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Abstract: This paper provides the basis for understanding the preparation and properties of an old,
but advanced material: activated carbon. The activated carbons discussed herein are obtained from
“green” precursors: biomass residues. Accordingly, the present study starts analyzing the components
of biomass residues, such as cellulose, hemicellulose, and lignin, and the features that make them
suitable raw materials for preparing activated carbons. The physicochemical transformations of these
components during their heat treatment that lead to the development of a carbonized material, a
biochar, are also considered. The influence of the chemical activation experimental conditions on the
yield and porosity development of the final activated carbons are revised as well, and compared with
those for physical activation, highlighting the physicochemical interactions between the activating
agents and the lignocellulosic components. This review incorporates a comprehensive discussion
about the surface chemistry that can be developed as a result of chemical activation and compiles
some results related to the mechanical properties and conformation of activated carbons, scarcely
analyzed in most published papers. Finally, economic, and environmental issues involved in the
large-scale preparation of activated carbons by chemical activation of lignocellulosic precursors are
commented on as well.
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1. Introduction

Since the last century, exorbitant growth in all aspects of human activity has taken
place, in part due to the rise of the human population itself. Thus, the world’s population
has boosted from 2.5 billion in 1950 to tripling up to 8 billion in 2021, with the projections for
2050 of about 9.6 billion people [1]. The population rise will entail a great demand in food
production and water purification, together with an increase in industrial manufacturing,
all associated with large energy requirements. This notable increment in the activity of
all sectors (industrial, agricultural, energy, and services) may lead to a greater increase
in environmental problems. Among these serious concerns, having potable water both
for agriculture and livestock, as well as for human consumption, is amongst the most
important ones [2]. The United Nations considers it a priority objective, as stated in
the Millennium Development Goals [2]. Within this context of air and water pollution
control and water purification, attention is paid to the useful technologies to solve these
problems, being adsorption on porous solids one of the best techniques for pollutants’
removal [3]. Activated carbons (ACs) are amongst the most widely used [4]. This is
related to their excellent properties: variable (and high) specific surface areas, tunable
porosities (from the point of view of pore volumes, pore sizes, and pore size distributions),
tunable surface chemistry (surface functional groups of different nature, variable content,
and proportions), high mechanical resistance, and good electrical conductivity. Thus,
their consumption has increased in terms of quantity, given that they are used, among
many other fields, for water purification [5]. The US Environmental Protection Agency
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recommends adsorption by activated carbons as the most appropriate technology for the
elimination of organic pollutants present in aqueous media [5]. Moreover, the legislation
by the Environment Protection Agency (EPA) in the US that regulates the control of acid
and heavy metal emissions (mainly from thermal power plants) changed in 2011, and
also a new treaty by the EPA Mercury and Air Toxics Standards (MATS) for the control of
mercury emissions was applied in October 2013, which emphasizes the need of efficient
adsorbents for environmental problems remediation. As a consequence of these interesting
properties many applications related to adsorption, catalysis, and electrochemistry fields,
among others, involve ACs.

In view of all this, it is not surprising that the demand for AC materials will increase
in the coming years, and also their price, in part as a consequence of the increasing use of
ACs in water treatment. As an example, the world’s production of ACs was 1.7 million
tons in 2020, and the predictions for the next five years point to an annual increase of 3%,
standing at about 2 million tons [6]. Thus, the activated carbons market is expected to reach
USD 8.49 billion in 2025, at a compound annual growth rate of 11.4% [7].

ACs have been prepared since pre-Egyptian times, although it was during the 19th
century that numerous trials were carried out to improve ACs properties and performance.
These studies were collected by Ostrejko (1900), who published the patents that later
derived the two most widely used methods for the production of ACs at an industrial level:
the so-called physical activation and chemical activation, British Patent 14,224, 1900; French
Patent 304,867, 1901; German Patent 136,792, 1901, and US Patent 739,104, 1903 [8]. Among
these methods, since the 1980-1990s, there is an expanding interest in chemical activation,
the topic of this research.

Chemical activation is (wrongly) generally defined as a solid—solid reaction that in-
volves intimate mixing of a carbonaceous precursor with a chemical (activating) compound
(traditionally in the form of a concentrated aqueous solution), followed by heat treat-
ment [3,4,9-12]. It can be performed either in a single heating stage or in two stages,
depending on the type of precursor [9-13]. In the case of carbon-rich precursors, such as
coals and coke, the process is usually carried out in a single heat treatment step [9,10,14,15].
In the case of lignocellulosic materials, a pyrolysis step is generally carried out as the
first heating stage to obtain a (bio)char, which is subsequently used as a precursor, being
then mixed with the chemical compound solution, dried, and activated in a heat treat-
ment [11,13,15-19]. In some cases, such as activation with hydroxides, the activating agent
is preferably mixed in solid form to avoid its carbonatation, and also for economical and
operative reasons [10,14,15,20]. Some studies devoted to hydroxides activation highlight
that, in fact, chemical activation occurs via solid-liquid reaction because the activating
agent usually melts before/during the activation procedure [11,21,22].

In general terms, the published papers on the preparation of activated carbons by
chemical activation have focused on different activating agents, different precursors, and
different (activation) experimental conditions, which have led to a wide variety of porosities.
In most cases, the achieved porosity has been the main concern, together with the final
yield, whereas surface chemistry has been less studied.

In parallel with studies devoted to the preparation of ACs, the use of these sorbents
in a wide range of applications has been deeply investigated. Moreover, since the 2000s,
the mechanism of chemical activation has also been analyzed with the aid of different
experimental techniques [20,21,23,24], being the conclusions of those studies of great
relevance for the efficient preparation of activated carbons.

Recently, all the previous knowledge/background about chemical activation has
been applied to the use of lignocellulosic sources as precursors [11-13,18,19,25,26], in
line with green chemistry principles. Thus, the development of efficient methods for
preparing ACs from inexpensive and abundant lignocellulosic (biomass) residues from
agricultural activities stands out [15,18,27]. As a result of the interesting properties for ACs
chemically derived from lignocellulosic materials and residues, their use in a wide variety
of applications, including energy storage or CO, removal as examples, has received great
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attention [26,28-34]. However, despite the highlighted interest in chemical activation, a
literature survey on the topic emphasizes that some important aspects have been scarcely
investigated and merit a deep analysis.

