3.2. Specific Surface Area of Activated Carbons

The performance of an activated carbon largely depends on its specific surface area
and porosity characteristics. The nitrogen adsorption and desorption isotherms of cork
and phloem-activated carbons are represented in Figure 4a,b, showing type IV isotherms,
according to the IUPAC classification, which are found in mesoporous sorbents such as
ACs[11,33]. Phloem ACs have much higher adsorption capacity than cork-activated carbon.
It is likely higher lignin (and therefore carbon) content and lower porosity of phloem and
phloem biochars are the major factors for this difference [25,34].
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Figure 4. (a) Nitrogen adsorption-desorption isotherms of Quercus cerris cork-activated carbon and
(b) Nitrogen adsorption-desorption isotherms of Quercus cerris phloem-activated carbon.
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The surface properties of cork and phloem ACs are shown in Table 1. The BET surface
area (SBET) of cork-activated carbon (201 m? g’l) was near the lower range of ACs while
the surface area of phloem-activated carbon (512 m? g~ ') was in the range of commercial
ACs. The total pore volume was higher in phloem AC than in cork AC. The average pore
diameter was in the range of mesoporous adsorbents in both ACs (2.0 nm vs. 2.2 nm, for
cork and phloem ACs, respectively). This pore structure implies both cork and phloem
ACs are suitable for water purification [33,35], hydrogen storage, and CO, capture [26].

Table 1. Surface properties of Quercus cerris cork and phloem-activated carbons (AC).

Cork AC Phloem AC
Sper (m? g~ 1) 201 515
Total pore volume
(Adsorption, cm® g~ 1) 0.101 0.285
Total pore volume
(Desorption, cm? gfl) 0.101 0.285
Average pore diameter (nm) 2.00 299

Comparing biochar activation processes and the achieved surface areas is crucial
in improving and tuning the activated carbon properties of Quercus cerris bark biochars.
Therefore, the results of the current study were compared with previous reports that applied
similar biomass types under different activation conditions (Table 2). Chemical activation
results in a larger specific surface area compared to physical activation in the different bark
fractions, with the KOH activation method seemingly producing the highest surface areas
in bark-based ACs.

Table 2. Comparison of activation types and the resulting surface areas of different barks or
bark fractions.

Whole Bark/Bark Fraction

Activation Method BET Surface Area of Activated

Reference
Material Species Activation Type Activation Agent Carbon (m? g-1)

Cork Quercus cerris Physical H,O 201 This work

Phloem Quercus cerris Physical H,O 515 This work
Cork Quercus suber Physical H,0O 750 [36]
Cork Quercus suber Physical CO, 76 [37]
Bark Pine Physical CO, 868 [38]
Cork Quercus suber Chemical NaOH (alkaline 1670 [39]

wastewater)
Cork Quercus suber Chemical KOH 3403 [40]
Cork Quercus suber Chemical KOH 251-1336 [41]
Cork Quercus suber Chemical KOH 584 [37]
Cork Quercus suber Chemical KOH 948 [36]
Cork Quercus suber Chemical KOH 1336 [42]
Cork Quercus suber Chemical KOH 1081 [43]
Cork Quercus suber Chemical K,COs3 907 [36]
Cork Quercus suber Chemical K,COs3 1279 [44]
Bark Pine Chemical K,COs3 1499 [38]
Bark Eucalyptus Chemical H;PO, 1239 [45]
camaldulensis

Bark Pine Chemical H3POy4 3342 [38]
Bark Acacia mearnsii Chemical ZnCl, 414 [46]

Pine and cork oak bark ACs had the highest specific surface areas which may prin-
cipally be ascribed to their low ash content (3.5% and 1%, respectively) [38,47] as well as
to the differences in their chemical (cellulose, hemicelluloses, and lignin) and structural
(textural) composition [48,49]. The high ash-containing barks result in lower surface areas
via steam activation, possibly because inorganic compounds block the pore entrances [50].
On the other hand, a chemical activation involving a basic leaching step may create a
larger specific surface area than in steam activation by removing inorganic compounds
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during the activation and acid-washing steps [26], in a similar way to rice husk ACs with
14.3% ash content [51]. The chemical and structural compositions of the activated carbon
precursors determine the available carbon content and accessibility of the activation agent.
High-lignin-containing and porous precursors such as pine and oak barks seem to produce
larger specific surface areas [38,40] (Table 2). The results of cork and phloem activation
are thus encouraging and suggest the process may be further improved by applying a
chemical activation.

