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Abstract: Quercus cerris phloem is a lignocellulosic waste fraction obtained from bark fractionation.
Biochars are technologically interesting functional materials that may be produced from lignocel-
lulosic solid materials. This study explores the solid material properties of Quercus cerris phloem,
evaluates biochar production from it, and explores its application as an adsorbent. In the first part of
the study, thermogravimetric analysis, SEM microscopy observations, FT-IR spectroscopy, and ICP-
AES analyses were performed on raw Quercus cerris phloem. In the second part of the study, biochars
and activated carbons were produced and their structure, surface functional groups, methylene blue
adsorption properties, and specific surface areas were determined. The results showed that Quercus
cerris phloem is a lignocellulosic solid material that decomposes in a wide temperature range between
265 and 765 ◦C. The activation energy of phloem pyrolysis ranged between 82 and 172 kJ mol−1

in pyrolysis. The mineral composition is mainly calcium (88%) and potassium (4%). The biochar
yield of Quercus cerris phloem ranged between 28% and 42% at different moderate temperature–time
combinations. Raw phloem, phloem biochars, and phloem-activated carbons show high methy-
lene blue removal efficiencies. Methylene blue adsorption follows pseudo-second-order kinetics.
The BET surface areas of Quercus cerris phloem-activated carbons varied between 262.1 m2 g−1 and
317.5 m2 g−1.

Keywords: phloem; Quercus cerris; bark; biochar; ICP-AES; TGA

1. Introduction

Forest wastes are lignocellulosic residues generated by forestry operations that are
often left in the forest or combusted to produce industrial or domestic energy. Tree barks
are among the important contributors to forestry wastes [1,2] and may attain as high as
400 million cubic meters annually in the world given the approximately 3900 million cubic
meters of global wood production in 2020, according to FAO statistics.

Biomass materials have gained interest as renewable energy resources triggered by the
depleting of fossil fuels and environmental concerns related to CO2 emissions from direct
combustion of fossil fuels and biomass [3]. Pyrolysis and gasification have received partic-
ular attention because they reduce CO2 emissions and allow production of energy-valuable
solid, liquid, and gas products, namely biochars, bio-oils, producer gas, or syngas [4].

Biochars are charcoals produced from biomass via pyrolysis, mostly by slow pyrolysis
which is possibly the simplest thermochemical process since it does not require advanced
reactors and product separation devices, and produces biochars at low cost and high
yield [5]. Biochars are interesting porous solid materials that find applications in different
fields such as in soil amendment, in the production of electrode materials, and in the
production of activated carbons [6–8].
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Extensive research has been carried out into wood and other lignocellulosic materials
as raw materials for energy platforms, and into their specific performance in various ther-
mochemical processes [9]. Tree barks have been studied in more recent years and attention
has been given to their more complex structural and chemical composition, namely to the
fact that they contain two types of cellular tissues, the phloem of lignocellulosic nature and
cork, which has suberin as a major structural component [10–12]. The content of cork in
barks depends on the species and may be substantial in some species [13]. This is the case
for Quercus cerris (Turkey oak) which has a bark composed of phloem with substantial cork
fractions [14,15].

The valorization of Q. cerris bark has been considered targeting the cork fractions,
given their commercial value for production of sealants, surfacing, and insulation prod-
ucts [10]. This task requires a trituration of the bark and a fractioning operation that allows
a generation of about 27% of cork but also substantial amounts of waste phloem fractions
with some cork residual content that require some value-added application in order to
contribute to the overall bark valorization [10]. The Q. cerris phloem and cork fractions
have been analyzed previously to determine chemical composition, anatomical features,
and thermochemical degradation [16,17]. Biochars were produced from Q. cerris cork and
phloem under low-temperature slow pyrolysis/torrefaction conditions (200–350 ◦C), which
showed lignite-like properties, and were considered suitable for soil amendment or adsor-
bent materials after steam activation [18]. The use of medium or moderate temperatures
(400–600 ◦C) in slow pyrolysis of phloem fractions is still unknown, and it is expected that
the phloem properties will affect the biochar production regarding yield, biochar properties,
and process efficiency.