On one hand, little attention has been paid to the physicochemical transformations of
the lignocellulosic biomass components during heat treatment. Also, the obtained yields
and porosity developments require some revision, comparing them with those obtained
by physical activation of similar precursors. Moreover, although the importance of the
porosity development is undoubtful, little attention has been paid to the characterization
of other features, which determine the use of these adsorbents in novel and important
applications. For example, only a few studies have analyzed the surface chemistry of the
activated carbons, and no clear conclusions have been extracted about the relationship
between activation conditions and surface chemistry. Other features, such as density,
granulometry-morphology, mechanical properties, electrical properties, or the presence of
heteroatoms have been less analyzed. Very little attention has been paid, as well, to scaling
up laboratory procedures or to the main economic and environmental issues and concerns,
such as the possibility of recycling the activating agents for further activations. Therefore,
this work aims to revise and comment on the published information devoted to some of
those topics.

2. Preparation of Activated Carbons

Activated carbon is identified by the ACS registry number 7440-44-0 and from the
point of view of chemical composition is mainly based on carbon (C). AC is macroscopically
considered an amorphous structure derived from an allotropic modification of graphite; all
forms of synthesized ACs contain heteroatoms (mainly O, H, N, P, and S) and, structurally,
it can contain some crystalline domains and have different order degrees. The presence
of heteroatoms is largely linked to the organic origin of each precursor and the activation
process.

As mentioned, the ACs' total porosity, pore size distribution and the nature/content
of their surface chemistry can be “easily” tailored [10,18,25] by the appropriate selection of
the precursor and the experimental activation parameters [10,11,13,18].

2.1. Precursors

One of the first advantages of chemical activation is its versatility in terms of the
raw materials used as precursors for the production of ACs. Thus, any material and/or
residue with a certain carbonaceous matter content can be used for the production of
ACs [3,9,13,25,35], although its availability and price must be also evaluated. ACs can
be prepared from coals, wood, lignocellulosic wastes, domestic wastes (paper, cardboard,
plastics), industrial wastes (from oil industries, carbochemical synthesis, cellulose . . . ), tires,
or sewage sludge wastes (see Table 1, which compiles the raw materials that can be selected
for the preparation of activated carbons). The final quality of the AC largely depends on
the type of precursor, being the final application another aspect to consider when choosing
it. Thus, in principle, precursors with high carbon and low ash (inorganic matter) content
are the most suitable candidates [13,25], although other compositional features that will be
discussed in more detail next, such as the lignin content in the lignocellulosic precursor,
have an important influence as well [36].

Thus, because of the high carbon content in coals (see Table 2), they have been among
the preferred options for getting developed porous structures (especially lignite, subbitu-
minous, and anthracite), allowing the use of economic preparation procedures. These pre-
cursors, with a carbon content around 65-95%, have a developed micrographitic structure
(depending on the maturity or range) and, so, their activation is relatively easy. However,
these are not cheap raw materials, and they are located in certain parts of the planet. There-
fore, traditional preparation and processing plants of ACs have been developed in areas
close to the mines-deposits. This justifies that a target, for economic and environmental
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reasons, of replacing coal with (biomass) wastes, and understanding and optimizing the
preparation procedures.

Table 1. Raw materials used in the preparation of activated carbons [13,25,27,37].

Wastes from the Agri-Food Industry

Fruit pits Olive, avocado, apricot, cherry, plum, date, mango, peach

Nut shells Almond, hazelnut, coconut, walnut, pistachio

Soft shells Avocado, pomegranate, orange, banana, yucca, corn, watermelon
Seeds Orange, guava, palm, rapeseed

Seed husk Rice, wheat, oat, peanut, coffee, cocoa

Processing paste Flaxseed, vinegar must, apple pulp, oil, coffee

Fibers Coconut, palm, banana, jute

Wastes from the Agricultural and Wood Sector

Stems and leaves for Cereal straw (wheat), sunflower, cotton, hemp, esparto, bamboo,
pruning and harvesting cane bagasse, corn, tobacco, vine, kenaf, jute, tea
Wood Tree bark and/or sawdust (eucalyptus, fir, pine, holm oak, olive,

acacia, palm ... )

Industrial and Municipal Wastes

Waste materials from Plastics (PVC, PET), tires, paper, cardboard, wastes from the pulp
organic compounds industry, from the pickling of skins, textile industry.
Inorganic wastes Sewage sludge, steel industry sludge.

Fossil Fuels and their Wastes

Coal Peat, lignite, subituminous, anthracite, fly ash, coal tar
Petroleum/ oil Pitch, coke

Table 2. Elemental analysis of coals [38].

Precursor Ultimate Analysis (% w/w), dmmf * Basis
C H (0] N S
Peat 50-60 6.0-6.5 30-35 1.5 1.0
Lignite 65-70 5.0-5.5 22-26 1.0 1.5
Subbituminous 70-76 5.0 15-22 1.0 3.0
Bituminous 76-87 4.0-5.0 10-15 2.0 4.0
Anthracite 90-95 2.0-3.0 1-3 1.0 -

* dmmf: dry mineral matter free.

Data in Table 2 shows the high carbon contents in coals, but the corresponding values
in biomass residues (see Table 3) made them outstanding precursors as well. In the latter
case, the use of diverse plant parts (including core, stems, shells, peels, flowers, fruits, seeds,
stones, husks, leaves, fibers, grass, starch, among others), is an important advantage [25].
Despite the huge variety of lignocellulosic materials, most of them present a high carbon
and oxygen content, around 40-60% and 40-45%, respectively. Note that whereas their
carbon content is lower than for most coal precursors, their oxygen content is larger (even
around double in some cases). From an environmental point of view, the lower sulfur
content for biomass-origin raw materials in comparison with coal precursors must also be
remarked. However, no micrographitic structure is developed in biomass materials and, for
this reason, they are usually submitted to a thermal process before being used as activation
precursors after which some increase in their carbon content occurs, concomitant to a slight
porosity development (in some cases).

