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ABSTRACT

This work aims to use activated carbon from industrial cork waste as a novel method for gly-
cerol removal from crude biodiesel produced using waste cooking oil, combining two resi-
dues to obtain both high-quality biodiesel and highly adsorbent activated carbon. The study
first optimizes the biodiesel production conditions, achieving the highest ester yield at 30°C,
with a 1:9 oil-to-ethanol molar ratio, 1wt.% NaOH catalyst, and a reaction time of 1h.
Additionally, activated carbons were prepared and characterized from cork waste, showing
significantly higher BET surface areas than the raw material. The most promising cork-based
materials were then applied to optimize glycerol removal from crude biodiesel through
adsorption. A preliminary study identified milled raw cork and its KOH-activated carbon
(SBET = 2057 mz/g) as the most effective. Kinetic and equilibrium studies demonstrated that
optimal glycerol removal was achieved after 6 h at 25 °C using 2 wt.% of KOH-activated cork-
based adsorbent, resulting in 88% glycerol removal and a final glycerol content of
0.017 wt.%. These findings demonstrate that cork waste-derived activated carbon is highly
effective for biodiesel purification, successfully meeting the quality specifications required by
European Standard EN 14214:2012+A2:2019 and offering an innovative solution for waste

ARTICLE HISTORY
Received 13 February 2025
Accepted 5 June 2025

KEYWORDS

Biodiesel purification;
glycerol removal; adsorption
equilibrium; adsorption
kinetics; activated carbon

valorization and sustainable fuel production.

Introduction

Global energy consumption has risen over the past
few decades, and the International Energy Agency
predicts that the energy demand will increase by
50% by 2030 [1]. This surge in demand, coupled
with the limited supply of fossil fuels and the envi-
ronmental problems associated with their use, has
led researchers to explore alternative energy sources.
Among these alternatives, biofuels have emerged as
a promising option, and biodiesel, in particular, has
gained much attention [2].

Biodiesel is a renewable energy source produced
from various resources, including waste cooking oil
(WCO), oily sludge from factories, and discarded ani-
mal fats [3]. Compared to petroleum-derived diesel,
biodiesel has lower carbon emissions and is more
environmentally friendly. It is renewable, biodegrad-
able, non-toxic, sulfur-free, and aromatic carcinogen-
free. While biodiesel costs are currently higher than
petroleum diesel, using WCO as a feedstock can

reduce the cost significantly, since it is 25% to 40%
of the edible oil price [4].

The most common method for producing bio-
diesel is through the transesterification reaction,
which converts oils or free fatty acids into alkyl
esters and glycerol [5]. The properties of biodiesel
depend on the feedstock used, and it must meet
specific standards, such as the European Standard
EN 14214:2012+A2:2019 [6]. This standard defines
characteristics that determine the behavior of bio-
diesel combustion in an engine and the methods
used to determine those parameters. To meet these
specifications, the biodiesel produced must be puri-
fied to remove impurities such as glycerol, which
must be no more than 0.02 wt.%.

There are two standard methods of purifying bio-
diesel: wet and dry washing. More traditional wet
washing methods are often used to remove excess
contaminants and other remaining products from
biodiesel. In this method, for every liter of biodiesel,
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almost 10L of wastewater is produced [7,8].
However, adding additional water to the process has
several disadvantages, including generating a high
amount of chemically unsuitable effluent for dis-
charge into any body of water, increased cost, and
production time. Additionally, wet washing allows
emulsions that prevent the esters from separating
and the formation of free acids and soap [9].

Dry-washing processes use adsorbents or ion
exchange resins to purify biodiesel. These processes
rely on filtration, physical adsorption, or ion
exchange. It offers several advantages, such as better
fuel quality, easier process integration, and shorter
operation time [10]. Compared to wet washing, dry-
washing processes are more efficient and cost-
effective. They produce higher-quality biodiesel,
require less time to operate, and do not generate
any wastewater, making them a more environmen-
tally friendly option [11].

Several studies have been conducted on biodiesel
purification by adsorption. Materials like magnesol
and rice husk ash [12], oil palm empty fruit brunch
[13], and modified commercial adsorbents [14] have
shown promising outcomes in biodiesel purification.
They have acidic or basic adsorption sites with a
strong affinity with polar compounds such as etha-
nol, glycerol, metals, and soap [15].

Recent studies of biodiesel purification through
adsorption utilize biodiesel characterized by a low
glycerin  concentration, such as 0.0301 and
0.064 wt.% in the works of Alves et al. and Paschoal
et al. respectively [11,16]. However, a notable gap
exists in studies addressing biodiesel produced from
WCO, characterized by significantly higher glycerin
content and increased impurities. This knowledge
disparity underscores the need for adsorbents with
enhanced adsorption capacities to remove these
impurities efficiently, meeting the stringent require-
ments outlined in the European Standard EN
14214:20124-A2:2019 [6].

Alves et al. [11] studied biodiesel purification
through adsorption using sugarcane bagasse as an
adsorbent and showed that this method can purify
the produced ester according to the standard
requirements. Sandouga et al. [17] also studied the
purification step and removed all glycerol from bio-
diesel using olive cake residues as adsorbent.

Cork is an environmentally friendly and renewable
resource that has been increasingly used as an
adsorbent in recent years. Its high porosity and spe-
cific surface area make it an effective material for
removing pollutants from water and air [18]. The
unique porous structure of cork has received the
attention of researchers in various fields, including
its potential as an adsorbent for pollutants such as
heavy metals, organic compounds, and dyes. In

addition to the effectiveness of the cork, its low cost,
biodegradability, and ease of regeneration make it
an attractive alternative to traditional adsorbents
[19]. Additionally, Portugal leads the globe in cork
production, supplying about 100,000 tonnes annu-
ally, accounting for 55% of the worldwide output
[20]. Ongoing research is focused on optimizing cork
adsorption capacity and performance. The homoge-
neous porous structure of cork has also made it a
valuable material for activated carbon (AC) synthesis.
Its ability to maintain structure under high-
temperature conditions creates numerous diffusion
channels and a high surface area, which is advanta-
geous in adsorption [18,21,22]. Furthermore, bio-
based carbon materials possess expansive surface
areas, diverse structures, and customizable proper-
ties, all at an affordable cost. Additionally, the abun-
dance of available bio-based waste presents a
significant opportunity for achieving sustainability in
material utilization [23].