This study set out to analyze the phloem waste fraction obtained from Q. cerris bark
regarding pyrolysis properties and biochar production under moderate-temperature slow
pyrolysis conditions. The overall aim is to contribute to the valorization of bark-based
forestry wastes since they are widely available, renewable, and sustainable.

2. Materials and Methods
2.1. Materials

Turkey oak (Quercus cerris) phloem samples were obtained from the bark of trees from
Kahramanmaraş, Turkey, after a pilot-scale mechanical separation. The phloem samples
contained some residual cork tissues [10]. Detailed information on the fractionation of the
bark can be found in the previous article where the same material as that used in the present
study was analyzed [10]. The phloem residues contain 12–23% ash, 5–10% extractives,
3–6% suberin, 32–39% lignin, and 23–45% polysaccharides [16].

In this study, pine cones and pine wood were also analyzed for biochar yield for
comparison’s sake. The pine cones were collected from Pinus pinea trees from Costa de
Caparica, Portugal. Pine wood (Pinus sylvestris) was obtained from Portugal. A total of one
phloem, six biochar, and three phloem-activated carbons were analyzed with two or three
replicates as detailed in the following sections.

2.2. Methods
2.2.1. Thermogravimetric Analysis

Pyrolysis experiments on the phloem sample with 250–420 µm particles were con-
ducted using a thermogravimetric analyzer with a differential scanning calorimetry sensor,
alumina pans, and a nitrogen flow rate of 55 mL min−1. Approximately 5 mg of phloem
was used with the following heating program: isothermal at 40 ◦C for 5 min; a linear
heating step until 800 ◦C with heating rates of 10, 15, and 30 ◦C min−1; and a final cooling
step of 50 ◦C min−1 [19]. The heat evaluation of the phloem sample was detected by a DSC
sensor at a 10 ◦C min−1 heating rate.
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2.2.2. Kinetic Analysis of Phloem Pyrolysis

Kinetic analysis of the phloem pyrolysis was carried out first by applying the isocon-
versional Vyazovkin method [20]. The objective function Ω = ϕ(Ea) is minimized in three
heating rates of 10, 15, and 30 ◦C min−1 [21,22] (Equation (1)).

The temperature integral (I) was calculated using the Senum and Yang approximation
(Equations (2) and (3)).

ϕ (Ea) = ∑n
i=1 ∑n

j 6=i
I (Ea, Ta, i) βj
I(Ea, Ta, j) βi

(1)

I (Ea, Ta) =
x3 + 18 x2 + 88x + 96

x4 + 20x3 + 120x2 + 240x + 120
(2)

x =
E

RT
(3)

In these equations, i and j represent heating rates, n is the number of heating rates, β
is the heating rate (◦C min−1), a is the conversion, Ea is the activation energy (J mol−1), R is
the universal gas constant (8.314662 J K−1 mol−1), and T is the temperature (K).

In addition to the above-mentioned isothermal method, a first-order pseudocompo-
nent model fitting method was also tested to calculate the activation energy and to compare
the different kinetic methods [19]. The pseudocomponent model fitting method assumes
that biomass chemical components undergo independent parallel degradations during the
pyrolysis, and that the overall mass loss is a sum of the mass loss of each pseudocomponent
with the following equation:

dα
dt

= ∑n
i=1 ci ×Ai × e−

Eai
RT × f(αi) (4)

where ci are biomass fractions and n is the number of pseudocomponents.

2.2.3. FT-IR Analysis

The phloem samples (particles under 180 µm) of Quercus cerris 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 Bruker FT-IR spectrometer in the range of
4000–400 cm−1 with a spectral resolution of 4 cm−1.

2.2.4. ICP-AES Analysis

The mineral composition of phloem was evaluated through an Argon ICP-AES (In-
ductively Coupled Plasma Atomic Emission Spectrometer, Horiba Jobin Yvon, ULTIMA
sequential ICP) with a Czerny–Turner monochromator operating at 40.68 MHz. Before the
ICP-AES analysis, phloem was combusted at 550 ◦C until constant weight. The phloem
ashes were dissolved in nitric acid (50% v/v) at 90 ◦C for 30 min and filtered. The filtrate
volume was adjusted to 100 mL with MilliQ water before the ICP-AES analysis.