3.3. Inorganic Elemental Composition

The results of the inorganic analysis of cork, phloem, biochars, and ACs are shown
in Figure 5. Both cork and phloem are rich sources of calcium, which is enriched in the
ACs. In cork, potassium content increased in biochar and activated carbon while silicon
content was reduced. In phloem, potassium and manganese contents increased, while
iron and silicon contents remained the same or slightly increased (Figure 5). All the tested
materials also contained, in smaller amounts, trace elements such as titanium, scandium,
and strontium (Table 3).

OFe EMn @Ca mK OS mSi mcl

Phloem AC Tl |

Phloem biochar ] N

Phloem [ | ]

Cork AC | | I}

Cork biochar

Cork [T

0 5 10 15 20 25 30

Element (%)

Figure 5. Major elements detected in the inorganic fraction of raw cork and phloem, cork and phloem
biochars, and cork and phloem-activated carbons (AC).

Table 3. Minor elements (ppm) detected in raw cork and phloem biomass, biochars, and activated
carbons (AC).

Elements Cork Cork Biochar Cork AC Phloem Phloem Biochar  Phloem AC
Mo 8.7 8.4 8.3 8.2 79 9.6
Zr 8.4 4.8 0 8.2 10.9 15.4
Sr 68.4 115.8 213.9 95.9 162.5 268.6

U 6.2 6.3 4.2 4.7 5.8 1.4
Rb 3.8 4.3 44 6.3 8.5 9.7
Zn 0 0 28.7 66.1 329 52.4
w 38.8 39.2 10.5 35.3 0 18.6
Cu 459 39.9 41.3 21.9 24.4 35.1
Ni 0 0 0 0 0 33.5
Cr 0 0 0 31.7 0 162.9
\Y 12.0 8.4 0 77.0 72.5 9.9
Ti 2799.1 255.3 295.9 409.9 359.1 766.7
Sc 218.3 398.1 568.3 299.2 438.6 510.4
Ba 0 0 0 0 0 15.0
Sn 16.9 4.0 0 3.5 15.3 0
Cd 20.0 20.9 16.4 20.8 21.2 20.4
Pd 7.7 8.1 6.4 8.1 7.8 6.7
Ag 13.2 5.4 6.0 6.1 3.9 7.2

Nb 12.1 11.3 9.9 10.3 10.0 11.2
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The elemental analysis results indicated cork and biochars had similar inorganic
compositions. Calcium, potassium, and silicon were present in both cork and phloem
biochars in similar ratios, but phloem contained them in a higher amount. Phloem biochars
additionally contained iron and manganese. The mineral content and composition of
biochars may contribute to the steam activation of biochars by catalytic action, leading to a
higher specific surface area and the development of porous structures. Thus, the higher

specific surface areas of phloem ACs compared to cork ACs may be linked with their higher
ash content and ash composition.

3.4. Surface Functional Groups

The surface functional groups of cork, phloem, biochars, and ACs as observed by FTIR
spectroscopy are shown in Figure 6a,b. Cork and phloem exhibited distinct IR absorption
bands in relation to their different chemical composition. The peak at 3300 cm ! is assigned
to stretching of the O-H group due to moisture content and decreases after pyrolysis. The
bands at 2919 cm ! and 2851 cm ! assigned to the C-H stretching of suberin, and the peak
at 1735 cm ™, to the C=0O stretching of suberin, were more prominent in cork than in phloem
due to its elevated suberin content. The decreased intensity of these peaks in biochars
indicates a degradation in the suberin content of cork. The peaks at 1613 em~ 1, 1314 em 1,
780 cm~!, and 511 cm ! are assigned to C-O stretching and C-O bending of calcium oxalate
minerals [52]. The intensity of these peaks increased after pyrolysis with the enrichment
of ash content. The peak at 1033 cm ™!, assigned to C-O stretching and C-O bending in
polysaccharides of cork and phloem, significantly decreased after pyrolysis, indicating
degradation of their polysaccharide fraction. The peaks at 1159 cm~! and at 1259 cm™~!,
assigned to C-O stretching of lignin, also reduced significantly after biochar production.

a

Cork ====- Cork biochar

Phloem =------- Phloem biochar

2919

3950 3450 2950 2450 1950 1450 950 450

Wave number (cm™)

b ——Cork AC Phloem AC

3950 3450 2950 2450 1950 1450 950 450

Wave number (cm!)