This study investigates the viability of cork and
cork-derived activated carbons for biodiesel purifica-
tion, filling a gap in existing literature. Leveraging
the abundance of cork waste in Portugal, it proposes
dry washing as an alternative to conventional meth-
ods, analyzing adsorption kinetics and isotherms. A
detailed description of the dry-washing methodology
can be found in a previous review paper [24]. The
purposes of the present work were: (1) to optimize
biodiesel production, (2) to study the production
and characterization of activated carbons from cork
waste, and (3) to select and optimize the most
effective cork waste-based adsorbent for glycerol
removal from biodiesel.

Materials and experimental methods
Waste cooking oil characterization

The fatty acid profile of WCO was analyzed using a
Shimadzu Nexis GC-2030 gas chromatography sys-
tem equipped with an FID detector, an I0C-20i auto-
matic injection system, and an OPTIMA® BioDiesel F
capillary column. The sample preparation involved
dissolving 25mg of WCO in a KOH (+88.5%,
Pronlab) solution, heating it at 90°C, cooling it, and
then adding BF3; (Sigma Aldrich) in methanol
(+99.8%, Fischer Scientific) before reheating. After
cooling again, an internal standard solution was
added, followed by a saturated sodium chloride
(+99%, Panreac) solution. The mixture was stirred
and centrifuged at 3000 rpm for 5min. The upper
phase was collected, dried with anhydrous sodium
sulfate (Carlo Erba), and analyzed by gas
chromatography.



Biodiesel production by transesterification

Biodiesel was produced via transesterification using
WCO and ethanol (+99%, Carlo Erba) as feedstock,
with NaOH (+98%, Honeywell) as the catalyst. The
process was tested at 30°C, 45°C, and 60°C, with
oil-to-alcohol molar ratios of 1:6, 1:7.5, and 1:9 to
maximize fatty acid ethyl ester's (FAEEs) yield.
Catalyst loading was fixed at 1wt.% of the oil mass,
as recommended by Oraegbunam et al. [25].

The reaction lasted 1 h, after which excess ethanol
was removed using a rotary evaporator (150 mbar,
45°C for 0.5h). Lastly, decantation separated
the lighter phase (biodiesel) from the heavier
phase - glycerol and other impurities. The FAEEs
yield of biodiesel was measured through gas
chromatography following the European Standard
EN 14103:2020 [26].

Activated carbon production and
characterization

The adsorbents were produced through a two-step
carbonization of milled raw cork waste (Amorim
Cork Composites Industry) with KOH activation. Four
types of activated carbon were prepared following
Wang et al. [19]. First, 4g of milled cork was carbon-
ized in a muffle furnace (Thermolyne 6000, 550 °C, 1
or 2h, 10°C/min heating rate), producing CC1 and
CC2, respectively. Next, CC1 and CC2 were mixed
with KOH in a 1:5 (CC:KOH) weight ratio and sub-
jected to a second carbonization at 750°C for 2h,
yielding CCB1 and CCB2. The final products were
washed with 0.1 M HCI (+37%, Honeywell) and dis-
tilled water to neutral pH, then dried overnight at
100°C. A preparation flowchart is available in the
supplementary material.

All prepared materials were characterized by the
experimental determination of the surface area,
elemental composition, pH at point of zero charge
(pHpzc), spectrophotometric analysis using FT-IR, and
thermogravimetric analysis (TGA).

The N, adsorption-desorption measurements
needed to quantify the surface area were performed
at 77K using Quantachrome NOVATOUCH LX2.
Before the experiments, all materials were degassed
at 120°C for 6h. The surface area was calculated
using the BET (Brunauer, Emmett, and Teller) model
and t-plot method to determine micropore surface
area.

Elemental composition was determined using a
CHNS analyzer (Flash 2000, Thermo Fisher Scientific)
with a thermal conductivity detector, operating in an
oxidation/reduction reactor at 900°C. The pHpzc of
the prepared materials was evaluated according to
Rovani [27]. The pHpzc was determined by identify-
ing where ApH vs. pHi intersects with the x-axis
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(y=0). FTIR spectroscopy was conducted using a
Perkin Elmer Spectrum Two instrument, analyzing
wavenumbers between 400 and 4000 cm™' with KBr-
prepared tablet samples. Thermogravimetric analysis
(TGA) was performed using a simultaneous TGA-DSC
thermobalance (TGA-DCS1100, Mettler-Toledo) from
40°C to 900°C under nitrogen at a heating rate of
10°C min~'. Proximate analysis was conducted to
determine moisture, volatile matter, ash, and fixed
carbon content. Moisture and volatile matter were
measured as weight loss up to 105°C and 900°C in
an inert atmosphere, while ash content was calcu-
lated as the remaining weight at 900 °C in an oxidiz-
ing atmosphere. Fixed carbon was determined by
subtracting the percentages of moisture, volatile
matter, and ash from 100%.

Adsorption experiments

A preliminary adsorption experiment was conducted
to identify the most effective adsorbent for glycerol
removal. Five materials—milled raw cork, CC1, CC2,
CCB1, and CCB2—were tested in a shaker incubator
(25°C, 150rpm, 8h) with 2.5wt.% adsorbent loads.
For the quantification of free glycerol, the detection
methodology through UV-vis, described by Bondioli
and Della Bella [28] was used, which consists of a
two-step reaction that generates a yellow complex
proportional to the amount of free glycerol and has
a maximum absorbance at 410 nm.

Adsorption capacity and removal efficiency were
calculated using Equation (3) and Equation (4), based
on glycerol concentration changes in biodiesel and
adsorbent load, where g is the amount of adsorbed
glycerol per gram of adsorbent (Mg, gsorbate/ Jadsorbent)s
C; and Cr is the adsorbate initial and final concentra-
tion at the equilibrium (mg.g”), mp and m, is the
mass of biodiesel and adsorbent (g), respectively,
and R is the removal efficiency (%).

q:(C;—Cf)me (1)
mgq
R%) = G~ 100 )

1

The kinetics of the adsorption process for the
materials were studied at three different tempera-
tures (25, 35, and 45 °C) using adsorbent loads of 2
and 3wt.%. The experiments used a magnetic stir
plate (MultiMix D MM90E) at 300 rpm. Samples of
1TmL were taken at intervals ranging from 5 to
1440 min for analysis and then filtered using a syr-
inge filter to have their glycerol content analyzed.