2.2.5. Calculation of Slagging/Fouling Indices

Predictive slagging/fouling indices were calculated using the mineral oxide percent-
ages of the phloem char ash including Fe2O3, CaO, MgO, Na2O, K2O, SiO2, Al2O3, and
TiO2 [23,24]. Base-to-acid index (B/A) was calculated using Equation (5).

B
A

=
Fe2O3 + CaO + MgO + Na2O + K2O

SiO2 + Al2O3 + TiO2
(5)

Silica ratio (Sr) was calculated according to Equation (6).

Sr =
SiO2

SiO2 + CaO + MgO + Fe2O3
∗ 100 (6)



Environments 2023, 10, 71 4 of 17

Sintering index (SI) was calculated using Equation (7).

SI =
CaO + MgO
Na2O + K2O

(7)

Bed agglomeration index (BAI) was calculated using Equation (8).

BAI =
Fe2O3

Na2O + K2O
(8)

Silica to alumina ratio (S/A) was calculated by applying Equation (9).

S
A

=
SiO2

Al2O3
(9)

Total alkali content (TA) was calculated using Equation (10).

TA = Na2O + K2O (10)

2.2.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) analyses were performed on phloem and phloem-
activated carbon samples using a Hitachi S2400 electron microscope under an accelerating
voltage of 20.0 kV.

2.2.7. Moderate Temperature Isothermal Slow Pyrolysis

Slow pyrolysis experiments were conducted isothermally in an oven at temperatures
between 400 ◦C and 600 ◦C and between 0.5 and 1.5 h residence time. The phloem samples
of 420–840 µm were weighed, placed in the oven and sealed to prevent air entrance during
the pyrolysis experiments. After the pyrolysis time was over, the samples were cooled in a
desiccator, weighed and biochar mass yields were calculated on an as-received basis.

2.2.8. Steam Activation of Phloem Biochars

Activated carbons were produced from the previously produced phloem biochars
at 400 ◦C and 600 ◦C via steam activation. The biochars were ground down to 180 µm
and water-soaked for 1 h (phloem to water mass ratio 1:2 for biochar and deionized water,
respectively) and activated under oxygen-lean conditions at 900 ◦C and 7 min reaction
time [18].

2.2.9. Methylene Blue Adsorption

Methylene blue is a cationic dye used in a number of applications in textile, leather,
and medical industries [25]. The methylene blue adsorption tests were applied to assess
the adsorption ability of the raw phloem, phloem biochars, and phloem activated carbons.
Approximately 25 mg of biomass sample was placed in a test tube, and 5 mL of a MB
aqueous solution (15 mg/L) was added. The tube was shaken for 3 s (Heidolph REAX top
shaker) and the mixture was centrifuged at 5000 rpm for 5 min (Hettich EBA 20) before
the adsorption tests for instant (5 min), 24 h, 48 h, 72 h, and 168 h adsorption time. The
methylene blue concentration of the dye in the solution was determined using UV–Vis
spectrophotometry (Pharmacia LKB-Novaspec II) at 664 nm [18].

2.2.10. Methylene Blue Adsorption Kinetics

Methylene blue adsorption kinetics on raw phloem, phloem biochars, and phloem
activated carbons were calculated considering pseudo-first-order and pseudo-second-order
kinetics [26].

The pseudo-first-order kinetics (PFO) were calculated using Equation (11).

dqt/dt = k1
(
qe − qt

)
(11)
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where qt and qe are the amount of dye adsorbed at time t and at equilibrium, and k1 (h−1)
is the pseudo-first-order rate constant.

The pseudo-second-order kinetics (PSO) were calculated using Equation (12).

dqt/dt = k2
(
qe − qt

)̂
2 (12)

where qt and qe are the amount of dye adsorbed at time t and at equilibrium, and k2
(g mg−1 h−1) is the pseudo-first-order rate constant.

2.2.11. BET Surface Area of Activated Carbons

The nitrogen porosimetry analysis of the activated phloem biochar was performed in
a Micromeritics porosimeter (model ASAP 2010) 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).