Figure 6. FT-IR spectra of: (a) cork, phloem, cork biochar, and phloem biochar; and (b) cork-activated
carbon and phloem-activated carbon (AC).
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Interestingly, the IR spectrum of cork and phloem ACs did not show apparent peaks
like those of untreated biomass and biochars (Figure 6b), indicating the loss of surface
functional groups. This result is in agreement with a previous work of biomass with
physical activation [53] and suggests a lower adsorption capacity compared to chemical-
activated carbons. The weak signals at 1409 cm ™! and 874 cm ™! in cork and phloem
ACs are assigned to C=0 and C-O vibrations due to the presence of CaO and CaCO3
minerals [54], which are in agreement with the results of the mineral composition. The
minor peaks at 550 cm~! and 790 cm ! are assigned to the presence of silica (SiO5) in the
samples [11].

3.5. Thermogravimetric Analysis of Activated Carbons

The results of the thermogravimetric analysis of cork and phloem ACs and commercial
activated carbon are shown in Figure 7. All analyzed ACs had similar mass loss curves
until 450 °C, which is in agreement with previous studies [14,55]. After 450 °C, the ACs had
a faster mass loss, which was possibly linked with their oxidation and devolatilization of
residual volatile matter [14]. The thermal degradation rate was highest in the commercial-
activated carbon, followed by the cork and phloem ACs. The commercial-activated carbon
had the lowest ash content (near zero), while cork and phloem ACs had a substantial
amount of ash (9.9% and 23.3%, respectively) (Table 4). Such high ash content of cork ACs
is comparable to that of ACs produced from waste newspapers [33] and coconut shells [56],
while the ash content of phloem-activated carbon is comparable to low-rank coal ACs [57].

Cork ACTG ——Phloem AC TG Panreac AC TG

——Cork ACDTG ——Phloem AC DTG Panreac AC DTG

120 - 8
A
100 —— 6 E
80 5 ?}
X 2
2 60 I
E "3 8
= 40 -2 5
Doty

20

- e 0 8

0 I
0 100 200 300 400 500 600 700 800
Temperature (°C)

1
—

Figure 7. Comparison of combustion of cork and phloem-activated carbons and commercial-activated
carbon (Panreac AC). Heating rate:10 °C/min.

Table 4. Mass loss for different temperature intervals, burnout temperature, and ash content of cork
and phloem-activated carbons, and of a commercial-activated carbon (AC).

Cork AC Phloem AC Commercial AC
Ash content (%) 9.9 23.3 0
Burnout temperature (°C) 725.8 735.8 639.7
Mass loss (%)
100-400 °C 43 53 6.3
400-650 °C 74.4 58.3 89.4
650-750 °C 8.3 9.9 0

The principal thermal degradation interval was between 400 and 650 °C, where ACs
lost between approximately 60% and 90% of their mass. This result is similar to the
thermal decomposition of rice husk-activated carbon [11]. The mass loss was lower in
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phloem AC, possibly due to its highest ash content. The burnout temperatures of cork and
phloem ACs were significantly higher than those of the commercial-activated carbon, with
approximately 100 °C difference (Table 4). This result suggests cork and phloem ACs are
particularly suitable for high-temperature applications because of their favorable thermal
stability [27]. Thus, they may be used as catalyst supports for hydrogenation reactions [27]
or for the production of vinyl chloride via acetylene hydrochlorination [58,59].

3.6. Methylene Blue and Methyl Orange Adsorption

The results of methylene blue adsorption are shown in Figure 8a. Untreated cork and
phloem showed the highest adsorption of methylene blue (94% after 48 h) and biochars
showed the lowest adsorption (50-65% after 48 h). This result is related to the surface
properties of the adsorbents and the mechanism of the methylene blue adsorption. Previous
studies indicated methylene blue adsorption occured predominantly as chemisorption [60]
and electrostatic attractions, hydrogen bonding, and 7t-7 stacking interactions taking place
during the adsorption [57]. Thus, acidic surface groups of cork and phloem favor the
adsorption of methylene blue. These groups were possibly destroyed during biochar pro-
duction, and therefore, methylene blue adsorption was lower in biochars. However, the
methylene blue adsorption in ACs was higher than in biochars, implying intra-particle dif-
fusion was the rate-limiting step in methylene blue adsorption [61]. Thus, under prolonged
time conditions, methylene blue adsorption by ACs reached a higher value (80-90%). This
result was in agreement with our previous findings with phloem-activated carbon [24]. In
the second stage, phloem ACs adsorb a higher amount of methylene blue than cork ACs
due to their bigger specific surface area.

