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Abstract: Cork-based adsorbents have been gathering interest from the research community since
the 1990s. A first review was published on this topic in 2012. Still, in the last decade, novel activated
carbons and biochars, in multiple applications, have been produced using cork as a raw material. This
review presents these novel insights into the properties of cork, in its various forms, and how they
relate to adsorption capacity. Details on new preparation methodologies and respective characteristics
of cork-based activated carbons and biochars are thoroughly compared, and patterns are identified.
Finally, the adsorption capacity of these materials in experimental conditions is reviewed for different
compounds: heavy metals, organics, and gaseous pollutants. This review provides a complete
picture of the kind and quality of different cork forms, their relative economic value, and how
their conversion into activated carbons and biochars can contribute to a more circular economy by
producing adsorbents that aid in the reduction of multiple pollution types.
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1. Introduction

Cork, the bark of the cork oak (Quercus suber L.), is one of nature’s most unique and
interesting materials. Its most common use is to produce cork wine stoppers, but during
this process, about 80% of the raw material is rejected as a byproduct [1], thereby calling
for a valorization by incorporation in added-value products. The most common of those
are expanded corkboard, agglomerates, and composites, typically used for boards and
insulation for floors and walls. However, new cork-based materials are being developed by
the day, including novel composites and innovative applications in product design [2].

A matter of particular interest is the application of cork byproducts in environmental
technology, namely the valorization of its less valuable waste, cork powder, which corre-
sponds to 25% in weight of the original cork material extracted from the tree. A decade
ago, Pintor et al. [3] published the first publication with an overview of the applications of
cork powder and granulates in adsorption processes for the decontamination of water and
air, including its transformation to cork-based activated carbons. In the first decade of the
2000s, research on cork products increased almost linearly year to year, and investment in
cork R&D increased substantially.

The 2010s have shown that the number of research results cannot continue to grow
indefinitely if sound quality is to be maintained: although the trend in publications with
the “cork” keyword is still increasing, the rate of increase has slowed down considerably
(Figure 1). A peak in Scopus-indexed publications was registered in 2019, but the number
of publications reported so far in 2022 represents only a 15% increase from 2011.
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Figure 1. Evolution of the number of publications on Scopus-indexed journals containing the 
keywords “cork” or both “cork” and “adsorption” between 2010 and 2022. 

On the other hand, more publications can be found on the topic of adsorption using 
cork-based materials (represented in Figure 1 by Scopus-indexed publications with the 
keywords “cork” AND “adsorption”), especially in the last five years. New trends have 
emerged in the production of biochar and activated carbons from cork, and innovative 
applications for these materials have been initiated. The environment is more and more a 
“hot topic”, with many avenues in research to be pursued, and cork is a material of choice 
in this regard, given the often-claimed carbon-negative status of the products of its 
industry. 

This work aims to update the state-of-the-art on cork and cork-derived materials in 
adsorption applications in the last decade. The new trends will be critically overviewed 
and analyzed, considering future avenues of work. 

2. Brief Description of Cork Industrial Processes and Implications on Material  
Quality 

Cork is extracted from the trunk and main branches of the Quercus suber L. tree in 
semi-tubular shapes, usually in the end of Spring and beginning of Summer, with proper 
care to not harm the tree, which is intended to recover and regrow cork [4]. 

The first cork extraction from each tree—roughly 25 years after plantation—is 
designated as ‘virgin’, which is deemed too irregular for cork stopper production. After 9 
years of cork regrowth, the first reproduction cork is obtained, which is named 
‘secundeira’ and is still too irregular. Only after at least 9 more years is obtained a higher 
quality reproduction cork, called “amadia”. The cycle is repeated every 9 years up to 200 
years per tree, depending on its lifespan [4]. Furthermore, from the pruning of smaller 
tree branches, ‘falca’ is extracted—a mixture of cork, inner bark, and wood [5]. 

Several waste materials resulting either from the extraction process in the ‘montado’ 
(the cork oak forest) itself—cork of low quality due to its low thickness or due to having 
been attacked by fungi or insects—or from the processing operations—faulty cork 
stoppers, remains of the punching process, and others—are used to produce granulates 
of varying densities and qualities. 

In summation, “amadia” cork is used for natural cork stopper production. Virgin 
cork and the different types of waste mentioned above are granulated into millimeter-
sized particles and can be upcycled into other cork-derived products. The most common 
application is to produce composite agglomerates (also known as white agglomerates) 
bound together by a synthetic bonding agent (polyurethane), which can also be mixed 
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On the other hand, more publications can be found on the topic of adsorption using
cork-based materials (represented in Figure 1 by Scopus-indexed publications with the
keywords “cork” AND “adsorption”), especially in the last five years. New trends have
emerged in the production of biochar and activated carbons from cork, and innovative
applications for these materials have been initiated. The environment is more and more a
“hot topic”, with many avenues in research to be pursued, and cork is a material of choice in
this regard, given the often-claimed carbon-negative status of the products of its industry.

This work aims to update the state-of-the-art on cork and cork-derived materials in
adsorption applications in the last decade. The new trends will be critically overviewed
and analyzed, considering future avenues of work.

2. Brief Description of Cork Industrial Processes and Implications on Material Quality

Cork is extracted from the trunk and main branches of the Quercus suber L. tree in
semi-tubular shapes, usually in the end of Spring and beginning of Summer, with proper
care to not harm the tree, which is intended to recover and regrow cork [4].

The first cork extraction from each tree—roughly 25 years after plantation—is desig-
nated as ‘virgin’, which is deemed too irregular for cork stopper production. After 9 years
of cork regrowth, the first reproduction cork is obtained, which is named ‘secundeira’ and
is still too irregular. Only after at least 9 more years is obtained a higher quality reproduc-
tion cork, called “amadia”. The cycle is repeated every 9 years up to 200 years per tree,
depending on its lifespan [4]. Furthermore, from the pruning of smaller tree branches,
‘falca’ is extracted—a mixture of cork, inner bark, and wood [5].