2.2.12. Statistical Analysis

A one-way ANOVA test was carried out (α = 0.05) to evaluate if there was a significant
difference between the biochar yields of Quercus cerris phloem under different temperature–
time conditions.

3. Results
3.1. Surface Characteristics of Quercus cerris Phloem

The surface of the phloem particles is shown in Figure 1. The surface of the phloem is
mainly non-porous (Figure 1a) and it has a high surface roughness (Figure 1b).
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The FT-IR analysis results of raw Quercus cerris phloem are shown in Figure 2. Three
major functional groups are present. The peak at 3600 cm−1 is attributed to stretching
of O-H groups of moisture and carboxylic acids. The peaks at 2909 and 2842 cm−1 are
assigned to asymmetric and symmetric C-H vibrations of phloem extractives and of suberin
in cork residues, respectively. The intense peak at 1609 cm−1 is attributed to C-O stretching
of calcium oxalate. The minor peak at 1383 cm−1 is assigned to C-H stretch of syringyl
lignin, the peak at 1310 cm−1 is assigned to C-O stretch in calcium oxalate, and the peak at
1023 cm−1 is attributed to C-O stretch of phloem polysaccharides [27]. These surface groups
are responsible for the acidic, basic, hydrophobic, or hydrophilic properties (reactivity) of
the phloem. The functional groups of phloem biochars and phloem activated carbons are
discussed in Section 3.7.
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Figure 2. FT-IR spectra of Quercus cerris raw phloem, phloem biochar (C50060), and phloem-activated
carbon (AC500).

3.2. Mineral Composition of Quercus cerris Phloem

The mineral composition of Quercus cerris phloem determined by ICP-AES analysis
is shown in Table 1. Calcium is the main element present in the phloem which makes up
approximately 88% of all detected minerals. Phloem also contains significant amounts of
potassium, magnesium, and iron, and, in lower amounts, aluminum and silicon. A number
of trace elements are also present in the phloem including strontium, boron, titanium,
and zinc.

Quercus cerris phloem does not contain a high amount of acidic ash components such
as aluminum, silicon, and titanium but contains a high amount of basic ash components
such as calcium, potassium, iron, etc. These minerals affect the combustion properties of
biochars, particularly by creating slagging or fouling problems in combustion systems.
The results of the calculated slagging/fouling indices (Table 2) of Quercus cerris phloem
showed that combustion of phloem or phloem biochars is likely to result in fouling or
slagging in the furnace or boilers. On the other hand, ash sintering or bed agglomeration is
not predicted.
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Table 1. ICP-AES results of phloem ash.

Elements mg/kg of Phloem Ash % of Minerals

Al 139.4 ± 12.8 1.37
B 2.5 ± 0.2 0.02

Ba 25.6 ± 1.5 0.25
Ca 8979.9 ± 271.2 88.03
Fe 172.2 ± 2.4 1.69
K 415.7 ± 3.8 4.08

Mg 175.8 ± 10.4 1.72
Mn 71.6 ± 0.4 0.70
Na 56.0 ± 8.0 0.55
Ni 2.5 ± 0.4 0.02
P 36.7 ± 0.7 0.36
Si 95.7 ± 3.2 0.94
Sr 21.1 ± 0.3 0.21
Ti 3.4 ± 0.1 0.03
Zn 3.4 ± 1.6 0.03

Total 10,201.5

Table 2. Predictive slagging/fouling indices of Quercus cerris phloem.

Index Slagging/Fouling Potential

Base to acid (B/A) 28.86 Severe slagging [28]
Silica ratio (Sr) 1.54 High slagging [28]
Sintering (SI) 22.31 Sintering not likely [29]

Bed agglomeration (BAI) 0.43 Bed agglomeration not likely [28]
Silica to alumina (S/A) 0.78 High slagging/fouling [24]

Total alkali (TA) 4.00 High slagging/fouling [24]

3.3. Pyrolysis Behavior and Kinetics of Quercus cerris Phloem

The pyrolysis of Quercus cerris phloem shows typical lignocellulosic thermal degrada-
tion (Figure 3). Significant mass loss starts at approximately 280 ◦C with a fast devolatiliza-
tion until 370 ◦C and then becomes slower until 600 ◦C [30]. The char oxidation reaction
occurs between 475 ◦C and 665 ◦C.
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The heat flow of phloem pyrolysis proceeds as an endothermal process until char
oxidation and later becomes exothermic which renders the overall reaction exothermic
(Figure 4).
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Figure 4. Heat flow profile of Quercus cerris phloem during pyrolysis determined by a DSC sensor
(heating rate: 10 ◦C/min).