Thus, the preparation of activated carbons stands out for the wide variety of proce-
dures used. Once the precursor is known/selected, three main preparation variables can
be highlighted (summarized in Figure 1):
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a. The activating agent. It covers Hy5O4, ZnCly, H3PO4, KOH, and NaOH, etc., showing
from neutral to acid or basic character. It reacts in a controlled manner with carbon,
consuming some of it, and creating porosity [4,9,11,21,25]. Literature states that,
as a general trend, ZnCl, and H3PO, are the most suitable activating agents for
low-ordered precursors (including lignocellulosic precursors and low-rank coals),
whereas alkaline hydroxides are more suitable for the activation of highly ordered
ones (i.e., high-rank coals, such as anthracites or carbon nanotubes) [10,39].

b.  Heating treatment. Either pyrolysis followed by activation (if two-step chemical
activation-procedure is used) and/or a single step chemical activation are required
for preparing activated carbons, being the heating rate, the activation temperature,
and the holding time at the activation temperature among the most influencing
experimental parameters [25,37]. In any case, conventional furnaces based on stan-
dard electrical resistances are commonly used, and the heat transfer occurs from
the gas to the sample to be activated, either in slow or in flash conditions [9,40]. In
conventional furnaces, heat is transferred from the external surface to the internal
part of the sample to be activated. In other cases, the heat transfer can also occur via
microwave heating [19,25]; heat is transferred from the internal parts of the parti-
cles (i.e., lignocellulosic and activating agent) towards their surface. More recently,
hydrothermal treatments have been implemented for chemical activation, either
for the carbonization (pyrolysis) step or for the direct activation [41-44]. In these
conditions, water media (containing the activating agent dissolved if activation) acts
as a “reactant”, favoring and accelerating the desired processes [41].

C. Atmosphere. The heating occurs in presence of a controlled gaseous atmosphere,
commonly flowing gas [11,25], which removes the evolved gaseous products (favor-
ing the activation reaction [21]) and facilities the heat transmission to the solid sample.
Different atmospheres, mainly nitrogen and steam, can be used [12,13,18,19,25,37 45],
being the flow rate used an important parameter influencing the process.

In some cases, prior to starting the activation, some pre-treatments over the ligno-
cellulosic material are required, including size reduction, screening to desirable particle
size, washing, and drying [12]. The washing step of the raw precursor is particularly
important to eliminate any contaminant or soil that could influence the precursor’s quality.
It may involve acid washing to eliminate soluble and insoluble metals, ash, and lignin; hot
water washing soluble fractions, or alkaline washing, to react with silicon present in some
biomass materials [12].

Figure 1. Experimental parameters involved in the preparation of ACs once the precursor has been
selected.
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Table 3. Elemental analysis, lignocellulosic composition, and ash content of biomass precursors
weight percentage on air-dried basis [12,18,19,37,46].

Ultimate i\nalysw Lignocellulosic Composition (wt %) Ash
Precursor (wt %) (Wt %)
C H (0] N Cellulose Hemicellulose  Lignin

Almond shell 49.5 6.3 44.0 0.2 32 26 25 22
Coconut shell 48.7 6.3 434 1.5 41 27 29 4.0
Palm shell 47.8 6.0 45.3 0.9 30 17 53 4.2
Hazelnut shell 47.0 6.5 46.0 1.0 25 28 42 1.4
Peanut shell 41.5 5.6 2.2 2.1 45 8 33 43
Palm kernel shell 43.6 49 51.6 0.5 30 21 47 2.4
Peach stone 459 6.1 47.4 0.6 46 14 33 1.5
Olive stone 45.0 5.8 48.3 0.2 32 33 30 2.1
Date pits 45.6 7.1 46.5 0.7 24 27 22 1.0
Orange peel 46.6 6.1 471 0.2 65 5 20 1.0
Tomato waste 59.0 8.2 29.8 0.3 33 24 35 1.6
Tobaco stalk 46.2 6.1 434 2.4 42 28 27 24
Cotton stalk 41.2 5.0 34.0 2.6 39 17 29 5.0
Corn stalk 45.5 6.2 41.1 0.8 23 43 16 7.5
Corn cob 46.3 5.6 422 0.6 43 37 15 35
Olive tree pruning 49.9 6.0 43.4 0.7 29 21 27 5.0
Vineyward pruning 47.6 5.6 41.1 1.8 38 34 27 3.5
Peach tree pruning 53.0 5.9 39.1 0.3 31 28 28 3.7
Oats straw 46.0 5.9 43.5 1.1 35 37 18 8.7
Sunflower straw 529 6.6 35.9 14 32 19 22 9.0
Barley straw 46.2 5.8 419 0.6 38 35 16 7.0
Rice straw 49.5 6.1 443 0.2 38 32 12 20.0
Wheat straw 42.7 5.6 39.7 0.3 33 20 15 3.7

2.2. Processes: Pyrolysis and Activation

As already indicated, two heat treatment procedures are common when using lig-
nocellulosic residues as precursors for chemical activation [11,13,15-19,25], in contrast to
a unique one usually employed for coal precursors [9,10,14,15]. A (first) heat treatment
is required due to the “low” carbon content in these precursors and the absence of a de-
veloped microcrystalline structure within them. This step can lead to a slight porosity
development. This fact was already known in ancient times since these precursors only
exhibited adsorbent properties after pyrolysis (carbonization). After the carbonization step,
the “system” precursor-activating agent is submitted to a second heat treatment step, called
activation, being this stage responsible for the porosity generation [25,37]. In some cases,
just one carbonization-activation heat treatment step can be used [4,9,15,25,37], and some
studies have compared the porosity achieved in one-step activation with that developed
by consecutive carbonization and activation treatments [15]. Pyrolysis and activation are
explained next in more detail.

2.2.1. Carbonization or Pyrolysis

To start this section, it is interesting to clarify the differences between two terms that
are usually indistinctly used, pyrolysis and carbonization. Pyrolysis is a general term for
thermal decomposition or chemical change in an inert atmosphere through heating [47].
Carbonization is a slow heat-treatment process, in which the primary goal is the formation
of carbon materials from organic matter [48]. Considering the aim of this study, the terms
pyrolysis and carbonization can be indistinctly used since the thermal treatments that
will be mentioned are applied in an inert atmosphere, at a low heating rate and with the
purpose of obtaining a material with higher carbon content.

When dealing with physical activation, or with chemical activation of some precur-
sors and/or activating agents, a first carbonization step is applied, consisting of thermal
treatment in an inert atmosphere (without the addition of solid or liquid chemical sub-
stances). The objective is to obtain a higher final carbon yield. Thus, temperatures between
400-900 °C can be used, although they are usually higher than 600 °C so that aromatization
and condensation take place [4,9], although, with some precursors and/or conditions, the
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range of carbonization temperatures may be different (i.e., for hydrothermal carbonization
temperature normally ranges 200-350 °C).