Several waste materials resulting either from the extraction process in the ‘montado’
(the cork oak forest) itself—cork of low quality due to its low thickness or due to having
been attacked by fungi or insects—or from the processing operations—faulty cork stoppers,
remains of the punching process, and others—are used to produce granulates of varying
densities and qualities.

In summation, “amadia” cork is used for natural cork stopper production. Virgin
cork and the different types of waste mentioned above are granulated into millimeter-
sized particles and can be upcycled into other cork-derived products. The most common
application is to produce composite agglomerates (also known as white agglomerates)
bound together by a synthetic bonding agent (polyurethane), which can also be mixed
with materials such as rubber, cement, and others. These agglomerates provide several
commercial products, such as floorings or agglomerated cork stoppers [6].

On the other hand, ‘falca’ and even burned cork are used directly without boiling
to produce expanded agglomerate, also known as black agglomerate, as ‘falca’, when
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compared to other cork types, has a higher concentration of extractives which act as a
natural adhesive. These materials can be expanded by being placed in autoclaves at
300–370 ◦C with no additives. This black agglomerate is more often used to produce
thermal and acoustic insulation [7].

All these processing steps and production lines often produce cork powder, which
can be used as a raw material in cork agglomerates production, but most of it is used in
energy recovery processes for heating [5]. As they are the result of varying qualities of cork,
different types of powder are likely to have different characteristics, although how this can
affect its use as a biosorbent is currently, to the best of the authors’ knowledge, unclear.
More studies should be conducted to clarify if mixing powder from different sources is
ultimately detrimental to its quality as a sorbent.

Another waste from the cork industry relates to the end-of-life of its products, i.e.,
used cork stoppers and used construction materials. These materials can potentially have
more applications in biosorbent development when compared to powder, as they can be
milled to the desired granulometry. However, they are likely to consist of a mixture of
natural cork composites and stoppers with cork composites with other materials, such as
rubber or agglomerated cork stoppers, with adhesives that might negatively impact the
potential use as a sorbent.

Therefore, cork powder, preferably without adhesives, is the most likely candidate
as a raw material for novel applications, due to its low cost and high-volume production
within the industry, with little to no competing use. ‘Falca’, however, also has unique
characteristics of a higher concentration of extractives, self-adhesive properties, and a lower
price than almost any other raw material from the ‘montado’. Therefore, it should also be
considered for further research, as there might exist a possibility of economic feasibility
and incentive if the prepared biosorbent is of sufficient quality and market price.

3. Novel Insights into the Properties of Cork and Cork Powder

A detailed review of cork and cork powder characteristics can be found in prior
publications such as [3] and elsewhere [8]. Therefore, this section aims to provide a short
summary along with an exploration of novel research that may provide new insights into
the potential of this material.

H. Pereira in 2013 [9] determined the chemical composition of cork based on extensive
sampling efforts of 29 provenances from six different production regions in Portugal, taken
at cork stripping (Table 1).

Table 1. Mean, standard deviation and coefficient of variation (%CV) of chemical composition data
for all cork samples [9].

Parameter (% Oven-Dry Cork) Mean ± Stdev %CV

Extractives

Dichloromethane 5.8 ± 0.8 13.8

Ethanol 5.9 ± 3.0 50.8

Water 4.5 ± 1.6 35.6

Total 16.2 ± 3.9 24.1

Suberin

Long chain lipids (LCL) 41.0 ± 5.2 12.7

Glycerol (Gly) 3.8 ± 0.6 15.8

Ratio LCL: Gly 11.3 ± 1.6 14.2

Total 42.8 ± 6.2 14.5

Lignin

Klason lignin 21.1 ± 3.3 15.6

Acid soluble lignin 0.9 ± 0.2 22.2

Total 22.0 ± 3.3 15

H. Pereira concluded that there is a high variation between different trees. However, a
more intense comparison between two particular regions did not find significant differences
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between regions, with the exception of small magnitude differences in ethanol and water
extractives and suberin content.

In that study, a ratio of suberin to lignin content was estimated at a mean value of
2.0 ± 0.4, an important ratio as each of these polymers provides different mechanical
and physical behaviors in cells, translating to different compression resistance as well
as recovery after stress. The polymers are also likely to have different impacts on the
permeation and diffusion of liquids and gases through cork [9].

For further characterization and visualization of cork and cork powder, particularly
their physical characteristics, scanning electron imaging (SEM) has been extensively used
in the past. However, more recently, Lagorce-Tachon et al. [10] developed and automated
an image processing analysis, thereby providing statistical distributions of useful structural
properties such as cell size and wall thickness. This method can provide the geometrical
characteristics of each cell and its walls (Figure 2) and has the potential to be used to
study, in more detail, the mass transfer of gases such as oxygen through cork structure,
which is relevant to cork stopper industry but also to newer applications such as pollutant
gas adsorption.
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Transmission electron microscopy (TEM) has also been recently applied to cork [11]
as it can detect cell structures at a nanoscale, more specifically, in the case of cork, plas-
modesmata (Figure 3)—thin channels with a diameter of ∼50 nm which cross cell walls, an
important structure to understand the mechanisms of gas diffusion across cork cells.
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Transmission electron microscopy (TEM) has also been recently applied to cork [11] 
as it can detect cell structures at a nanoscale, more specifically, in the case of cork, plas-
modesmata (Figure 3)—thin channels with a diameter of ∼50 nm which cross cell walls, 
an important structure to understand the mechanisms of gas diffusion across cork cells. 

 

Figure 3. TEM images with detailed nanostructures such as plasmodesmata [11].

More advanced techniques have also been applied, such as neutron radiography and
tomography [12] and X-ray tomography [11].
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Although both these studies focused on cork stopper characterization and use in
quality control, its application in cork powder characterization is yet unknown to the best
of the authors’ knowledge. With other materials, X-Ray tomography has been used to study
the behavior of adsorption filters [13], while neutron imaging can be used to quantify the
diffusion of ions inside porous materials [14].