The equilibrium adsorption isotherms were experi-
mentally measured through the batch method, using
a magnetic stirring plate (MultiMix DMM90E at
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300rpm) for 25, 35, and 45°C, and adsorbent con-
centrations from 0.1 to 3 wt.%.

All adsorption experiments — preliminary, kinetics,
and equilibrium - were conducted in triplicate.

Adsorption kinetics and equilibrium models

The pseudo-first order (PFO, Equation (5)), pseudo-
second order (PSO, Equation (6)), Elovich model
(Equation (7)), and the intraparticle diffusion model
proposed by Weber and Morris (Equation (8)) (PFO,
Equation (3)), pseudo second order (PSO, Equation
(4)), Elovich model (Equation (5)), and the intrapar-
ticle diffusion model proposed by Weber and Morris
(Equation (6)) were fitted to the experimental kinetic
data.

e = qe(1—e™1) (3)
_ qgkzt
g = m (4)
1
qr = kigV't + C (6)

In all equations, g; and g. are the amount of gly-
cerol adsorbed in the solid (MY,4orbate/Jadsorbent)
at the time t and at the equilibrium, respectively.
The parameters kq (min~") and ky
(Jadsorbent/ (MYadsorbate - MiN) are the adsorption rate
constants. o and f are the initial adsorption rate
(MY,gsorbate/ (Jadsorbent-MiN) and the desorption par-
ameter (9,dsorbent/ MYadsorbate): FESPECtively. Lastly, kig
represents  the intraparticle  diffusion  rate
(mgadsorbate/(gadsorbent'mino‘s)v and C is the Weber
and Morris model constant (MJ,4.orbate/ Jadsorbent)-

The equilibrium adsorption models were fitted to
the experimental data to understand adsorption
behavior better. The selected models are the
Freundlich, Radke-Prausnitz, and Sips models (See
Equations (7)-(9), respectively).

Ge = KeClP' @)
~ ABC!
S A4eclY
_ QKsC®
1+ KsCps

e

Ke and n;' represent the Freundlich isotherm
constant (Jpiodiesel/ Jadsorbent) @Nd the heterogeneity
factor (), respectively. In the Radke-Prausnitz
mOdelr A (gbiodiesel/gadsorbent) and B [(mgadsorbate/

gadsorbent)/(mgadsorbate/mgadsorbate)ﬁ] are the con-
stants, and the exponent f varies between 0 and 1.

The Sips model (Equation (11)) is a combination of
Freundlich and Langmuir isotherm models [29]. The
Qs (MY,agsorbate/ Jadsorbent) 15 the maximum adsorption

Capadtyr Ks (gbiodiesel/mgadsorbate) and ns (-) is the
model exponent.

Although the Langmuir and Toth isotherms are
commonly used in adsorption studies, they were not
applied here due to their assumption of homoge-
neous adsorption sites. Given the complex and het-
erogeneous nature of the biodiesel matrix, these
models were considered unsuitable for accurately
representing the adsorption data.

Further explanation on the kinetic and equilibrium
models can be found in the supplementary material.

Models fitting and evaluation

A standard approach to estimating adsorption kinet-
ics and equilibrium isotherm parameters involves lin-
earizing nonlinear equations, as seen with the
previously presented models. However, Guo and
Wang [30] showed that linearization can introduce
propagated errors, leading to biased and inefficient
parameter estimates. To avoid this, the authors dir-
ectly fitted the models to experimental data, select-
ing the model that minimizes an error function, with
the mathematical expression for this error function
described in Equation (10), adapted from Baysal
et al. [31]. N is the number of experimental points, p
is the number of estimated parameters, Gey is the
experimental concentration in the adsorbent and g4
is the concentration in the adsorbent predicted by
the selected model. Additionally, Equation (11) was
used to estimate the correspondent reduced Qui-
Square statistic function.

1 (Qexp - qcal):| 2
Ag(%) = 100 (10)
9(%) n—-p Z [ Qexp

_ 2
1 Z [(Qexp Gcal) ] (11)
n—=p

Red y* = p
exp

Results and discussion
Waste cooking oil derivatization

The GC-FID analysis of the WCO after derivatization
was made in triplicate. Table 1 presents the results
of the percentage of each fatty acid present in the
derivatized WCO sample. The analysis showed that
the esters present in higher concentrations were

Table 1. Fatty acids composition in the WCO sample in
terms of lipid number and fatty acid methyl ester (FAME)
content.

Fatty acid Lipid number FAMEs (wt.%)
Palmitic acid C16:0 8.21+0.06
Stearic acid C18:0 3.24+0.02
Oleic acid, Elaidic acid C18:1 28.53+0.42
Linoleic acid, Linonaidic acid C18:2 44.36+0.16
alpha-Linolenic acid c18:3 1.87£0.01
Total 86.38 £0.38
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palmitic acid (C16:0), stearic acid (C18:0), oleic acid
(C18:1), linoleic acid (C18:2), and alpha-linolenic acid
(C18:3).

The analysis of the WCO composition shows that
the sample is rich in unsaturated fatty acids, particu-
larly C18:1 and C18:2, which account for more than
72% of the total fatty acids. An increase in the
degree of unsaturation leads to a decrease in the
oxidative stability, heat of combustion, and cetane
number, as well as the melting and boiling points of
the oil [32]. However, a higher ratio of unsaturated
to saturated fatty acids results in a lower fusion
point and greater fluidity, crucial parameters for vis-
cosity and crystallization, providing good fuel per-
formance at low temperatures [32,33]. Therefore,
WCO, with its high content of unsaturated fatty
acids, is highly suitable for producing biodiesel due
to its favorable fluidity characteristics.

Biodiesel production and characterization

Following the transesterification reaction and phase
separation, the yield of FAEEs in the biodiesel phase
was analyzed using gas chromatography, as previ-
ously described. The vyield results are shown in
Figure 1.