As a result of the temperature increase, some heteroatoms (other than carbon) are
eliminated in the form of gaseous compounds. The exit of these gases leaves unsatu-
rated parts of the molecules (radicals), which thus facilitate radical addition reactions [49],
favoring bonds between the aromatic rings from the different molecules present in the
precursors. In lignocellulosic materials, the pyrolytic breaking of the bonds between carbon
and the different heteroatoms (mainly hydrogen and oxygen and also, sulfur, nitrogen,
and others) takes place at 170-650 °C [50]. Depending on their volatility, they are perma-
nently eliminated as gases (CO, CO,, CHy, Hy, H,O, ... ) or tar (high molecular weight
species, which are volatile at carbonization temperatures, but condense at lower tem-
peratures), leaving a solid residue with a high carbon content, called carbonized solid
or (bio)char [11,17,18,25]. Depending on the final temperature reached, the biochar can
contain up to 80-95 wt.% carbon [11,17,18,25]. Thus, after pyrolytic decomposition, three
products are obtained: carbonized material, also called char (15-20 wt.%), tar (60-65 wt.%),
and gases (20-25 wt.%) [13,17].

When preparing ACs, one of the objectives of the carbonization stage is to maximize
the char (carbonized) fraction. For that purpose, it is necessary to know which are the most
appropriate features of the precursor so as to obtain high carbonization yields. The analysis
of the pyrolysis process in lignocellulosic materials is extremely complex as a consequence
of the chemical and structural complexity of the organic macromolecules that constitute
them [51-53]. These macromolecules can be classified into three large groups: hemicellulose,
cellulose, and lignin (see mean contents in the different precursors, Table 3). Given the
different chemical structures of hemicellulose, cellulose, and lignin, their thermochemical
behavior is also different, and so are the numerous chemical reactions occurring in different
temperature ranges (dehydration, depolymerization, bond breakage, formation of new
bonds) [11,18,54]. Thus, hemicellulose is the least thermally stable, rapidly degrading
between 200-350 °C [19,55]. Cellulose has greater stability, but it also degrades rapidly in
the temperature range 300-400 °C [19,54]. In contrast, lignin decomposes slowly in a wide
range of temperatures, 200-500 °C, being the component that contributes the most to char
yield [19,56]. Therefore, from the point of view of charring/carbonization, residues with
high lignin content are, in principle, suitable precursors to obtain ACs [12,13,25,37].

Parallel to the release of tar and volatile matter, a condensation process takes place due
to bonding of unsaturated carbon atoms during the pyrolysis process [11,57]. The formation
of aromatic sheets and the growth of these lamellae, which is correlated with the increase of
the La (size of graphite lamellae) peak determined by XRD, is important from 600 °C [25,58].
These generated sheets, if the geometric arrangement during their growth allows it, will be
stacked generating microcrystals. This process begins at 800 °C and, in turn, microcrystals
are joined with their neighbors through interlocking links in a disorganized form, which
gives rise to a poorly packed structure with free spaces that constitutes the pores in the
char [57-59]. However, these spaces are generally filled (or their entry is partially blocked)
by deposition of products emitted during decomposition, mainly tar, resulting in relatively
low adsorption capacity chars [3,9]. Thus, pyrolysis/carbonization is not efficient for
achieving a high porosity, and a subsequent activation stage is required to first eliminate
these tar deposits and then widen the existing porosity, which increases the adsorption
capacity of the then-called activated carbons [9].

2.2.2. Chemical Activation

As explained, an activation process is required to get a noticeable porosity and, for that
purpose, the use of a chemical/activating agent is required. The most common activating
agents are H,SO,, ZnCl,, H3PO4, KOH, and NaOH [9-11,22,25]. In general, the literature
states that the activating agents act both as dehydrators and oxidants. Thus, regarding
the use of H3PO4 or ZnCl,, one of the main roles of the activating agent is to facilitate
the dehydration of the carbonaceous macromolecular skeleton, which will influence the
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subsequent pyrolytic decomposition of the material, thereby reducing the production of tar
and volatiles, and increasing the yield [23,24]. Likewise, the activating agent penetrates
inside the channels of the botanical structure during the activation of the lignocellulosic
material, causing them to swell, which will affect the generation of a more/less developed
porous structure [11,23].

In the activation, intimate contact between the precursor and the activating agent is
required. This confirms that the mixing procedure is important in the activation procedure.
Thus, when using a solution of the activating agent, the precursor and the activating agent
solution are mixed by stirring (impregnation) for several hours, up to 24 h, at temperatures
ranging 60-150 °C depending on the chosen activating agent and precursor [9-12,18,23].
The solid activating agent can also be mixed with the precursor (physical mixing). This
leads to remarkable porosity results, especially for alkaline hydroxides [10,12], being
beneficial to avoid air contact as much as possible when using NaOH and KOH [10].
Since the activating (chemical) agent plays a major role in the porosity development, the
weight ratio between activating agent and precursor (sometimes referred to as the degree
of impregnation, especially when the activating agent is in solution) is a crucial factor
determining the activation result [12]. Thus, the higher the degree of impregnation, the
greater the specific surface area and the mean pore size developed in the AC [4,9,12,18],
although it has a reverse influence on the final yield (defined as the ratio between the
amount of AC prepared with respect to the amount of precursor used).

As stated, other important factors are the activation atmosphere, the activation temper-
ature, and the time. Chemical activation is carried out under an inert atmosphere, usually
passing a nitrogen gaseous stream through the mixture [12,13,18,19,25,37], although an
oxidizing atmosphere can also be used [60-62]. Depending on the type of precursor and
activating agent, activation can be carried out from 400 to 1000 °C, although usual tempera-
tures range 450-750 °C (note that the required activation temperature is strongly linked to
the activating agent) [4,9,12,18,37]. Activation temperature supposes an advantage over
physical activation, which requires higher temperatures [3,9,12,25,37].

Another advantage of chemical activation, as a consequence of the chemical control in
the precursors’ activation and the lower temperatures used, are the high yields generally
achieved in chemical activation (for porosities similar to those obtained with physical
activation) [4,9,63,64]. In contrast, a drawback for chemical activation is that a final wash-
ing step is required in order to eliminate the activating agent [9,11,13,25,37]. This can be
carried out with distilled water (or with slightly acidified /basified water if hydroxides
or acids are used as activating agents) [10,13]. It should be underlined that the washing
effluent should be treated to recover the activating agent in an economical and environ-
mentally sustainable process. Thus, chemical activation over lignocellulosic precursors
is intriguing and frequently used due to the mild activation conditions and high yields
generally obtained [4,9,11,13,18,25]. However, on an industrial scale, physical activation of
lignocellulosic residues is extensively used since it is claimed to be cheaper, less polluting,
and causes less furnace maintenance (corrosion) problems.