Furthermore, although there are several studies detailing cork characteristics and
quality in its natural state, very few studies focus on the physical characteristics of this
material after reduction in size due to industrial processing, namely down to cork gran-
ulates and cork powder. Motte et al. in 2017 [15] studied the impact of milling on cork
characteristics and found that between 200 and 350 µm, 80% of loaded density and elastic
recovery is maintained compared to coarser cork particles. However, for cork powder (in
this case defined as below 200 µm), there is an increase of packing density up to 30% and a
reduction of elastic recovery between 35–40%. It was also found that the chosen milling
technology significantly impacts the produced granule or powder. The same can apply to
cork characteristics relevant to pollutant adsorption and should be investigated further.
Although a significant portion of cork powder is a byproduct, cork granulates are produced
by milling lower-quality cork or recycled materials.

Finally, it is important to note that cork exhibits high variability related to its origin
and growing conditions. Cork powder, as a waste material, can present even higher
variability as it can originate from a variety of production facilities and processes (cork
stoppers, insulation, and other cork products with other chemicals mixed in) and from
recycled materials.

4. Production of Activated Carbons and Biochars

The production of cork-based activated carbons had already been verified in the first
decade of this century through the application of standard physical and chemical activation
processes [3]. The most recent research, especially in the last four years, has focused on
three main goals:

• Attempting the valorization of cork biomass from different origins (particularly
cork powder);

• Reducing production costs for the valorization of waste biomass—mainly through the
generation of biochars, skipping the activation step;

• Producing activated carbons with larger surface area and pore volume, honing their
characteristics for their application.

4.1. Valorization of Different Types of Cork Biomass

Regarding the first point, researchers have produced both activated carbons and
biochars using new biomass streams beyond cork powder and granulates. It is essential
to experimentally verify the applicability of thermal treatment and activation procedures
in different types of raw biomass since they may result in carbon products with varying
textural and surface characteristics, even when their biological source is the same. In
particular, Bhatia et al. [16] and Xu et al. [17] have used ground cork directly obtained
from wine stoppers. The testing of these products is vital for their valorization after use
because they may introduce some impurities in the precursor material. Atanes et al. in
2012 [18] highlight that waste cork powder may contain substances such as sulphamic
acid, hydrogen peroxide, sodium hydroxide and polyurethane glue that are also used
in manufacturing.

In 2014, Mestre et al. [19] used regranulated cork (produced industrially by hydrother-
mal treatment at around 350 ◦C for 20 min) as a precursor for activated carbon production.
They determined that this raw material needed higher activation temperatures to achieve
similar characteristics as the direct activation of conventional ‘raw cork’. Some researchers
have also studied the thermal transformation of cork products from Quercus cerris [20,21]
and Quercus variabilis [22], which are slightly different from the traditional Quercus suber.
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4.2. Production of Cork Biochars

The study of the thermal degradation of cork products and the search for low-cost
methodologies for managing and valorizing waste have led to the rise in studies of cork
biochar production. Cork has advantages as a raw material for biochar production due to
its unique cellular structure [23] and the fact that it yields liquid pyrolysis products that
can be recovered with added value [24]. Table 2 summarizes the methodologies reported
in the literature for producing cork biochars when evaluated for their surface area and
pore volume.

Table 2. Specific surface area and pore volume of cork biochars reported in the literature, along with
the methodology details for their production by pyrolysis.

Source Raw Material Gas Flow Heating Rate Temperature Level SBET (m2/g) Vp (cm3/g)

[18] Cork powder (<0.17 mm) N2, 100 mL·min−1 5 ◦C·min−1 750 ◦C, no hold 7 0.01

[23] Cork granulates (0.25–0.45 mm) N2, 300 mL·min−1 10 ◦C·min−1

450 ◦C, hold 30 min 32 0.04

550 ◦C, hold 30 min 220 0.23

650 ◦C, hold 30 min 322 0.24

750 ◦C, hold 30 min 393 0.24

550 ◦C, hold 1 h 245 0.24

550 ◦C, hold 1.5 h 266 0.24

550 ◦C, hold 2 h 275 0.24

[16] Waste cork stoppers N2 10 ◦C·min−1 600 ◦C, 2 h 448 0.04

[17] Cork stoppers pulverized to <900 µm N2, 100 mL·min−1 5 ◦C·min−1 800 ◦C, 1 h 369 0.23

[25] Cork granulates (0.25–0.45 mm) N2 550 ◦C, 1 h 379 0.17

[26] Cork granulates (0.25–0.45 mm) N2, 100 mL·min−1 10 ◦C·min−1

150 ◦C, hold 90 min 2 0.01

200 ◦C, hold 90 min 2 0.01

250 ◦C, hold 90 min 3 0.01

300 ◦C, hold 90 min 3 0.01

350 ◦C, hold 90 min 4 0.01

400 ◦C, hold 90 min 5 0.01

450 ◦C, hold 90 min 31 0.03

500 ◦C, hold 90 min 210 0.12

550 ◦C, hold 90 min 489 0.27

The transformation process of cork biomass has been studied through thermogravi-
metric analysis [18] and the production of biochars at different temperature levels with
an examination of gaseous and solid products [26]. Three stages were identified during
temperature increase in cork pyrolysis:

• a first stage up to 200 ◦C, in which no chemical reactions were apparent and only
moisture loss was observed;

• a second stage from 200 to 430 ◦C, which corresponded to the degradation of the main
chemical components and the largest mass loss;

• a later phase between 430 and 550 ◦C, identified as volatilization of residual lignin and
unstable carbon.

Over 550 ◦C, the degradation of cork’s components is complete, and only the aromatic
carbon structure remains, forming an amorphous char [23,26].

The main polysaccharides, hemicellulose, and cellulose are lost at the lower tempera-
ture range in the second stage [16,26]. The mass loss at this stage occurs mainly between
300–400 ◦C, the range of temperature at which the degradation of suberin, cork’s main
component, occurs [26]. Şen et al. and Nobre et al. [20,21], in their study on Quercus cerris
biomass, have detected an increase in the thermal stability of biomass, reflected in the solid
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char yield, with the increased suberin content in cork-rich biomass, when compared to
phloem-rich biomass, whose main components are lignin and polysaccharides. However,
other authors argue that the carbonization of cork at temperatures around 350 ◦C causes
the evaporation and leaching of suberin, decreasing the thickness of the cork cell layer [24].
Although lignin degradation starts at lower temperatures, it is only fully degraded at a
higher level, and therefore it may have a higher biochar formation ability than suberin,
even though it is less thermally stable [26].