For all operation conditions that led to phase sep-
aration, the ester yield was greater than 76%.
However, when the proportion of oil to alcohol was
1:6, the temperature of 30°C represented a barrier
to phase separation, and a competition between the
saponification and the transesterification reactions
was observed. The same competition was observed
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1:9, the effect of saponification was overcome, and
two phases were formed at all temperatures.
However, the yield of esters continued to decrease
with an increase in temperature, falling from
88.26 +0.17% at 30°C to 81.00+0.12% at 60 °C.

The highest yield of FAEEs was obtained at 30°C
and a 1:9 oil:alcohol molar ratio, consistent with pre-
vious research. For instance, Silva et al. [34] con-
ducted a factorial design for ethyl biodiesel
production. They concluded that lower temperatures
increase the yield of FAEE when the molar propor-
tion of oil:alcohol is below 1:10. This finding was
also supported by Gomes [33], who found that the
yield was higher at temperatures below 40°C and a
molar proportion higher than 1:7.5. The study also
reported that at higher temperatures, parallel reac-
tions such as saponification were favored, leading to
a decrease in the yield of FAEE.

Cork-based activated carbon characterization

The textural properties obtained for activated carbon
are shown in Table 2, where Sggr is the BET surface
area, Smic is the micropore area, V, is total pore vol-
ume, Vpic is micropore volume, and D, is the aver-
age pore diameter.

The use of KOH in activated carbon production
yields materials with a broad range of attributes,
such as a remarkably high specific surface area (SSA)
reaching 3000m?/g and a well-defined micropore

Table 2. Textural properties for all produced adsorbent
materials and milled raw cork.

SBET Smic Vt Vmic Dp
at a ratio of 1:7.5, but to a lesser extent, as two Material (m?/g) (m?/g) (cm®/g) (cm*/q) (nm)
phases were formed for 30 and 45 °C. At this propor-  Milled cork 5 <LOD 0.03 0.00 1.63
. . . did P h cl 203 122 0.14 0.06 236
tion, an increase in temperature did not favor the 2 64 <LOD 0.08 0.00 241
formation of esters, and the FAEE's yield decreased CCB1 2057 1195 1.21 0.58 2.68
from 8376+1.19% to 7640+0.86%. When the B2 1687 1073 10 053 47
excess of alcohol was increased to a molar ratio of

100 T T T
88.26
83.67 83.76 __87.49
80 -+ 76.40
[
%
5 601
o
>
w
404
<
[T
30°C
20
b 45°C
I 60°C
0 T T T
1:6 1:7.5 1:9

Qil:alcohol molar ratio

Figure 1. Fatty acid ethyl esters (FAEEs) yield in produced biodiesel as a function of three reaction temperatures (30, 45, and
60 °C) and three oil:alcohol molar proportions (1:6, 1:7.5, and 1:9).
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size distribution [23,35,36]. The activation process
plays a crucial role in shaping the microporous struc-
ture of the resulting biochar, facilitating the develop-
ment of porosity and the prevalence of acidic and
basic functional groups on its surface [36]. Similar
values are found in the literature for the surface area
of milled raw cork and physically and chemically
activated carbons with KOH [19,37,38].

For cork residues without any treatment, surface
areas from 1.60 [19] to 3.10m?/g [37] are found in
the literature. This value varies according to the tree
of origin of the cork.

The air-physically activated carbons, CC1 and CC2,
presented higher surface areas compared to milled
raw cork, implying that the temperature affects the
formation of a well-developed porous structure due
to more volatile mass escaping from the samples [38].
As the micropore volume increases for CC1, its surface
area also increases. In CC2, the micropore volume
stays the same as that of milled raw cork, indicating
that the carbonization time is a decisive parameter
and can prejudice the sample’s surface area.

Strong et al. [39] studied the effects of activation
time in KOH-activated carbons, showing that the
time increase causes pore widening, forming meso-
pores, and decreasing the surface area. Wang et al.
[38] produced physically activated carbon from
milled raw cork, with a carbonization of 1.5h at
500°C, and achieved a surface area of 270 mz/g.

The activation process generated CCB1 and CCB2,
which presented surface areas 10 and 26 times
higher than their precursors, CC1 and CC2, respect-
ively. When chemically activated due to dehydration
and degradation of lignocellulosic biomass, activa-
tors can increase porosity and enrich chemical
groups on their surface, especially when using alka-
line solid activators [40]. The overall mechanism
involves several reactions that generate high poros-
ity through gas generation at various active sites. It
has been shown that chemical activation after pyr-
olysis or carbonization is crucial to obtaining a large
surface area [41]. Wang et al. [19] obtained a mater-
ial with 2864m?/g of BET surface area using pre-
carbonized cork at 550°C for 1h as a precursor and
activating using KOH and carbonization at 750°C
for 2h.

The plots obtained through thermogravimetric
analysis are shown in Figure 2a, 2b, 2c and 2d for
CC1, CC2, CCB1, and CCB2 materials, respectively.
The black line represents the weight as a function of
temperature (solid and dash lines, respectively), and
the blue line represents the mass variation (DTG,
derivative thermogravimetric curves) as a function of
temperature.

TGA under a nitrogen flow demonstrates the ther-
mal stability of the materials. All the prepared

samples exhibit notable thermal stability. Significant
mass loss occurs around 600°C for CC1 and CC2,
while CCB1 and CCB2 show decomposition after
800°C. This indicates that materials prepared with
KOH at 750°C (CCB1 and CCB2) possess greater ther-
mal resistance compared to those synthesized at
550°C (CC1 and CC2), aligning with the higher prep-
aration temperature of the former materials.

Table 3 summarizes the pHpzc, elemental, proxim-
ate (and ultimate) analysis of cork, CC1, CC2, CCBI1,
and CCB2.

In all samples, the main element present is car-
bon. For the milled raw cork, similar values have
been found by Castellar et al. [42], in which the com-
position is 61.7, 7.7, 0.68, and 29.8 in weight per-
centage for C, H, N, and O, respectively.

All activated carbons presented, CC1, CC2, CCBIT,
and CCB2, have a higher carbon content and minor
hydrogen and oxygen content compared to milled
cork raw due to the decarboxylation and dehydra-
tion reaction during carbonization [43]. Physical and
chemically activated cork charcoal composition has
been analyzed by Wang et al. and presented the
same behavior after pyrolysis [37].