With the idea of depicting and summarizing the general trends on the activation
yields and specific surface areas achieved by chemical activation, Figure 2 compiles some
representative examples for lignocellulosic precursors. Figure 2A exemplifies the weight of
precursor remaining as a function of the temperature used for activation (for one heating
step activation procedures). In this figure, the larger the remaining weight (Y axis), the
greater the final yield obtained. Figure 2A highlights that the AC yields reached depend on
the precursor, the activation temperature, and the type of activating agent. Focusing on
representative examples of chemical activation, and as indicated in Section 2.1, with coal
precursors yields are generally higher than with lignocellulosic ones.
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Figure 2. Illustrative figures to exemplify the influence of the experimental conditions used for
chemical activation, namely activation temperature and chemical agent, on (A) the yield and (B) the
surface area, using different chemical activating agents (and comparison with CO, physical acti-
vation). (C) Range of temperatures used for the preparation of ACs by different chemical agents
(and comparison with CO, physical activation). The names in colors are relative to the physico-
chemical processes involved in the production of the lignocellulosic-derived ACs. Figure inspired
from [9,11,17-19,22,23].

This figure also represents information about physical activation with CO; of a ligno-
cellulosic precursor, walnut shell. In this case, two heating steps in different atmospheres
are required, pyrolysis in N; to get the biochar (the auto-generated atmosphere during car-
bonization could /would be used in carbonization at an industrial scale), and heat-treatment
in CO; for the proper activation (see the corresponding temperature ranges depicted in the
figure). CO; activation implies larger temperatures and results in the lowest yield, mainly
due to the important weight loss during pyrolysis (at 300-500 °C) in order to develop a
(bio)char. If these data are compared with the activation of lignocellulosic materials im-
pregnated with phosphoric acid or zinc chloride, it can be concluded that although initially
(up to 200 °C) H3PO4 or ZnCl, activation show higher weight loss, in the temperature
range of 200-500 °C the weight loss is lower, and hence in chemical activation the yields
are generally larger than for CO; activation.

With the aim of enlightening the role of each activating agent, Figure 2B graphically
represents the influence of the activation temperature on the relative porosity develop-
ment (the combined information from Figure 2A,B provides an estimation of optimum
activation temperature ranges for each chemical agent in order to simultaneously obtain a
high porosity together with a high AC yield). Each activating agent shows an optimum
temperature interval for the formation of porous structures and, although the plotted values
are illustrative, and the porosities vary depending on the precursor and the selected exper-
imental conditions (i.e., gas flow, heating rate, chemical agent/precursor ratio, ... ), the
maximum surface areas for the shown examples are obtained for activation temperatures
around 400 °C, 650 °C, 750 °C, and 880 °C for H3PO,4, ZnCl,, KOH, and CO, activation,
respectively [4,9,11,25,37].

These notorious differences are a consequence of different physicochemical processes
involved in the activation with each activating agent, see summary in Figure 2C. Thus, a
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literature review paying attention to the BET surface areas achieved by chemical activation
provides values covering the 200-3000 m2/ g range [4,9,11,18,25,37]. In relation with these
values, it must be remarked that chemical activation could lead to ACs with BET surface
areas higher than the theoretical limit value of 2630 m?/g [65].

In the case of physical activation, commented for comparison purposes, porosity
is mainly produced via carbon gasification [13,25,37]. CO; activation is an endothermic
process that needs temperatures higher than 800 °C to be initiated. The process kinetics is
controlled either by the rate of the chemical reaction or by diffusion, depending on the tem-
perature range. At lower temperatures (i.e., below 920 °C), the rate of the chemical reaction
(C + COy = 2 CO) is determinant, and CO, molecules can penetrate the carbon structure
before gasification [66]. As a result, a narrow pore size distribution is developed [66]. At
higher temperatures, the process is mainly controlled by the diffusion rate of the reactants
to the carbon surface. Gas molecules react at the outer part of the biochar particles, leading
to some external particle burnout.

For chemical activation, some differences are observed depending on the chosen ac-
tivating agent. In the case of potassium hydroxide activation, as an example, porosity is
produced by two processes. Potassium hydroxide reacts with carbon, producing potassium
carbonate, hydrogen, and some potassium compounds, namely metallic potassium and/or
potassium oxide, and, as a result of such reaction, some carbon is consumed, generating
porosity in the carbon-rich matrix [10,21,22]. Also, above temperatures around 650 °C, a
catalyzed carbon gasification reaction by the CO, evolved in the thermal decomposition of
generated potassium carbonate takes place [10]. Simultaneously, a physical process enhanc-
ing porosity takes place at temperatures around 750 °C, consisting of the intercalation of
the generated metallic potassium between graphene lamellas [67]. This expands the inter-
lamellar graphene spacings, originating microporosity. If those activation temperatures are
selected, i.e., 750-800 °C, “excessive” catalytic carbon gasification takes place, generating
meso and microporosity [67].

In the case of H3PO,4 and ZnCl, activation, combined chemical and physical processes
are also involved in the porosity generation [11,23]. During impregnation, both agents
can penetrate the lignocellulosic macromolecular structure of the precursor, promoting
the hydrolysis of the biopolymer components and swelling of the macromolecular struc-
ture [11,23]. H3PO4 and ZnCl, promote the degradation of biopolymers during the heat
treatment, accelerating the condensation and aromatization reactions. Thus, comparison
between the weight loss in H3 PO, activation of wood with that in a similar heat-treatment
of wood in absence of activating agent, shows in the former a high weight loss in the
100-200 °C temperature range (Figure 2A), whereas in the latter this weight loss usually
occurs in the 250400 °C temperature interval.

For H3PO4 and ZnCl; activation, during the aromatization of biochars, some structural
contraction takes place [11,23]. As a result, the reactants remain inside the developed
macromolecular structure [11,23]. Hence, these activating agents act as template for porosity
generation.

In the case of H3POy, due to its acidity, chemical transformations occur at lower
temperature than (weakly acidic or neutral) ZnCl, [23]. For phosphoric acid activation,
phosphate compounds inside the macromolecular lignocellulosic precursor structure trans-
form into P40 from 400 °C, reacting with the carbonaceous material. Carbon gasification
takes place, originating porosity, as well as widening any pristine porosity in the precur-
sor. An adverse effect of the decomposition of phosphate linkages is the shrinkage of
the macrostructure (at 350 °C), with some porosity reduction. In the case of ZnCl,, the
shrinkage (with the same effects) takes place around 600 °C.