There are three types of pyrolysis for biomass valorization: torrefaction, which is car-
ried out at low temperatures and short residence times; carbonization, which is performed
at higher temperatures than torrefaction and long residence times; and fast pyrolysis, which
runs at high temperatures and short residence times [21]. In the case of cork, it is clear that
carbonization yields the best results in terms of the characteristics of the solid product since
porosity is only developed over 450 ◦C, with pyrolysis times over 30 min [26].

These results are in line with other biochars produced from lignocellulosic biomass,
which is the natural carbonaceous material of choice if the aim is to achieve high BET
surface area and pore volume [27,28]. Biochar from lignocellulosic feedstock can achieve
BET surface areas over 500–600 m2·g−1 at high enough temperatures (800–900 ◦C) [27,29].
More intermediate pyrolysis temperatures often yield BET surface areas in the range of
300–500 m2·g−1 [27,29,30], as reported for cork (Table 2). Cork is unique from other ligno-
cellulosic materials due to its suberin content, which is not only interesting to recover as
a liquid byproduct of carbonization [24] but also influences the thermochemical decom-
position profile, which is governed by cellulose and lignin in the other materials of this
category [29].

Recently, some other studies have used animal manure and algae as feedstocks for
biochar production, but they yield carbons with much lower surface area, often below
100 m2·g−1, even at high temperatures [27,29].

Biochars from cork produced at lower temperatures have been deemed similar to
lignite or coal and can be used as fuels with enhanced performance [20]. Another possible
application of cork biochars is as soil amendments, although in this case, the increase in
temperature may be beneficial since it increases the nutrient content and decreases the
leaching of phenolic compounds to water, which may be toxic to plants [20,21].

4.3. Activation and Functionalization

Even though the properties of biochars are attractive for a variety of applications,
they are less satisfactory for more specialized uses, such as the fabrication of activated
carbon electrodes [31,32] and the adsorption of specific compounds for which the textural
characteristics are determining, such as the narrow microporosity in the uptake of CO2 [20].
High surface areas and pore volumes can only be achieved through more complex activation
procedures, which can be either physical or chemical [18,32].

Recent advances in the production of activated carbons from lignocellulosic biomass
propose a two-step process: the first pyrolysis is carried out at low temperature to produce
biochar, and the second step is the activation of this biochar using physical or chemical
processes [27]. In the case of cork, two-step processes have been reported in which the
pretreatment consists of hydrothermal treatment [22,32] or slow pyrolysis [17,24,33,34].
Such a pretreatment enables the achievement of much larger surface areas and pore volumes
after the activation step [17,24,25,34] and allows for the use of more environmentally
friendly methodologies that minimize reactant consumption and energy expenditure [22].
Other innovative approaches include substituting aggressive basic agents like NaOH and
KOH with lower impact reactants with similar effects, like KHCO3 [32] or alternative
alkalinity sources such as paper and pulp wastewater [35].

Table 3 shows the latest two-step activation processes described in the available
literature and their results regarding the textural properties of the cork-based activated
carbons or carbon nanoflakes.
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Table 3. Specific surface area and pore volume of cork-based porous carbon materials reported in the literature, along with the methodology details for
their production.

Source Raw Material Pretreatment Activation Agent Pyrolysis Conditions SBET (m2/g) Vp (cm3/g)

[33] Cork granules Carbonization under N2, 400 ◦C, 1 h CO2
10 ◦C·min−1 to 800 ◦C, hold until burn-off 26% 581 0.38

10 ◦C·min−1 to 800 ◦C, hold until burn-off 49% 839 0.63

[18] Cork powder (<0.17 mm) CO2
N2, 100 mL·min−1, 5 ◦C·min−1 to 750 ◦C, switch to

CO2, hold 2 h
76 0.06

KOH 1:1 w/w, impregnation N2, 100 mL·min−1, 5 ◦C·min−1 to 750 ◦C, no hold 584 0.33

[19]

Regranulated cork (2.0–2.8 mm)

Hydrothermal carbonization, ~350 ◦C,
20 min (before study)

Steam N2, 480 mL·min−1, 10 ◦C·min−1 to 800 ◦C, hold 1 h 750 0.50

Regranulated cork (0.5–1.0 mm)

KOH 1:1 w/w, impregnation N2, 300 mL·min−1, 10 ◦C·min−1 to 700 ◦C, hold 1 h 729 0.35

N2, 300 mL·min−1, 10 ◦C·min−1 to 800 ◦C, hold 1 h 948 0.47

KOH 2:1 w/w, impregnation N2, 300 mL·min−1, 10 ◦C·min−1 to 700 ◦C, hold 1 h 874 0.41

K2CO3 1:1 w/w, impregnation N2, 300 mL·min−1, 10 ◦C·min−1 to 700 ◦C, hold 1 h 617 0.29

N2, 300 mL·min−1, 10 ◦C·min−1 to 800 ◦C, hold 1 h 907 0.42

K2CO3 2:1 w/w, impregnation N2, 300 mL·min−1, 10 ◦C·min−1 to 700 ◦C, hold 1 h 604 0.30

[31] Cork granules

KOH 1:1 w/w, impregnation

Ar, 300 mL·min−1, 800 ◦C, 2 h

881 0.52

KOH 2:1 w/w, impregnation 1082 0.66

KOH 3:1 w/w, impregnation 916 0.54

[35] Cork granulates (0.5–1.0 mm)
10 M NaOH and alkaline

wastewater, 50:50 v/v,
impregnation 0.8 g/50 mL

N2, 5 ◦C·min−1 to 150 ◦C, 10 ◦C·min−1 to 900 ◦C, hold
30 min

1670 1.14

[32] Cork granules
0·5 M H2SO4 + distilled water,

hydrothermal carbonization at 160 ◦C
for 2 h

KHCO3 1:1 Ar, 850 ◦C, 2 h 1057 0.64

[22] Cork granules from Quercus
variabilis

Hydrothermal treatment at 180 ◦C, 5 h N2, 100 mL·min−1, 800 ◦C, 1 h 376 0.20

Hydrothermal treatment at 180 ◦C, 5 h;
carbonization under N2, 100

mL·min−1 800 ◦C, 1 h
Air

350 ◦C, 1 h 404 0.23

400 ◦C, 1 h 540 0.33

450 ◦C, 1 h 580 0.38
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Table 3. Cont.