The ash content in milled raw cork is usually
below 3%, but it can vary depending on the tree
[44]. In the present study, the ash content was found
to be 0.93% in mass. Additionally, the ash content in
the activated carbon samples was higher than in
milled raw cork. This behavior is expected since
organic matter is lost during carbonization, and inor-
ganic matter becomes more concentrated. The ash
content increased from 0.93% in milled raw cork to
2.07% in CC1 and 8.86% in CCB1.

As expected, materials prepared at 550°C (CC1
and CC2) exhibit higher volatile matter content,
while activated carbons prepared at 750°C (CCB1
and CCB2) show increased fixed carbon levels. The
decrease in volatile matter after pyrolysis is attribu-
ted to the oxidation reaction between the volatiles
released from the activated carbon and KOH [45].
The values are also similar to those reported in the
literature [46].

The reduction in volatile matter results in an
increased fixed carbon content. Notably, the CCB1
material exhibits the highest fixed carbon content at
71.6 wt.%. This characteristic could be linked to its
adsorption capacity, as a higher fixed carbon content
tends to enhance adsorption performance [47].
Therefore, CCB1 shows great potential as a material
for biodiesel purification.

The molar ratios of H/C and O/C serve as key indi-
cators of the carbonization process. As depicted in
the Van Krevelen diagram (see supplementary
material), carbonization is marked by a reduction in
these ratios, due to the degradation of easily
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Figure 2. Thermogravimetric analysis of (a) CC1, (b) CC2, (c) CCB1 and (d) CCB2 prepared materials.

decomposable organic matter and the reduction of
low-energy bonds, such as H-C and O-C. This trend
highlights the prominent roles of dehydration mech-
anisms during pyrolysis, which significantly reduces
the oxygen and hydrogen content, increasing the
carbon content [38,48]. The values obtained in this
study are consistent with the findings of Wang et al.
[38], which demonstrate the effect of carbonization

on cork samples, leading to a reduction in the H/C
and O/C ratios. In their work, these ratios decreased
from 1.46 to 0.39 and from 0.36 to 0.07, respectively,
when cork was carbonized at 550°C. These values
can be compared with the milled raw cork H/C and
O/C, that started at 1.55 and 0.37, respectively, and
decreased to around 0.33 and 0.15 when turned into
CC1 and CC2.
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Table 3. Elemental, ultimate, and proximate analysis (%wt.) and pHpc of the samples.

wt.% Atomic ratio

Sample N C H o Ashes  Moisture  Volatile matter  Fixed carbon® H/C 0/C pHpzc
Milled cork 0.46+0.00 60.84+0.13 7.84+0.05 29.93 0.93 - - - 1.55 0.37 4.64+0.15
cQl 1.74+0.05 78.08+249 212+0.06 1599  2.07 1.20 35.8 60.9 033 0.15  10.47£0.05
cQ2 1.70£0.09 76.80+4.05 201+0.13 13.97 5.52 1.60 38.1 54.8 0.31 0.14 10.40+0.02
CCB1 0.57+£0.01 7271+198 0.54+0.04 1732 886 1.50 18.0 716 0.09 0.16 9.76 £0.00
CCB2 0.60+0.01 7254+253 053+0.04 1386 1247 2.00 19.7 65.8 0.09 0.14 8.71+£0.02
%0=100 - N - C - H - Ashes.
PFC = 100 - Moisture — Ashes — Volatile matter.

' ' "Raw cork ' )

Transmitance (%)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3. Comparison between milled raw cork and the four prepared adsorbents using FTIR spectroscopy.

The discrepancy in the O/C ratios are related
to the high oxygen content of the materials
(13.86-17.32 wt.%) compared to the literature and is
due to the use of air as physical activating agent
presence [49,50].

The pHpzc values are also consistent with the
ones found in the literature. Cork samples presented
from 3.6 to 4.2 in the works of Fiol and Villaescusa
[51] and Wang et al. [37], respectively, changing in
accord with the methodology used, but always an
acid pHpzc.

Regarding the chemically activated carbon materials,
the PZC was basic, and there are three main reasons
for this behavior. First, the carbonization process
decreases oxygen content, as shown in the elemental
composition, and removing the oxygen makes the
material surface more basic. Secondly, the ashes, which
typically consist on alkaline metals, increased for acti-
vated carbon materials respect to the cork raw precur-
sor [52]. Also, the chemical activation is made with a
strong base, KOH, which helps increase pHpzc. The
decrease of CCB1 and CCB2 PZCs about their precur-
sors CC1 and CC2 may occur because the chemically
activated ones are washed until neutral pH, decreasing
the PZC value [53]. For values lower than the PZC,

removing adsorbates with anionic characteristics can
reach more significant values. At pH higher than the
PZC, the adsorption of contaminants with a positive
charge is favored.

As biodiesel is a non-polar organic phase, adjust-
ing its pH by adding acidic or basic aqueous solu-
tions leads to two immiscible phases. Therefore,
pHpzc data were not used in the adsorption of bio-
diesel, as the formation of two phases would make
the adsorption process unfeasible. However, it was
studied because it is helpful in the case of using
cork and activated carbon in other adsorption proc-
esses in an aqueous solution.

Additionally to the pHpzc, the FTIR spectra
obtained from milled raw cork and activated carbon
samples were analyzed to identify qualitatively the
functional groups present in each sample. The data
obtained is shown in Figure 3, and the bands are
described in the supplementary material, which
shows that each band corresponds to a specific
functional group.

Upon analysis, in comparison with the precursor
material, some of the peaks in the FTIR spectra of
the activated carbon samples could not be identi-
fied, and some became less intense. This can be
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attributed to the degradation of some components,
such as suberin, hemicellulose, and cellulose (bands
2, 3, and 4), in the milled raw cork as the tempera-
ture exceeds 500°C during the carbonization pro-
cess [54].

The changes in the FTIR spectra of the activated
carbon samples compared to the milled raw cork
can be attributed to the significant changes in the
chemical composition and structure of the material
during the carbonization process [55]. This is further
supported by pHpzc analysis, which shows that cer-
tain bands in the raw cork sample, specifically bands
4, 6, and 7, indicate its acidity. The destruction of
these functional groups during carbonization results
in basic materials and leads to the formation of a
relatively stable aromatic carbon structure [47].