Thus, in general terms, Figure 2B exemplifies the different optimum activation tem-
perature ranges for H3POy (350-500 °C), ZnCl, (500-700 °C), and KOH (700-900 °C).
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2.3. AC Structure

The result of the detailed processes involved in chemical activation is a material,
activated carbon, whose structure could, in principle, be described as disorganized. Even
today, research is being carried out to get to a correct interpretation of the AC structure,
and even some authors prefer to describe these materials as disorganized nanoporous
carbons [68]. In this sense, numerous models based on the idea that ACs are built from
elementary structural units or blocks, of different shapes and sizes ranging from simple
sheets of graphene, fullerene fragments, or quasi-graphitic fragments, have been developed
to describe its structure [69-71]. The reason for such a variety of models is that they all
give a fairly approximate view of the structure analyzed and due to the great variety
of precursors, there is not a single type of structure that represents them all. In a very
simplistic way, the AC structure can be described as an array of graphitic microcrystals
(around 10 nm in size), made up of two to four defective graphene sheets which, in
microdomains, are arranged in parallel in a sequence similar to that of graphite, although
they lack a true crystallographic order in the direction perpendicular to them (they are
curved, intertwined, and displaced) [65,69]. These microcrystals are randomly distributed,
intertwining with each other either by weak van der Waals forces, especially in defective
areas with unpaired electrons, or covalently, by aliphatic chain bridges. As a result of this
very disorganized structure, AC is considered a “non-graphitizable” material: although it
has a certain microcrystalline structure developed during its treatment at high temperatures
(above 3000 °C), it does not extend to a macroscopic range [48,57]. Thus, as a result of this
“disorder” and the greater interlamellar spacing in these materials (0.34-0.35 nm, compared
to 0.335 nm in graphite), a high intrinsic porosity exists in an AC [65,69].

3. Further Properties (Different from Porosity) of the ACs Prepared by Chemical
Activation That Merit to Be Analyzed

3.1. Surface Chemistry

As already commented, and as a result of their porous nanostructure, ACs are excellent
adsorbents. An intensification of the weak physical interactions (van der Waals forces)
between the surface (pores) of the carbon and the adsorbate molecules confined in these
nanospaces occurs. Additionally, strong (chemical) interactions may appear between the
activated carbon surface and the adsorbate molecules at specific sites, leading to strongly
retained (chemisorbed) molecules [72]. Under some conditions the chemisorbed molecules
even decompose, and, in this case, carbon plays a catalytic role. Surface groups and
unsaturated atoms on the carbon surface are usually considered active sites.

The study of the surface chemistry in activated carbons can be carried out by a wide
variety of experimental techniques and parameters [73]: chemical titration methods (Boehm
and potentiometric) [74], measurement of carbon pH [75], point of zero charge and iso-
electric point [76], spectroscopic methods (infrared spectroscopy—FTIR/DRIFTS, X-ray
photoelectron spectroscopy—XPS/ESCA, K-edge X-ray near edge structure—XANES spec-
troscopy, electron spin resonance—ESR, and electron paramagnetic resonance—EPR) [77-79],
temperature-programmed desorption—TPD [80] or calorimetric techniques [81]. These
techniques are useful to determine the nature and quantity of the active sites present in
an AC.

Within the structural heterogeneity of ACs, the active sites can roughly be located
in two different sites: the basal planes of the polyaromatic sheets, which compose the
micrographitic domains that constitute the structural framework of ACs, and the edges
of these sheets. Structural (XRD) and microscopic (high-resolution transmission electron
microscopy (HRTEM)) techniques provide information for such characterization. Henning
highlighted, using TEM on graphite, the great difference in chemical reactivity of these two
regions near lattice defects [82]. The higher chemical reactivity of carbon atoms present in
the edges of the sheets (as well as in their defective areas) leads to strong bonds with other
heteroatoms, causing the presence of carbon-oxygen, carbon-hydrogen, carbon-nitrogen,
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carbon-sulfur, and/or carbon-phosphorus surface compounds, among others, also known
as surface groups or surface complexes [83].

The presence of heteroatoms is largely linked to the organic origin of the precursors
(see Tables 2 and 3). As previously indicated, during the heat treatment of the precursors,
a large proportion of the heteroatoms is released as gases or tar. However, depending
on the temperature reached, some remain within the chemical structure of the generated
biochar [84]. Moreover, heteroatoms from the activating agents can also be incorporated into
the carbonaceous structure during the activation process or chemical post-treatments [84].
Considering that oxygen usually represents 25-50 wt.% of the carbonaceous precursors
(Tables 2 and 3), it is not surprising that oxygen-containing groups are, by far, the most
commonly present on the activated carbon surfaces. In addition, most activated agents are
also oxygenated compounds, i.e., HySO4, HNO3, H3PO,4, KOH, NaOH. So, these agents can
favor the generation of oxygen surface complexes during the activation process, being the
surface properties of activated carbons mainly associated with the oxygen functionalities
contents, the subject matter of a large number of investigations [85]. Figure 3 shows some
representative surface groups on a carbon surface.

Anhydride T Carboxyl

Pyrrole

Carbonyl
o

Lactol

Lactone

Figure 3. Surface groups on a carbon surface. Figure inspired by [73,74,77].

The chemical properties exhibited by activated carbons can be approached within
the context of their Lewis acidic, basic, or neutral character [73,74,85]. On this basis, an
acidic/basic character is presented by the different types of oxygen surface complexes. The
type of oxygen surface complexes that confer acidic behavior on carbon surface has been
well characterized, being related with carboxyls, lactones, lactols, phenols, hydroxyls, and
anhydrides [73,74,82,85]. These oxygen functionalities provide hydrophilic sites on the
hydrophobic carbon surface, improving its polar character. Concerning carbon basicity,
several interpretations exist. One is related to the type of oxygen surface complexes,
like carbonyls, ethers, quinones, chromene, pyrones, which contribute to the basicity of
carbons [67]. Others, related with electron-rich Lewis basic sites, are mainly associated
with regions of 7 electron density on the carbon basal planes, and, to a lesser extent,
free-radical edge sites and dangling carbon atoms [78]. The basicity of carbons lowers
the polarity of carbon surfaces and increases their hydrophobic character. In the case of
ACs obtained by chemical activation, various studies have pointed out that the nature
of their surface groups largely depends on the type of activating agent. Thus, literature
states that activation with phosphoric acid generates acidic surface groups, those ACs
prepared with ZnCl, are slightly acidic or neutral, whereas KOH produces groups with
high basicity [33,86-88]. An interesting example highlighting this is reported in the work of
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Luo et al., showing the reaction of ACs (prepared by H3PO4, ZnCly, and KOH with the same
activating agent concentrations) with acidic (NO;) or basic (NH3) molecules [88]. Their
results conclude that basicity follows the order KOH > ZnCl, > H3POy4, whereas for acidity
it is H3PO4 > ZnCl, > KOH. Note that the different functional groups are significantly
affected by the impregnation conditions, i.e., activating agent concentration and soaking
time [88]. However, these results are dependent on the conditions in which the activations
are carried out, being the activation temperature ranges generally different, i.e., for H3POy
(400-500 °C), ZnCl, (500-700 °C), and KOH (700-900 °C). Focusing on the absolute content
of surface oxygen groups, it strongly depends on the preparation conditions, varying from
100 to 8000 umol/g AC [73,85,89].