Source Raw Material Pretreatment Activation Agent Pyrolysis Conditions SBET (m2/g) Vp (cm3/g)

[24] Cork powder (< 0.18 mm)

KOH 3:1 w/w, impregnation 10 ◦C·min−1 to 700 ◦C, hold 1 h 1231 0.54

Carbonization under N2, 10 ◦C·min−1

to 350 ◦C, 30 min

ZnCl2 3:1 w/w, impregnation 10 ◦C·min−1 to 600 ◦C, hold 1 h 1303 0.56

KOH 3:1 w/w, impregnation

10 ◦C·min−1 to 400 ◦C, hold 1 h 470 0.25

10 ◦C·min−1 to 500 ◦C, hold 1 h 1491 0.62

10 ◦C·min−1 to 600 ◦C, hold 1 h 1885 0.78

10 ◦C·min−1 to 700 ◦C, hold 1 h 2010 0.82

10 ◦C·min−1 to 800 ◦C, hold 1 h 1909 0.92

KOH 1:1 w/w, impregnation

10 ◦C·min−1 to 700 ◦C, hold 1 h

984 0.43

KOH 2:1 w/w, impregnation 1605 0.66

KOH 4:1 w/w, impregnation 1949 0.84

KOH 5:1 w/w, impregnation 2380 1.14

KOH 6:1 w/w, impregnation 2379 1.29

[16] Waste cork stoppers Carbonization under N2, 10 ◦C·min−1

to 600 ◦C, 2 h
H2SO4 180 0.08

[17]
Cork stoppers pulverized to

<900 µm

Carbonisation under N2,
100 mL·min−1, 5 ◦C·min−1 to 800 ◦C,

1 h

N2, 100 mL·min−1, 5 ◦C·min−1 to 900 ◦C, hold 1 h 1149 0.96

NH3

N2, 100 mL·min−1, 5 ◦C·min−1 to 700 ◦C, switch to
NH3, hold 1 h

558 0.36

N2, 100 mL·min−1, 5 ◦C·min−1 to 800 ◦C, switch to
NH3, hold 1 h

1022 0.68

N2, 100 mL·min−1, 5 ◦C·min−1 to 900 ◦C, switch to
NH3, hold 1 h

2060 2.21

[25] Cork granulates (0.25–0.45 mm) Carbonization under N2, 550 ◦C, 1 h

KOH 3:1 w/w, solid mixing

N2, 750 ◦C, 2 h

2567 1.16

KOH 4:1 w/w, solid mixing 2707 1.28

KOH 5:1 w/w, solid mixing 2865 1.43

[34] Cork powder
Carbonization under N2, 300

mL·min−1, 10 ◦C·min−1, 550 ◦C, 1 h KOH 5:1 w/w, solid mixing

650 ◦C, 2 h 2422 1.09

750 ◦C, 2 h 2948 1.37

850 ◦C, 1 h 3072 1.57

850 ◦C, 1.5 h 3246 1.81

850 ◦C, 2 h 3403 2.07
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There has been a significant improvement in the properties of activated carbons using
two-step pyrolysis processes; one of the most recent studies could achieve an excellent
surface area of 3403 m2·g−1, which is the highest so far reported for cork-based carbon
materials, using KOH as the activating agent at a ratio of 5:1 to cork [34]. This area
value is higher than the 3000 m2·g−1 reported as the highest achievement for the two-
step production of activated carbons using other lignocellulosic biomass sources [27].
Zhang et al. [24] note that thermal pretreatment, even at temperatures as low as 350 ◦C,
causes a thinning of the cell walls, thereby making them more permeable to the activating
agent and increasing the development of micro and mesoporosity. The activation process
also enables the opening of the porosity by washing away or preventing the formation of the
molten tar accumulated in the honeycomb structure after pyrolysis [18,20,34]. Interestingly,
along the wide range of activating methodologies used, the increase in the pyrolysis
temperature fosters the development of microporosity up to temperatures of around
600 ◦C [23,24], while above this level, mesoporosity is enhanced, enabling the formation
of a hierarchical pore structure [25]. The synergy between macro, meso and micropores
facilitates diffusion of the adsorbate through the carbon structure, leading to fast access to
the adsorption sites [25].

Some researchers attribute the development of mesoporosity due to the presence
of gaseous physical activating agents [17,19,22]. Alternative approaches, such as using
NH3 [17] and air [22], were also applied to create surface characteristics such as amino
groups, for the former and oxygen-containing groups, for the latter.

5. Applied Biosorption with Cork-Based Materials

Sorption using cork, either natural or modified into biochar or activated carbon, can
be applied in a variety of pollutants (heavy metals, organic pollutants) as well as different
states of matter (liquid, gas). This section discusses the comparative performance of these
biosorption applications for each type of pollutant.

5.1. Biosorption of Metals

Biosorption of toxic metals in their cationic form, namely “heavy metals”, as they are
commonly known, had already been thoroughly explored at the beginning of the century,
as previously reported [3]. In the last ten years, research on the adsorption of inorganic
ions using cork adsorbents has shifted to anionic compounds, which had not yet been the
object of study.