Above 350°C, the FTIR spectra are dominated by
the growth of a featureless band in the
1500 —1000cm™" region, indicating the transform-
ation of cork into char, as also stated in the Van
Krevelen diagram [56].

Adsorption studies

Preliminary adsorption measurements

The initial screening measurements focused on the
removal efficiency of glycerol to select which materi-
als were suitable for further analysis for adsorption
parameters, kinetics, and adsorption equilibrium iso-
therms. The removal performance of each adsorbent
obtained in these preliminary experiments is pre-
sented in Figure 4.

The removal of glycerol was significant for all
tested materials, with a percentage exceeding 68%.
Milled raw cork, which was not treated, achieved a
removal rate of 77.4+3.2%. Despite its low surface
area, it has all its functional groups and an acidic
pHpzc. Vasques et al. [14] conducted a study evaluat-
ing the impact of pHpzc on glycerol adsorption and
found that the removal of glycerol is higher for
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materials with acidic pH. In their research, a pH of
9.4 removed around 29%, while a pH of 3.4
increased the removal rate to 83%.

The carbonization of cork to generate CC1 and
CC2 materials did not favor adsorption. The carbon-
ization reduces the oxygen functional groups [57]
and increases the pHpzc, making the interaction
between glycerol and the adsorbent weaker and
reducing the removal rate.

However, the activation of CC1 and CC2 with KOH
causes the functional groups and surface area to
increase substantially [57]. For this reason, although
pPHpzc remains basic, the increase in area and func-
tional groups compensates for this, making these
materials the most effective.

Based on the results presented in Figure 4, CCB1
was the most efficient adsorbent for removal, remov-
ing 80.9+3.7% of the glycerol. Therefore, it was
selected for further adsorption measurements. Milled
raw cork was also used as it had great potential for
glycerol removal and was a residue that did not
require prior treatment, which is relevant in terms of
economic advantages for industrial applications.

Adsorption kinetics

Adsorption kinetics studies were conducted for
milled raw cork and CCB1 material at 25, 35, and
45°C using 2 and 3wt.% of adsorbent loads. The
results are presented in Figure 5, which allows to
evaluate the time required for glycerol removal at
different temperatures. All experiments achieved the
adsorption equilibrium after 360 min (6h).

Lower temperatures favor adsorption using 2%
adsorbent in milled cork and CCB1 materials.
Anhesine et al. [58] obtained the same results using
sugarcane bagasse ash to purify biodiesel. In that
work, temperatures from 25 to 65°C and concentra-
tions from 2 to 6% of adsorbent were studied, and

100 —— . : : :
—_ 80.7 805
& 801 689 703 T
I
o 60' -
£
)
S 40- ]
(0]
(&]
>
O 20- 1
0-
Cokk CC1 CC2 CCB1 CCB2

Figure 4. Glycerol removal percentage calculated using milled raw cork, and the four CC1, CC2, CCB1, and CCB2 prepared

materials were applied as adsorbents (2.5 wt.%).
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Figure 5. Adsorption kinetics of glycerol at temperatures of 25, 30, and 45 °C using milled raw cork 2 and 3wt.% (a and b,
respectively) and CCB1 2 and 3wt.% (c and d, respectively) as adsorbent (standard deviation <5%).
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Figure 6. Glycerol removal (solid line) and concentration profile (dotted line) in biodiesel using 2% CCB1 as adsorbent at
25°C; The horizontal line (dashed) represents the maximum glycerol concentration specified by the Europen Standard EN

14214:2012+A2:2019 (standard deviation <5%).

the best glycerol removal occurred at the lowest
temperature and concentration.

Increasing adsorbent concentration impaired
adsorption for both materials. The materials’ low
density makes the volume very large, forming
agglomerates of adsorbent and decreasing their sur-
face contact area with the adsorbate. Therefore, its
adsorption capacity decreases.

CCB1 showed the most significant removal cap-
acity at 25°C, reaching a removal value of almost
70 Mggiycerol/Ibiodieselr and milled cork had the most
considerable removal at 25°C of approximately
50 mg/g, both with 2wt.% of adsorbent. Results pre-
sented in Figure 6 show the removal capacity of
CCB1 at 25°C, reaching 0.016 wt.% of glycerol, corre-
sponding to 89% of removal. This value is within the

maximum limit of 0.02wt.% established by the
European Standard EN 14214:2012+4-A2:2019 [6].

PFO, PSO, Elovich, and Weber and Morris kinetic
models were adjusted to experimental data. Table 4
shows the parameters for the best fittings. All
graphs and estimated parameters using the four kin-
etic models are presented in the supplementary
material.

The first clear conclusion from the analysis of the
results presented in Table 4 is that the models that
best fit the experimental data are the PSO and the
Elovich models. This means that adsorption is gov-
erned neither by physisorption nor by intraparticle
diffusion mechanisms.

For milled raw cork as adsorbent, it is possible to
see that, except for 2% with 35°C, Elovich is the
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Table 4. Estimated parameters and error analysis using four kinetic models for glycerol adsorption kinetics onto milled raw
cork and CCB1 for three temperatures (25, 35, and 45 °C) and two adsorbent dosages (2 and 3%).