a . [nstant removal  EmEE 24h removal === 48h removal

—@— Instant adsorption —a&—24h adsorption =~ —®—48h adsorption

100 3
30 2.5 _
L0
& 22
< 60 g
g 15 8
g =
g 40 -
~ 3
20 -
0.5
0 — — — — — - 0
Cork Cork Cork AC Phloem Phloem Phloem AC
biochar biochar
b BPhloem AC W Cork AC
)
P
=
Instant F*
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Removal of methyl orange (%)

Figure 8. (a) Methylene blue adsorption and desorption of cork, cork biochar, cork-activated carbon
(Cork AC), phloem, phloem biochar, and phloem-activated carbon (Phloem AC) at three times (instant,
24 h, 48 h), (b) Comparison of methyl orange removal of cork and phloem-activated carbons (AC).
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Methyl orange adsorption, on the other hand, showed a different trend. Cork, phloem,
cork biochar, and phloem biochar did not adsorb methyl orange even after 48 h. This
result is possibly related to the acidic character of methyl orange dye. On the contrary,
ACs adsorbed methyl orange (Figure 8b). As expected, phloem ACs adsorbed a greater
amount of methyl orange due to their larger specific surface area. This result also suggests
the adsorption of methyl orange occurs as chemisorption and intra-particle diffusion is the
rate limiting step [62].

Both adsorption tests suggest cork and phloem ACs may be used as powdered ac-
tivated carbon (PAC) adsorbents for the adsorption of different materials with variable
acidic or basic character. However, the adsorption process seems to be slow for dyes, and
possibly a week of adsorption time is necessary for complete removal of these materials
from aqueous solutions. The larger surface area of phloem AC is possibly responsible for its
higher dye adsorption properties compared to cork AC. Interestingly, the high ash content
of cork and particularly of phloem AC may be advantageous in adsorption. Calcium and
iron were reported to improve adsorption of ionic compounds [14]. Removal of heavy
metals such as arsenic from aqueous solutions seems to be a promising option for cork and
phloem ACs since arsenic sorption was shown to be enhanced by high-ash-containing and
iron-rich ACs [28,63]. The contribution of the surface chemical groups in ACs is limited
as they are largely lost during thermal activation. However, porous structures develop in
activated carbons, and the adsorption occurs mainly through pore diffusion, which is a
slower process than surface reaction.

3.7. Statistical Analysis

The paired t-test results of adsorption tests indicate cork and phloem-activated carbons
are significantly different (Table 5) with p value smaller than 0.05 and absolute value of t stat
bigger than t critical value. This result confirms the effect of the precursor on the properties
of activated carbons. The overall results imply phloem AC is a better adsorbent than cork
AC for the removal of dyes and should therefore be used primarily for adsorption.

Table 5. Results of paired two sample for means for methylene blue and methyl orange adsorption.

Cork AC Phloem AC
Mean removal (%) 47.99 65.82
Variance 466.70 385.41
Observations 6 6
Pearson correlation 0.94
Hypothesized mean difference 0
df 5
t Stat —5.76
P(T < t) one-tail 0.0011
t Critical one-tail 2.0150
P(T < t) two-tail 0.0022
t Critical two-tail 2.5706

4. Conclusions

Waste cork and phloem fractions of Q. cerris bark were converted to high-ash contain-
ing activated carbons via low-temperature pyrolysis followed by one-step steam activation
at 900 °C. The mesoporous surface properties of cork and phloem ACs are comparable with
those of commercial activated carbon. The phloem fraction produced an AC with a larger
specific surface area than the cork fraction (512 m? g’l and 201 m? g’l, respectively). Cork
and phloem ACs are highly stable at high temperatures. Further research will be under-
taken with Q. cerris cork and phloem biochars regarding chemical activation, determination
of the catalytic action, and hydrogen storage.
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