Nayak et al. has reported that the synthesis of activated carbons with ZnCl, and
KOH at the same activation temperature results in a similar content of surface groups [34].
This is a consequence of a well-known process of thermal decomposition of oxygenated
functional groups as the temperature increases, which is related to their thermodynamic
stability [90]. Thus, the surface chemistry generated by a fixed activating agent can be
different depending on the heat treatment temperature. This is emphasized in Figure 4,
which shows the evolution of the surface chemistry in a selection of ACs when using
different heat treatment temperatures (note that in some cases the carbons had previously
been oxidized).

As an example, Hasan Arslanoglu has prepared activated carbons using potassium-
rich wine stone precursor [91] and have reported a decrease in oxygenated groups (up to
50%), both acidic and basic ones, as treatment temperature increases from 400 to 900 °C
(Figure 4, series 4). In their study, the contents of acidic surface groups double those of
basic ones. In fact, a heat treatment in an inert atmosphere is a common method to increase
the basicity of activated carbon surfaces as a consequence of the removal of acidic groups,
which are those that decompose at lower temperatures [92-94].

All these examples have pointed out the importance and, in some cases, the difficulty
of a correct assessment of surface chemistry in activated carbons, in general, and in biomass-
derived ACs, in particular. Thus, if studies on the chemical activation of lignocellulosic
precursors are taken into consideration, many of them perform a qualitative analysis
(by FTIR) of such surface chemistry [18,19,25,32,89,95] and others some quantification.
If quantifying, different techniques are used, including Boehm’s titration, XPS, TG, or
temperature-programmed desorption [25,34,60,87,89,95,96], so the comparison between
them is not easy/direct. Finally, zero charge potential is measured in some of these ACs
as a direct indication of acidity /basicity of the carbon surface when being used in water
applications [25,28,34,61,87,89], but results are variable (even very different for a common
activating agent) depending on the preparation conditions of the AC. In this scenario, it is
not so evident to assess which activating agent leads to larger surface groups generation.
For example, it has been proved that chemical activation with phosphoric acid leads to the
incorporation of phosphorus surface groups [97], although it has also been stated that the
content in oxygen groups in an activated carbon can be even lower (or in the same range) as
those in a thermally activated one. In contrast, a substantial surface oxygen groups’ content
increase occurs via alkaline hydroxides’ activation [18,19].
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Figure 4. Evolution of the: (a) acidic and (b) basic oxygenated functional groups as the temperature
of heat treatment increases for different series of activated carbons. Thermal treatments over an
activated carbon prepared by chemical activation with KOH followed by ammonium peroxydisulfate
oxidation, series 1 [96]; an oxidized commercial AC, series 2 [98]; an activated carbon prepared from
olive stone by different acid treatments, series 3 [45]; an AC prepared using potassium-rich wine stone
precursor, series 4 [91]; a commercial AC heat-treated and oxidized with two subsequent different
treatments, series 5 [99]; and a carbon oxidized with nitric acid and ammonium peroxydisulfate,
series 6 [100].

A careful analysis of the surface chemistry characterization for “aged” (previously
heat-treated) samples, those treated some time ago, has revealed changes with respect to
the “fresh” heat-treated ones, which should be taken into account. These changes occur as a
result of several processes. The first process was reported many years ago by Puri et al. [101],
and more recently by Kyotani et al. [102] and Leon et al. [93]. When heat-treated ACs are
exposed to the ambient atmosphere, oxygen chemisorption occurs, resulting in a decrease in
the previously “reached” basicity. A second process, more recently reported by Maldonado-
Hodar et al., has concluded that reorganization and mobility of oxygenated surface groups
occur inside porosity after heat-treating ACs (see Figure 4b, series 1), and CO;-evolving
groups are selectively transformed into CO-evolving groups [96]. It has been reported that
micro-milling powdered activated carbon decreases adsorption capacity as a consequence
of the formation of oxygen/hydrogen-containing functional groups incorporated from
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water during the milling step, causing ACs to become less hydrophobic [103]. All these
facts indicate that if an activated carbon has been heat-treated in a certain manner so as to
achieve the desired surface chemistry, the aging process modifies such surface chemistry
leading, in general, to a decrease in the performance of the aged AC with respect to the
initial one.

The surface chemistry of activated carbons can be modified, as previously stated,
through various post-synthesis treatments [104,105], which do not only involve the acidic-
basic character of the surfaces, but also the nature of the surface heteroatoms. As mentioned,
the existence of certain oxygenated groups functionalities confers acidic properties, hence
why the acidic character of ACs is frequently developed through heat treatment in the gas
phase with oxygen, ozone, carbon dioxide, steam, and nitrous oxide (150-700 °C) [74,90,92],
or liquid phase with oxidants such as nitric acid, hypochlorite, permanganate, or hydrogen
peroxide [106-108].

Additionally, other functionalities and/or heteroatoms can be incorporated to increase
the surface’s basic character through heat treatment in the gas phase using nitrogen-
containing compounds via surface amination process, [109,110] or carbon-sulfur surface
complexes by sulfuration processes [111,112]. The specificity towards the adsorption of
certain compounds can be increased by anchoring coordinated ligands [113-115].