Material Dosage (wt.%) Temperature (°C) Model Parameters Values AGe (%) Red ?
Milled raw cork 2 25 Elovich o (mg. g~ ".min™") 6.57 x 10" 7.936 0.2405
p(g. mg™") 0.2025
35 Elovich o (mg. g~".min™") 2.08 x 10° 3.122 0.0411
f(g.mg™) 0.3666
45 PSO ky (g.mg~".min~") 0.0430 1.260 0.0047
de (Mg.g™ ) 30.22
3 25 Elovich o (mg. g~".min™") 1.24 x 10? 4.401 0.0544
B(g.mg™" 0.3152
35 Elovich o (mg. g~ ".min™") 141 % 10° 2,974 0.0249
B (g-mg™) 0.5835
45 Elovich o (mg. g~".min™") 2.22%x10° 4,585 0.0718
B(g. mg™" 0.3261
CCB1 2 25 PSO ky (gmg~".min™") 0.0015 7.413 0.2622
ge (mg.g™") 65.24
35 Elovich o (mg. g~".min™") 524 x10° 6.499 0.2292
B(g. mg™" 0.2136
45 PSO ky (g.mg~".min~") 0.0059 5.244 0.0865
de (Mg.g™ ) 38.38
3 25 PSO k; (g.mg~".min~") 0.0030 12.67 0.2445
ge (mg.g™") 31.07
35 PSO ky (g.mg~".min~") 0.0085 6.295 0.0962
ge (mg.g™") 30.02
45 Elovich o (mg. g~".min™") 4.14 x 10 6.787 0.1866
p(g-mg™") 0.2508
Table 5. Comparison of estimated kinetics parameters with previous research (temperature,
pseudo-second-order constant, k, and equilibrium capacity, ge).
Adsorbent Temperature (°C) k, (g.mg~'min™") g (mg.g™") Reference
Passion fruit seeds 60 0.106 4.263 [16]
Sugarcane bagasse 30 0.0763 8.163 [11]
Commercial AC 30 0.000082 29.4 [14]
CCB1 25 0.0015 65.2 This study
model that best fits the experimental data. The best  velocity constant of 0.0059g.mg™'min~"' using the

fittings for cork adsorption proceeded from the
experiment with 2wt.% at 45°C, where the model
reached a standard normalized error of 1.26%, an
estimated value for g. of 30.22mg.g™" and a velocity
constant, k, of 0.0430 g.mg™'min™" for PSO model.
For CCB1 material as adsorbent, except for the
cases of 2% with 35°C and 3% with 45°C, PSO is
the model that best fits the experimental data. The
PSO model depends on the amount of adsorbate on
the surface of the adsorbent and the amount of
adsorbate at equilibrium. The adsorption rate is pro-
portional to the square of the number of active sites
on the surface. In this adsorption type, exchanges
occur specifically in the active centers, initially form-
ing a single layer. However, other layers may be
formed by physisorption [59]. The PSO model
describes the adsorption process through chemical
and rate control, suggesting that adsorption effi-
ciency depends on the availability of active sites in
the adsorbent. Unlike the PFO, this model considers
the interaction mechanism between adsorbate and
adsorbent as the rate-determining step, relying on
physical-chemical interactions between entities to
describe a chemisorption process. For CCB1, the best
fitting was in the experiment using 2wt.% at 45°C,
where CCB1 reached a standard normalized error of
5.24% an estimated . value of 38.38mg.g”" and a

PSO model. Paschoal et al. [16] studied glycerol
adsorption in biodiesel and showed that, in the
same conditions, the two models present approxi-
mately the same results for q. while the velocity
constant drops from PFO to PSO. The experiment
using 2wt.% at 25°C of CCB1 was the one that
achieved the highest level of purification, using the
conditions that most favored the adsorption into the
activated carbon. In this, CCB1 material allows esti-
mating a e value of 65.24mg.g™" using the pseudo-
second-order model.

Results presented in Table 5 show the glycerol in
biodiesel adsorption capacity and velocity constants
for some adsorbents compared to those in this
study.

Compared to CCB1, the adsorption capacity of
cork-activated carbon is more significant, being 2.3,
8.2, and 15.7 times higher than the adsorption cap-
acity of a commercial adsorbent, sugarcane bagasse,
and passion fruit seed bran, the adsorbents used by
Vasques et al. [14], Alves et al. [11] and Paschoal
et al. [16].

Equilibrium adsorption isotherms

The equilibrium adsorption isotherm measurements
were made at 25, 35, and 45°C temperatures with
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Figure 7. Adsorption equilibrium isotherms for glycerol removal using milled raw cork (a) and CCB1 (b) as adsorbent for 25,

35, and 45 °C temperatures (standard deviation <5%).
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milled raw cork and the selected CCB1 material as
adsorbents to evaluate the best adsorbent capacity
in glycerol removal. Figure 7 shows the influence of
temperature and adsorbent load on adsorption cap-
acity, ge, for milled raw cork (a) and CCB1 material
(b), respectively.

From the analysis of the results presented in the
figure, it can be noted that the adsorption isotherms
are S1-type, representing unfavorable isotherms [60].
This type of isotherm shows that adsorption is more
considerable at high concentrations and was also
found in studies on biodiesel purification by adsorp-
tion by Vasques et al. and Pachoal et al. [14,16].

The S1-curves are typically observed when the
adsorbate is monofunctional (adsorbs as a unit) and
has moderate intermolecular interactions associated
with competition for adsorption sites [61].
Interactions between adsorbate molecules can cause
this, as glycerol has difficulty accessing the adsorb-
ent surface due to competition for adsorption sites
by other molecules (soap, free fatty acid residues,
and ethanol) and facilitated by the diffusion resist-
ance of biodiesel, mainly at low temperatures, as can
be observed for milled raw cork isotherms. This
model also predicts the formation of multiple layers,
which is expected, given the cooperative adsorption

between glycerol molecules. Paschoal et al. [16]
studied glycerol adsorption in biodiesel using pas-
sion fruit seeds as an adsorbent and also found a
S1-type behavior in equilibrium isotherms.

Like the kinetic experiments, the best removal in
the isotherms occurred with activated carbon CCB1
at 25°C. The plot presented in Figure 8 shows gly-
cerol removal and its mass percentage at different
adsorbent concentrations.

For concentrations above 2wt.%, the adsorption
process is impaired by the large volume of adsorb-
ent in the test. In this way, the removal drops, and
the percentage of glycerol remains high. The best
results were obtained with 2 and 2.3 wt.% of adsorb-
ent, where the removal was 88 and 89%, and gly-
cerol content was 0.018 and 0.017% by mass,
respectively.

The equilibrium isotherm models of Freundlich,
Langmuir, Toth, Radke-Prusnitz, and Sips were
adjusted to experimental data; the graphs can be
found in the supplementary material. Other models
were also considered, but these results were not
shown due to the negative estimated parameters.
The results obtained by fitting the five previously
referred models show that Langmuir and Toth mod-
els do not describe the equilibrium adsorption
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isotherm behavior for none of the studied oper-
ational conditions. The Langmuir model, built upon
the premise of monolayer adsorption on a uniform
surface, fails to describe unfavorable adsorption. This
limitation stems from its inability to accommodate
systems featuring multilayer adsorption or heteroge-
neous surfaces, like the assumption of Toth model,
where unfavorable adsorption behavior is prevalent.