Some studies early in the decade have still reported the adsorption of cationic metals
cadmium [36] and mercury [37]. The findings align with previous research on the biosorp-
tion of toxic metals using cork biomass; in the latter study, authors have even found that
using recycled cork stoppers as the material did not present any significant differences from
raw cork byproducts. The optimum pH for adsorption is in the neutral range, avoiding
the competition with H+ that occurs for more acidic values. Lopes et al. [37] have demon-
strated for the first time that ion exchange is part of the adsorption mechanism for metal
uptake in cork biomass, at least partly; they have shown that the extent of Hg2+ adsorbed
is equivalent to the amount of Ca2+ and K+ released in the same amount of time, in the first
stage of the adsorption reaction. Furthermore, the adsorption kinetics are well described by
the pseudo-second-order [36,37] and Elovich [37] models; the isotherm is well described by
the Langmuir model in the case of cadmium [36]. Maximum adsorption capacities obtained
with a Langmuir model fit are presented in Table 4.

In the case of mercury, Lopes et al. [37] have observed an unusual type III isotherm
derived from increased removal efficiency for high initial concentrations, which enables an
easy achievement of an equilibrium concentration of 20–30 µg·L−1 regardless of the pollu-
tant load. Still, the adsorption capacity for lower equilibrium concentrations is deficient.
These authors have also studied mercury adsorption in different aqueous matrixes, namely
in a binary Hg/Cd system and in seawater. They found that cork is more selective towards
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Hg than Cd, with minimal interference of the latter, while in seawater, Hg adsorption was
much more reduced due to the formation of Hg chloro-complexes.

Table 4. Langmuir maximum adsorption capacities obtained in metal biosorption by cork and
cork-derived biosorbents.

Source Pollutant Size (mm)/Modification pH Solid/Liquid
Ratio (g·L−1)

Initial Concentration
(mg·L−1) Langmuir r2 qmax

(mg·g−1)

[36] Cd(II) <0.08 mm 6 1 10–100

0.996 9.65 (20 ◦C)

0.996 12.48 (30 ◦C)

0.996 14.77 (40 ◦C)

[38] Cr(VI) regranulated (300 ◦C steam
heated), 0.25–0.42 mm 2 6.67 25–1000 0.994 22.98

[39] As(III) iron-coated, 0.8–1.0 mm 9 2.5 1–40 0.978 4.9 ± 0.3

[40]
Sb(III)

iron-coated, 0.8–1.0 mm
6

2.5 1–40
0.953 5.8 ± 0.5

Sb(V) 3 0.912 12 ± 2

[41] As(V) iron-coated, 0.5–1.0 mm 3 2.5 1–40

0.997 5.8 ± 0.1 (10 ◦C)

0.996 6.2 ± 0.2 (20 ◦C)

0.999 6.9 ± 0.1 (30 ◦C)

Krika et al. [36] have also presented a thermodynamic study of metal adsorption onto
cork biomass for the first time, concluding that Cd(II) adsorption was spontaneous and
endothermic, with maximum adsorption capacity increasing with temperature (Table 4).

Regarding anionic pollutants, our previous review had already reported some studies
about Cr(VI) adsorption onto raw cork biomass [3]. Since then, Sfaksi et al. [42] have
published new results on the same topic and Şen et al. [38] on regranulated cork, which is
steam-treated at around 300 ◦C to produce agglomerate, for the same purpose. New studies
have also emerged on the adsorption of As, Sb and P oxyanions using a novel modified
cork biosorbent coated with iron [39,43,44]

As expected, unlike cationic metals, the anions are adsorbed more easily at acidic
pH since electrostatic attraction may be involved in their uptake; the functional groups
are positively charged in this pH range, while the adsorbate is negatively charged [39,42].
In Cr(VI) adsorption, reduction to Cr(III) by reaction with the organic matter in cork
must also be factored in; Şen et al. [38] have shown, however, that this is minimized with
thermal treatment. In the adsorption of As and Sb, speciation must be considered. For
the pentavalent forms (As(V) and Sb(V)), it was observed that adsorption was favoured at
acidic pH because they are negatively charged starting at pH as low as 2. However, for the
trivalent forms (As(III) and Sb(III)), the neutral form predominates through the acidic and
neutral range, and therefore the neutral pH is preferred [39,44].

It was found that the kinetics of anion adsorption were also well described by the
pseudo-second-order and Elovich models; the former for Cr(VI) [42] and As(III) [39], and
the latter for As(V) [39], Sb(III), Sb(V), and P(V) [43,44]. These indicate that the process
occurs by chemisorption or on a multilayer in a heterogeneous surface. For iron-coated
cork granulates, the adsorption occurs on the coating rather than the cork structure, and
this coating is not homogeneous [39].

The reported equilibrium isotherms reinforce the fact that adsorption occurs on a
multilayer. While some successful adjustments of the Langmuir model have been presented
for Cr(VI) [38], As(III) [39], As(V) [41], Sb(III), and Sb(V) [44], enabling the calculation of
maximum adsorption capacities (Table 4), the Freundlich model presents equal or superior
fits for the adsorption of As(V), Sb(III), Sb(V), and P(V) [39,43,44]. Sfaksi et al. [42] report
an unusual type IV isotherm for the adsorption of Cr(VI), with a good fit of the BET model.

Pintor et al. [40,44] have also studied the adsorption of As(III), As(V), Sb(III), Sb(V),
and P(V) in the presence of electrolytes, such as NaCl or KNO3. The increased ionic strength
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caused different effects on the pollutants: when adsorption decreased, like for As(III) and
Sb(V), it meant that electrostatic attraction played a part in the uptake; when adsorption was
maintained or even increased, like for As(V), Sb(III), and P(V), the adsorption mechanism
was chiefly inner-sphere complexation. Further studies with the same material and the
pentavalent forms of these anions [43] showed competitive behaviour in binary and ternary
solutions, with As(V) and Sb(V) suffering the highest interference by the other pnictogens
while P(V) was more affected by the presence of other ions in the form of electrolytes.

A thermodynamic study of As(V) adsorption onto iron-coated cork granulates was
carried out by Carneiro et al. [41]. The reaction was spontaneous and endothermic, and the
adsorption capacity increased with temperature (Table 4). Sfaksi et al. [42] also showed a
slight increase in Cr(VI) adsorption capacity by cork biomass with temperature.

Carneiro et al. [45] have also studied the desorption of As(V) from iron-coated cork
granulates using NaOH 0.01 M and 0.1 M, being able to reuse the adsorbent for 3 to 4 cycles
of adsorption, both in batch and continuous modes.