The kinetic analysis of phloem pyrolysis by the Vyazovkin method showed that
phloem has an activation energy of approximately 172 kJ mol−1. The activation energy
calculated by Vyazovkin method shows that phloem is stable until 65% of conversion
(520 ◦C) with an average activation energy of 170 kJ mol−1 which corresponds to its
main devolatilization range. After that conversion, the activation energy increases up to
210 kJ mol−1 in the char oxidation step (Figure 5). The pseudocomponent model fitting
resulted in an activation energy of 82 kJ mol−1 which was approximately half of the
isoconversional value. The fitting of the data was good (Figure 6) implying that the results
of the applied kinetic methods vary.
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Figure 6. First-order pseudocomponent model fitting of phloem pyrolysis (heating rate: 10 ◦C/min).

3.4. Biochar Yield

Moderate-temperature slow pyrolysis of Quercus cerris phloem results in approxi-
mately 29–42% biochars at temperatures between 400 and 600 ◦C (Figure 7a). The biochar
yield decreases considerably when the pyrolysis temperature is increased from 400 ◦C to
500 ◦C. On the other hand, at 600 ◦C, Quercus cerris phloem still produces approximately
30% biochar. The biochar yield was similar between 30 min and 60 min pyrolysis time
(approximately 33%) at 500 ◦C but it reduces to 28% when the pyrolysis time is extended
to 150 min (Figure 7b). Interestingly, Quercus cerris phloem results in higher biochar yield
than other forest residues (pine cones) and pine wood (Figure 5c). The high biochar yield
of phloem is a promising factor in the economic evaluation of bark-based lignocellulosic
wastes. The one-way ANOVA test revealed that there was no significant difference in
biochar yields of Quercus cerris phloem between the different pyrolysis temperature–time
conditions.
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Figure 7. Biochar yields after moderate temperature pyrolysis of Quercus cerris phloem: (a) compari-
son of biochar yields at different temperatures (residence time: 60 min), (b) comparison of biochar
yields at different residence times (final pyrolysis temperature: 500 ◦C), and (c) comparison of biochar
yields of Quercus cerris phloem with pine cones and pine wood (final pyrolysis temperature: 500 ◦C).
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3.5. Methylene Blue Adsorption

Biochars are frequently used as adsorbent materials to remove dyes, heavy metals,
or other pollutants from water. Methylene blue is a basic dye used to assess the dye
adsorption capacity of different solid materials. The results of the dye adsorption capacity
of raw phloem and phloem biochars are shown in Figures 8 and 9. The results demonstrate
that untreated phloem is a better adsorbent of methylene blue with the shorter contact
times but later, after 1 week, biochars surpass the removal efficiency by reaching 91–99%
removal (Figure 8). Biochars exposed to a higher temperature during pyrolysis showed
better methylene blue removal efficiency while the pyrolysis time did not show a significant
effect on methylene blue removal.
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Figure 8. Methylene blue removal efficiencies of Quercus cerris phloem and chars produced under
different conditions: Untreated—raw phloem; C40060—char produced at 400 ◦C and 60 min residence
time; C50060—char produced at 500 ◦C and 60 min residence time; C60060—char produced at 600 ◦C
and 60 min residence time; C500150—char produced at 500 ◦C and 150 min residence time; C50090—
char produced at 500 ◦C and 90 min residence time; C50030—char produced at 500 ◦C and 30 min
residence time.
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Figure 9. Methylene blue removal efficiencies of Quercus cerris phloem and activated carbons:
Untreated—untreated phloem; AC400—activated carbon produced from C40060 phloem biochar;
AC600—activated carbon produced from C60060 phloem biochar.
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Interestingly, the activated carbons produced from phloem also showed lower methy-
lene blue removal efficiencies than raw phloem for short contact time, but after 1 day they
already showed better methylene blue removal. The phloem-activated carbons reached
a total removal of methylene blue after 1 week compared to 94% removal of raw phloem
(Figure 9).