Freundlich, Radke-Prusnitz, and Sips models satis-
factorily describe the experimental isotherms adsorp-
tion process of glycerol on milled raw cork and CCB1
adsorbent, except for milled raw cork at 25°C. The
best fitting was obtained for CCB1 adsorbent at
25°C with a normalized standard error of 23.4% and
a reduced Qui-squared of 2.98, as presented in
Table 6.

The three adjusted isotherms, while different in
formulation, can result in similar curves under low
concentrations. When C, — 0, the Sips isotherm
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simplifies to g, = QsK;C which  mirrors the
Freundlich form when n; = n;‘. Likewise, the Radke-
Prausnitz isotherm, under low concentrations,
reduces to g = BCf, becoming equivalent to
Freundlich when B =n;'. In summary, all three
describe adsorption at low concentrations with a
power-law dependency on the solute concentration,
resembling the Freundlich model [29,62]. The bold
values shown in Table 6 confirm the equivalence of
the curves.

Since estimated parameters using Freundlich,
Radke-Praunistz, and Sips models are equivalent in
terms of normalized standard deviation error it is
possible to discuss results based on Freundlich
parameters. Thus, Kr represents a measure of the
adsorption strength, while n is related to the energy
heterogeneity of the adsorbent surface. They depend
on temperature, pH value, amount of adsorbent, and

concentration range. When 0<ng<1,

a concave

Table 6. Freundlich, Radke-Prausnitz and Sips estimated parameters for glycerol equilibrium adsorption isotherms onto cork

and CCB1 adsorbents for 25, 35, and 45 °C.

Adsorbent Model Temperature (°C) Parameters Values Aqe (%) Red 2
Milled raw cork Freundlich 25 Kr (9.97") 19.91 23.05 2.391
ne”! 1.824
35 Ke (9.97") 1295 56.46 9.865
ne”! 6.020
45 Kr (9.97") 298.6 37.84 24.82
ne”! 6.692
Radke-Prausnitz 25 Algg™ 1.097 x 107 23.05 2.391
B ((mg.g™").(mg.mg™")~#) 17.76
1.818
35 Algg™) 9.227 x 10° 56.46 9.865
B ((mg.g™").(mg.mg™")") 129.5
[ 6.021
45 Afgg™ 4.879 x 10’ 37.84 24.82
8 (mg.g™").(mg.mg™")#) 298.5
B 5.693
Sips 25 Qs (mg.g™") 1.458 x 10° 23.05 2392
Ks (g.mg_1) 0.0123
ns 1.845
35 Qs (mg.g™" 4,050 x 10* 56.46 9.877
Ks (g.mg™") 0.0032
ns 6.036
45 Qs (mg.g™") 1916 x 10* 37.85 24.87
Ks (g.mg™") 0.0157
ns 5714
CCB1 Freundlich 25 Kr (9.97") 105.4 23.39 2,978
ne”! 2472
35 Ke (9.97") 1109 33.26 7.073
ne”! 4.003
45 Ke (9.97") 221.0 41.09 23.98
ne”! 6.116
Radke-Prausnitz 25 Algg™) 1.097 x 107 23.39 2,979
B ((mg.g™").(mg.mg™")~#) 105.4
2472
35 Algg™) 1.097 x 107 33.26 7.073
B ((mg.g™").(mg.mg™") ) 110.9
[ 6.021
45 Afgg™ 1.097 x 107 4438 27.98
8 (mg.g™).(mg.mg™")# 2210
B 6.117
Sips 25 Qs (mg.g™") 1.547 x 10* 23.41 3.008
Ks (g.mg_1) 0.0068
ns 2.478
35 Qs (mg.g™" 6.608 x 10* 33.28 7.110
Ks (g.mg™") 0.0017
ns 4,005
45 Qs (mg.g™") 2.388 x 10* 44.40 27.98
Ks (g.mg™") 0.0093
ns 6.140
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curve is formed (nz' > 1). It represents unfavorable
adsorption and can lead to a relatively long mass
transfer path in fixed beds [61]. A lower value of
ne < 1 indicates that the adsorbent works well for
high-concentration solutions; however, the high
value of n (nf > 1) shows the potential adsorption
capacity of adsorbent for low-concentration solutions
[63]. The ng values found were consistent with the
behavior presented since they are less than 1, repre-
senting an unfavorable adsorption. For glycerol
adsorption onto milled raw cork and CCB1 material,
the effect of temperature is notable. As temperature
increases, Kr value increases and ng value decreases.
This tendency was also noted by Paschoal et al. [16].
The Freundlich model assumes that the surface is
heterogeneous and irregular, and the adsorption dis-
tribution is described with non-uniform energies. It
also predicts cooperative adsorption between gly-
cerol molecules and anticipates the formation of a
multilayer over milled raw cork and CCB1 material
adsorbents.

Conclusions

The study explored sustainable biodiesel purification
using cork waste-derived adsorbents as an alterna-
tive to water washing, and the main findings were:

e Optimal biodiesel production was achieved at
30°C, 1:9 oil:alcohol molar ratio, 1wt.% NaOH
catalyst, with a 1-hour reaction time, yielding
88.26 wt.% of FAEEs with a glycerol content of
0.1529 wt.%;

e Four cork-based adsorbents (2 physical, 2
chemical) were developed, reaching up to
2057 m?/g BET surface area after chemical
activation;

e The models that more fits to adsorption kinet-
ics were Elovich and pseudo-second order for
adsorption using milled raw cork and the acti-
vated carbon CCBI1, respectively;

e The equilibrium isotherms presented an
unfavorable behavior, and therefore the model
that fitted best to the data was from
Freundlich;

e The material CCB1 (carbonized with air and
KOH) showed the highest glycerol removal effi-
ciency (88%) at 25°C, 2wt.% dosage, and 6-
hour contact time, with a glycerol content of
0.016 wt.% after adsorption;

e This method meets the requirements of the EN
14214:2012+A2:2019 standards, offering a low-
cost, eco-friendly alternative to conventional
biodiesel purification.
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