Finally, a recent development has been the production of biochar from cork powder,
aiming to increase the material’s porosity and adsorption potential by a simple procedure
of slow pyrolysis. Wang et al. [23] have produced such biochars and applied them to Cu(II)
adsorption with good results. They were able to develop microporosity without damaging
the cork’s alveolar structure, increasing the surface area. This effect was increased with the
pyrolysis temperature and correlated positively with the adsorption capacity towards the
studied metal.

5.2. Biosorption of Organic Pollutants

Cork, either as is or transformed into biochars or activated carbon, has been used for
biosorption of a series of organic pollutants such as industrial dyes [46], phenol and deriva-
tives [46] and emergent pollutants such as antibiotics [47] or herbicides/pesticides [48].

Table 5 summarizes the maximum uptake values obtained for those pollutants on cork
and derivates (such as biochar or activated carbon prepared from cork) reported in the
literature, derived from fitting the Langmuir model to experimental results.

Due to a limited number of studies, few cross-referenced interpretations can be made
with accuracy. Regardless, some indications can be seen from the comparison of studies
described in Table 5.

For instance, it is expected that the smaller the cork particles, the larger the surface
area and, therefore, higher adsorption. Although that certainly is the case at pH 9 in Crespo-
Alonso et al. [47], the same cannot be said at pH 4, and in Nurchi et al. [49], a lower qmax
can be found for chrysoidine G at pH 7 at a lower cork granulometry. It is hypothesized
that the sorption is not merely a surface phenomenon but dependent on the weight of the
sorbent [47].

pH is also a relevant parameter which seemingly increases the qmax of some pollutants,
such as ofloxacin and chrysoidine G when compared directly in the studies analysed. pH is
relevant as it affects the protonation equilibria of the pollutants [47], which can enhance
or limit the adsorption depending on the interactions between cork particles and said
protonation species of each pollutant. Additionally, pH may also affect the surface charge
of the sorbent if ion exchange is an important adsorption mechanism [49].

By analyzing Table 5, it can be seen that ofloxacin and chrysoidine G are the pollutants
that were more easily adsorbed while using unaltered cork residues. However, such
interpretations must be considered with proper care due to significant experimental design
differences between studies that heavily limit comparisons. For instance, some values
of chrysoidine G adsorption come after cork powder entrapment in a biopolymeric gel
of calcium alginate, which seemingly increases adsorption capacity, although it increases
equilibrium time, in particular at pH values where cork adsorption is lower.

Another relevant aspect is the adsorption kinetics, as time may be of essential impor-
tance for potential future applications. In Machado et al. [50], cork granulates adsorbed 50%
of Furosemide within 24 h, being faster (as well as having higher qmax) than the other tested
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sorbent, Low Expanded Clay Aggregates (LECA), and also being seemingly independent
on initial concentration. In this case, cork granulates could be used to enhance wetland
system efficiency for this type of pharmaceutical active compounds, either alone or in
combination, based on adsorption capacity.

Table 5. Organic pollutant removal by adsorption to raw cork or biochar produced from cork.

Source Pollutant Size
(mm)/Activation Method pH Solid/Liquid

Ratio (g·L−1)
Initial Concentration

(mg·L−1) Langmuir r2 qmax
(mg·g−1)

[47] ofloxacin

0.42–0.841 &
>0.42 4

12.5 181–1806 -

31.1

>0.42 9 37.9

0.42–0.841 9 24.9

[50] furosemide - - 150 1–11 0.183 0.25

[51]

phenol

<2 6
20 5–50

0.98 0.92

2-chlorophenol 0.99 1.54

2-nitrophenol 0.99 5.09

2,4-dichlorophenol 0.94 6.24

pentachlorophenol 10 0.95 5.31

[46] methyl orange <0.08 2 5 100 0.996 16.66

[52] fuchsin or
basic violet 14 0.63–0.75 6 6.66 100 0.979 29.9

[48]
carbamazepine

3–4 - 100 1–35
0.878 0.37

clofibric acid 0.870 0.06

Ibuprofen 0.876 0.32

[49] chrysoidine G

>0.42

4

12.5 - -

36.3

>0.42
(in alginate) 42.4

0.42–0.841

7

44.6

>0.42 57.3

>0.42
(in alginate) 61.5

[53] fluoxetine <1 9 0.1–1.5 5 0.884 10 ± 3

Biochar or activated carbon (AC) produced from cork

[25] methylene blue

Two-step carbonization
under N2 and KOH
activation 3:1 w/w

- 1 100–1800

1.000 806.4

Two-step carbonization
under N2 and KOH
activation 4:1 w/w

1.000 990.1

Two-step carbonization
under N2 and KOH

activation 5:1 w/w, 750 ◦C
1.000 1059.8

[35] methylene blue
<75 µm, activated with

alkaline wastewater and
carbonization under N2

- 2–3.5 10–700 0.902 333.33

[34]

methylene blue
Two-step carbonization

under N2 and KOH
activation 5:1 w/w, 850 ◦C

- 0.25 50–2500

0.997 1283.99

rhodamine B 0.982 4067.57

methyl orange 0.992 2666.2

congo red 0.997 8920.6

[19] ibuprofen

steam activation,
carbonization under N2

5 0.2–0.67 20–150
0.995 143.1

KOH activation,
carbonization under N2

0.993 174.4
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In the case of the pollutants studied by Mallek et al. [51], the adsorption of phenolic
compounds reached an equilibrium in five minutes. Desorption was not observed for these
compounds. It was also found that the higher the electronegativity of the substituting
groups in the aromatic ring, the greater the sorption capacity of the cork, as seen in Table 5.

Other trends in the kinetic adsorption of organic pollutants by cork can also be found:
Krika and Benlahbib [46] found that the adsorption rate of methyl orange has a decreasing
trend with increasing initial concentration as well as solution temperature. However, higher
capacity was also found with increasing concentration.