The adsorption of methylene blue on phloem biochars and phloem-activated carbons
followed pseudo-first-order and pseudo-second-order kinetic models (Table 3). The pseudo-
second-order better described the methylene blue adsorption with greater R2 values.

Table 3. Pseudo-first-order and pseudo-second-order kinetics of methylene blue adsorption of
Quercus cerris phloem, biochars, and activated carbons.

Biomass C40060 C50060 C60060 C500150 C50090 C50030 AC400 AC600 Untreated

k1 0.0126 0.0152 0.0167 0.0194 0.0179 0.0282 0.0454 0.1603 0.0058
R2 0.93 0.96 0.97 0.98 0.98 0.99 0.88 0.93 0.93

k2 0.5365 0.0258 0.6663 0.4491 0.4739 0.3515 0.0719 0.0040 0.0070
R2 0.98 0.98 0.95 0.98 0.98 0.98 0.99 0.99 0.99

3.6. BET Surface Area of Activated Carbons

The surface area of activated carbons is among the most important parameters in
adsorption and in the production of electrode materials from biochars. The results showed
that the BET surface area of phloem-activated carbon produced from biochars pyrolyzed
at 400 ◦ is 262.1 m2 g−1 while the surface area of phloem-activated carbon produced
from biochars pyrolyzed at 600 ◦C is 317.5 m2 g−1 (Table 4). These results indicate that
steam activation was efficient. The nitrogen adsorption isotherms of phloem-activated
carbons were similar and showed type IV adsorption isotherms according to the IUPAC
classification (Figure 10).

Table 4. Pore properties of phloem-activated carbons.

Activated Carbons AC400 AC600

BET surface area
(m2 g−1) 262.1 317.5

Total pore volume
(BJH adsorption, cm3 g−1) 0.04 0.05

Total pore volume
(BJH desorption, cm3 g−1) 0.04 0.04

Total pore volume at adsorption
(p/p◦ = 0.99, cm3 g−1) 0.14 0.16

Total pore volume at desorption
(p/p◦ = 0.99, cm3 g−1) 0.14 0.16

Average pore width
(BJH adsorption, nm) 19.02 6.77

Average pore width
(BJH desorption, nm) 36.34 7.93

Average pore diameter
(4V/A by BET adsorption, nm) 2.12 2.02

Average pore diameter
(4V/A by BET desorption, nm) 2.12 2.02

3.7. Surface Characteristics of Biochars and Activated Carbons

The surface groups of the phloem biochars and phloem-activated carbons are shown in
Figure 9. The phloem biochars retained their structure after the pyrolysis. They contained
cork impurities and calcium carbonate crystals (Figure 11a). Interestingly, pits between
the phloem cells did not alter their structure (Figure 11b) and possibly play a role in the
activation of phloem biochars. The phloem-activated carbons, on the other hand, were
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subject to thermal degradation (Figure 11c,d). The mineral content of the phloem remained
in the activated carbons which were mostly calcite (sharp-edged smaller particles with light
colour) and silica (a large amorphous particle with light colour) (Figure 11c). The steam
activation created micropores in the phloem particles (Figure 11d).
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Figure 10. Nitrogen adsorption isotherm of phloem-activated carbon AC600.
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(AC500, (c,d)). 

The  FT‐IR  results  (Figure  2)  of  phloem  biochars  and  phloem‐activated  carbon 

showed that the O‐H stretch at 3456 cm−1 decreased in the biochars and phloem‐activated 

carbons which is linked with the loss of moisture. The C=O and C‐O stretching bands at 

1736 cm−1 and 1622 cm−1 also decreased in biochars, implying that residual suberin and 

phloem polysaccharides underwent degradation during moderate‐temperature slow py‐

rolysis. In phloem biochars, three additional peaks appeared after biochar production at 

1438 cm−1, 875 cm−1, and 713 cm−1. These peaks had already decreased in  intensity after 

activated carbon production and were assigned  to calcium carbonate  (calcite) which  is 

possibly formed after CO release from calcium oxalate minerals of phloem during the py‐

rolysis. 