From the recent advances in the research on the use of cork as a precursor for activated
carbon and biochars, as mentioned in a previous section, multiple end uses have been
studied, and for organic pollutant adsorption, only three studies with comparable data
points were found. Compared to others in Table 5, all four studies, particularly those with
similar pollutants, have a significantly higher value of qmax, which denotes the potential of
carbonization and activation to enhance the adsorption capacity of cork in particular.

Wang et al. [25], Novais et al. [35] and Wang et al. [34] tested activated carbon from
cork for methylene blue adsorption, but differences in preparation methods led to different
surface areas (2865, 1670 and 3403 m2·g−1, respectively), which reflected in a different qmax
(up to 1059.8, 333.33 and 1283.99 mg·g−1, respectively). However, kinetics was similar
(between 5 and 10 min). Wang et al. [34] found high values of qmax also for rhodamine B,
methyl orange and congo red.

Wang et al. [25] further tested desorption for sorbent regeneration, which was found
to be possible, albeit with a reduction of capacity to half after three desorption-adsorption
cycles, while Wang et al. [34] found regeneration efficiencies of ethanol elution after 5 cycles
between 38.38% and 86.19%, depending on the dye.

Finally, Mestre et al. [19] tested the production of activated carbon with two different
methodologies based on expanded corkboard rather than cork dust which might have
influenced the obtained results. Regardless, it is clear that both methods yielded signifi-
cantly higher qmax values for ibuprofen adsorption than the use of untreated cork in other
studies [48].

Several studies hypothesize a wide variety of hypotheses regarding the adsorption
mechanisms, some highly speculative. M À Olivella et al. [54] studied in detail the role of
chemical components of cork in the sorption of several pesticides, where it was concluded
that content in aliphatic extractives and phenolic extractives inhibit or favour sorption
of all pesticides, respectively and that sorption of pesticides by cork is more suitable to
hydrophobic pesticides with higher octanol-water partition coefficient and not adequate
for hydrophilic pesticides. Although this aspect does not necessarily apply to all organic
pollutants, it does provide some important insights into the mechanism of cork adsorption.

5.3. Biosorption of Gaseous Pollutants

Cork and its derivate products, such as activated carbons or biochars prepared with
cork as a base material, can also potentially treat gaseous effluents. However, gaseous
pollutant adsorption with cork materials is currently underexplored in practice and as a
research topic. Atanes et al. [18] prepared and characterized waste cork powder-derived
activated carbon for SO2 adsorption. It was found that the activation type and temperature
heavily influence adsorption, whereas higher surface area/porosity and surface basicity
enhanced the uptake. Based on Freundlich isotherms, the authors found that the cork-
derived activated carbon performed similarly to other activated carbons in the literature,
such as lignite and oil-palm waste and lower than molecular sieves.

Cork-based activated carbon was also researched for VOC removal. Xu et al. [17]
synthesized activated carbon by two-step carbonization with ammonia activation of cork
stopper waste (Table 5), achieving abundant amounts of micro-mesopores. This acti-
vated carbon presented an adsorption performance of 1221 mg·g−1 for acetone at 18 kPa,
840 mg·g−1 for benzene at 10 kPa and 720 mg·g−1 for toluene at 3 kPa.
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Another potential application is CO2 capture. Zhang et al. [24] produced microporous
carbon nanoflakes derived from biomass cork waste, achieving an adsorption capacity
of 7.28 mmol g−1 at 0 ◦C and 1 bar and 4.27 mmol g−1 at 25 ◦C, values that are higher
than the majority of carbon-based sorbents in the literature. The prepared nanoflakes also
presented good reusability and high selectivity to CO2. Most important for this review is
that the observed adsorption capacity of the prepared nanoflakes was, in large part, due
to the characteristics of the precursor material, i.e., cork, taking advantage of its unique
properties such as the tightly stacked closed and hollow honeycomb cells of uniform size
and thinner wall.

Although there is a very limited number of recent sources of cork-derived products
for gaseous emission control, the innate characteristics of the material are shown to be of
particular interest, and therefore more research on this topic should be developed.

6. Concluding Remarks

Significant advances in the research of adsorption applications for cork and cork-based
materials have been reported in the last decade. Namely, the trend in biochar production has
been analysed for different types of cork material, concluding that it presents advantages
due to the uniqueness of its cellular structure.

Some progress has been made on cork powder and granulates’ composition and
imaging, but more information on its characteristics is needed to explore its potential
fully. Namely, more advanced imaging techniques, such as neutron radiography and
tomography, are yet to be applied to either cork powder or cork-derived sorbents. Re-
ported use of these techniques for studying other biosorbents suggests a high potential
to more fully characterize and, by extension, reveal improvement opportunities in the
adsorption process.

Two-step pyrolysis processes, a novel approach tested on various biomass, have
achieved exceptional results on cork, unlocking new porosity and surface area levels. Using
carbonization at 550 ◦C followed by activation using KOH 5:1 w/w with solid mixing and
second pyrolysis at 850 ◦C achieved the highest surface area value for a cork-based carbon
material so far. The increase in surface area and porosity is good for adsorption applications
and opens avenues in other areas, such as the production of carbon-based electrodes.
Alternative approaches can also create specific surface characteristics of potential interest,
such as amino- or oxygen-containing groups for specific adsorption needs.

Biosorption of heavy metals, organics and gaseous pollutants are all potential ap-
plications of cork-based materials, but many lines in these three topics are still open to
new research. In terms of heavy metals, previous research had already been extensive
on the use of raw cork granulates for cation adsorption, and new studies have revealed
simple coatings and transformations for effective application in anion adsorption. Organic
pollutants are a class of growing interest due to the rise in emerging pollutants of concern;
however, despite some complementary studies with raw cork granulate applications, little
progress has been made in this regard. The same applies to gaseous pollutants, of which
only a study on VOC and another on CO2 capture could be found.

We predict that the next decade will bring further advances in the applications of
cork-based activated carbons now that their textural properties match those of many
activated carbons used commercially. More studies on the removal of inorganic and organic
micropollutants, including pharmaceuticals and personal care products, VOC adsorption,
gas separation, and CO2 capture, are needed to evaluate the practical value of the high
levels of porosity and surface area that have recently been reached.
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