4. Discussion 

Quercus cerris phloem  is a  lignocellulosic solid waste with high ash content that  is 

obtained in high amounts during bark fractionation for cork retrieval [16]. The thermo‐

gravimetric analysis showed that phloem degrades in a wide range of temperatures pos‐

sibly because of its high lignin content [14]. Lignin is known to be highly stable at elevated 

temperatures [31,32]. The heat flow profile of Quercus cerris phloem suggests that lignin 

and hemicelluloses degradation becomes significant in the high‐temperature range since 

the pyrolysis of  these components  is reported  to be exothermic  [33].  It  is possible  that 

charring  reactions of cellulose also contribute  to  the exothermicity of  the  reaction  [34]. 

Interestingly, the exothermicity of phloem pyrolysis is similar to that of cork [35]. These 

results imply that pyrolysis behavior of different barks could be modeled using cork and 

phloem as representative components. The activation energy of phloem is variable and 

ranged most likely between 72 kJ mol−1 and 172 kJ mol−1. The variable activation energy of 

phloem at different conversions indicates that it is a multi‐step process [36], which is in 

agreement with the thermogravimetric results and the chemical analyses. 

The surface of the phloem has high roughness and contains acidic and basic surface 

functional groups which are subject to thermal degradation or alteration during pyrolysis. 

The surface features of the phloem surface make it a favorable material for biochar pro‐

duction because micropores and mesopores are likely to develop from these surfaces dur‐

ing pyrolysis. The porous surface of biochars was shown to be important in soil amend‐

ment or adsorbent applications [37,38]. 

The ash of Quercus cerris phloem is mainly composed of calcium followed by potas‐

sium, magnesium, and iron. The high calcium content is a distinct feature of barks and 

Quercus cerris bark contains calcium in the upper reported range [23]. Small amounts of 

trace elements are also present. 

Figure 11. Surface structure of phloem biochars (C50060, (a,b)) and phloem-activated carbons
(AC500, (c,d)).

The FT-IR results (Figure 2) of phloem biochars and phloem-activated carbon showed
that the O-H stretch at 3456 cm−1 decreased in the biochars and phloem-activated carbons
which is linked with the loss of moisture. The C=O and C-O stretching bands at 1736 cm−1

and 1622 cm−1 also decreased in biochars, implying that residual suberin and phloem
polysaccharides underwent degradation during moderate-temperature slow pyrolysis. In
phloem biochars, three additional peaks appeared after biochar production at 1438 cm−1,
875 cm−1, and 713 cm−1. These peaks had already decreased in intensity after activated
carbon production and were assigned to calcium carbonate (calcite) which is possibly
formed after CO release from calcium oxalate minerals of phloem during the pyrolysis.

4. Discussion

Quercus cerris phloem is a lignocellulosic solid waste with high ash content that is
obtained in high amounts during bark fractionation for cork retrieval [16]. The thermogravi-
metric analysis showed that phloem degrades in a wide range of temperatures possibly
because of its high lignin content [14]. Lignin is known to be highly stable at elevated
temperatures [31,32]. The heat flow profile of Quercus cerris phloem suggests that lignin and
hemicelluloses degradation becomes significant in the high-temperature range since the
pyrolysis of these components is reported to be exothermic [33]. It is possible that charring
reactions of cellulose also contribute to the exothermicity of the reaction [34]. Interestingly,
the exothermicity of phloem pyrolysis is similar to that of cork [35]. These results imply
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that pyrolysis behavior of different barks could be modeled using cork and phloem as
representative components. The activation energy of phloem is variable and ranged most
likely between 72 kJ mol−1 and 172 kJ mol−1. The variable activation energy of phloem at
different conversions indicates that it is a multi-step process [36], which is in agreement
with the thermogravimetric results and the chemical analyses.

The surface of the phloem has high roughness and contains acidic and basic surface
functional groups which are subject to thermal degradation or alteration during pyrolysis.
The surface features of the phloem surface make it a favorable material for biochar produc-
tion because micropores and mesopores are likely to develop from these surfaces during
pyrolysis. The porous surface of biochars was shown to be important in soil amendment or
adsorbent applications [37,38].

The ash of Quercus cerris phloem is mainly composed of calcium followed by potas-
sium, magnesium, and iron. The high calcium content is a distinct feature of barks and
Quercus cerris bark contains calcium in the upper reported range [23]. Small amounts of
trace elements are also present.

Biochar production from Quercus cerris phloem seems to be a promising path not only
for reducing the waste content but also for producing functional biochars. A moderate
temperature pyrolysis is required to produce the biochars. The utilization potential of
phloem for biochar production requires an estimation of biochar yields. The biochar yields
of Quercus cerris phloem ranged between 28% and 42% under moderate-temperature (400–
600 ◦C) conditions. Higher temperatures and residence times reduce the biochar yield
(Figure 12). It should be noted that these values are valid only for small sample sizes. More
experiments are needed to evaluate the biochar yield from other Quercus cerris phloem
materials and from phloem of other species.
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Figure 12. Comparison of biochar yields (% inside the bubble) of Quercus cerris phloem obtained with
different time–temperature conditions.

Biochars have a wide range of utilizations including solid fuels, soil amendment
materials, adsorbents, and activated carbon precursors [37]. The fuel uses of raw phloem
and phloem chars should be undertaken with caution as the mineral oxides in the phloem
are likely to create slagging or fouling problems in the combustors. Soil amendment seems
to be a viable route for phloem biochars as they become carbon-rich after the pyrolysis
devolatilization. The mineral content of phloem also suggests soil amendment applications
considering its potassium and calcium content. It should also be noted that phloem biochars
cannot be considered as fertilizers alone due to their low content of nitrogen [39]. Raw
phloem and biochars have low surface area but they may be used as adsorbents because
they have surface active groups which are likely to play a role in chemisorption [40]. The
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high methylene blue adsorption of raw phloem and phloem biochars is encouraging and
occurs close to the adsorption of activated carbons [18]. These solid materials might be
applied to remove cationic dyes or heavy metals in low concentrations [41,42]. In fact, one
of the most interesting applications of natural adsorbents is in removing pollutants in low
concentrations because they are low-cost and efficient [25,43].

The production of activated carbons is perhaps the most interesting path in the val-
orization of waste phloem as they can be used both as adsorbents or as electrode materi-
als [44]. A single-step steam activation seems to be efficient in producing activated carbons
with comparable specific surface areas from phloem with other lignocellulosic materials acti-
vated chemically [45]. The activated carbons showed total removal of methylene blue which
validated their efficiency. It is possible that the heterogeneous structure of phloem biochars
and the presence of residual cork in the samples affect the adsorption efficiency [18]. It is
also likely that steam activation also contributes to methylene blue adsorption by creating
surface oxygen groups. The methylene blue removal by the activated carbons fitted well
with pseudo-second-order kinetics implying that the rate-limiting step is chemisorption
and that liquid film diffusion, surface adsorption, and intra-particle diffusion coexist in
the adsorption [46,47]. The pseudo-second-order kinetics better described the methylene
blue adsorption with greater R2 values. This result is in agreement with previous reports
on methylene blue adsorption on biochars [41,48].

5. Conclusions

The following conclusions can be derived from this study:

1. Quercus cerris phloem is a renewable and sustainable lignocellulosic solid material,
that may have various valorization pathways.

2. The ash content of Quercus cerris phloem is high and composed mainly of calcium
(88%) and potassium (4%) which are likely to cause slagging and fouling problems in
combustion.

3. Quercus cerris phloem decomposes in a wide temperature range between 265 ◦C and
765 ◦C.

4. The activation energy of Quercus cerris phloem pyrolysis ranges between 82 kJ mol−1

and 172 kJ mol−1.
5. The biochar yield of Quercus cerris phloem under moderate temperatures (400–600 ◦C)

ranges between 28% and 42%.
6. Raw Quercus cerris phloem, phloem biochars, and phloem-activated carbons show

high methylene blue removal efficiencies. Methylene blue adsorption follows pseudo-
second-order kinetics.

7. The specific surface area of Quercus cerris phloem-activated carbons ranged between
262 m2 g−1 and 318 m2 g−1 indicating that the steam activation was efficient.
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