The mentioned methods have in common the use of a chemical compound and a
thermal activation process to favor its interaction with the carbonaceous surface. In the last
decade, other methods for the surface modification by activation of gaseous molecules have
been analyzed, i.e., using microwaves [116], ultrasound [117-119], and non-thermal plasma
treatments in different atmospheres, the last being one the most frequently employed [19].
Although the use of air is the most economical option, it develops a great variety of active
species, both oxygenated, radical oxygen, ozone, and nitrogen oxides (NO, NO,, ... ),
which make the control of the generated surface groups difficult [120]. In the case of air
treatment, an increase in the amount of carbonyl and ester groups has been reported, and
so has the basicity of activated carbon surface [121]. Contrarily, some authors have found
that the use of Op-plasma (avoiding N») increases the amount of (acid) carboxylic groups
on the surface of AC [122]. Other authors have used NHj-plasma to modify the carbon
surface [123], observing an increase in amino groups on the surface [123]. Recently, a
mixture NH3 /O, —plasm has been used, resulting in an increase in acidic functional groups
(-COOH) and basic groups (-NHj) [124].

In the case of lignocellulosic precursors, another approach has been tested in the
last years to tailor the surface chemistry of ACs. Instead of the conventional pyrolysis
used to obtain biochars, hydrothermal conversion of biomass has been an object of study,
obtaining hydrochars [41,42]. These hydrochars are interesting precursors to produce
activated carbon because their activation provides ACs with a higher density of oxygenated
(acidic) functional groups than those obtained from “conventional” biochars [43,125,126].

3.2. Shape/Morphology

In materials’ production shaping is very important. For most fields, materials are
optimally subjected to a shaping process to get the desired shape and size with the least
loss in other properties, especially those of interest for each selected use. In the case of
ACs, they can be conformed in different shapes depending on the application [127]: (i)
Granulated activated carbon (GAC): this shape is usually obtained after the conventional
activation of mineral or woody lignocellulosic-derived ACs. GACs are usually applied to
the treatment of aqueous media due to their fast diffusion rate; (ii) Powdered activated
carbon (PAC): in some cases, it is obtained after grinding and sieving AC particles whereas,
in others, such as hydroxides activation, PAC is the activation product. They are directly
used in processes that require rapid adsorption, for example, to clarify solutions; (iii) Acti-
vated carbon pellets (ACPs) and monoliths: they consist of AC pieces of fixed geometry
(i.e., cylindrical, honeycomb, ... ), prepared from an intimate mixture of powdered acti-
vated carbon with a binding agent, which is well extruded obtaining pellets (particles of
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cylindrical symmetry) of diameter in the usual range 0.8-45 mm, or monoliths, pieces of
greater dimensions formed using a hydraulic press for molding and compaction. Pellets
and monoliths have high mechanical resistance (due to the binding agent used to maintain
the AC particles together) which, together with their shape and low dust formation, makes
them very suitable for the treatment of gas flows, given the low-pressure drop involved;
(iv) Activated carbon spheres (SACs): they are usually prepared by activation of small
spheres (size 0.35 to 0.80 mm) obtained from petroleum pitch molten in the presence of
tetralin or naphthalene [128]. Recently, SACs have been obtained through the hydrothermal
carbonization of pure cellulose [129], and starch [41,42,130]. The greatest advantage of
SACs is their high packing density in comparison to the previous types of ACs, as a conse-
quence of their spherical shape and reduced size, which allows more AC to be introduced
per bed unit in adsorbent columns, together with their low-pressure drop; (v) Activated
carbon fibers (ACFs): they are formed after the activation of carbon fibers; they present
a fibrous structure with a very small fiber diameter (10-20 um), which gives them high
adsorption rate, as well as a minimum diffusion resistance [131]. An additional advantage
is that they can be conformed into cloth or felts; (vi) Activated carbon nanotubes: they
are obtained after the chemical activation of carbon nanotubes, whose main characteris-
tic is being fibrous-shaped, with a diameter of just a few nanometers [39]; (vii) Ordered
mesoporous activated carbons: in the form of an ordered structure on a nanometric scale,
with a perfectly controlled mesoporosity size distribution. They are materials with meso
and macroporosity volumes of up to 2 cm®g~!. They can be obtained by following two
“opposite” procedures [132]: soft tempering and hard tempering.

Very innovative papers regarding shaped activated carbons materials have been
published using phosphoric acid as activating agent, such as the activation of lignin-based
fibers [97] or the use as precursors of hemp canes (with monolithic structure) from hemp
stems [133].

Regardless their applications, the shapes and sizes of the ACs are of great importance
from another operative point of view. ACs are used in continuous processes (treatment
of gas or liquid flows), stirred processes (batch processes), or cyclic processes (such as
PSA, pressure swing adsorption columns or TSA, temperature swing adsorption systems).
After their use, a regeneration process of the AC is required involving, among others,
cycles of downwards filtration and backwashing of the ACs, in the case of liquid appli-
cations, and thermal treatment with steam contraflow, or chemical regeneration, in gas
applications [12,134-136]. Considering all these steps, ACs must have high mechanical
strength and abrasion resistance properties to avoid operational problems, noting that
their size could be reduced through abrasion and fragmentation during the application or
regeneration steps [137,138].

3.3. Mechanical Properties

Attrition or hardness measures the mechanical strength, it determines carbon’s abil-
ity to withstand normal handling operations and serves as an important parameter for
understanding the relative loss during the transportation, handling, use, and regenera-
tion [14,23,40,67].

One of the parameters that strongly determines the mechanical properties of an AC
is the type of precursor used. In this sense, to get good mechanical properties it seems
reasonable to select a precursor with high mechanical strength. This has justified the
use of hard coals (bituminous, anthracite) to get hard ACs, since some authors remark
the low strength and low attrition resistance of biomass waste-derived ACs [12]. Paying
attention to these important features, some authors indicate that precursors with a high
lignin content (see Table 3) tend to have good mechanical properties [139]. Thus, shell
precursor-based ACs show high hardness, being an example coconut-based ACs [140].
Also, wood precursor-based ACs can provide high mechanical strength [141], although it
depends on the type of wood used [139]. Recently, Amoros-Pérez et al. have reported the
preparation by physical activation with CO, of spherical activated carbons (SACs) with
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high mechanical strength, taking advantage of the retention of the spherical shape by the
hard natural seeds precursors, and compare them with those of three commercial ACs,
one of them activated from wood with phosphoric acid [142]. The mechanical properties
of their materials lie within the same order of magnitude, remarking the possibility of
using lignocellulosic precursors [142]. In other work, AC monoliths have been prepared
from cocoa husk [143]. In this study, the lignocellulosic nature of this precursor has shown
to play an essential role in the preparation of the carbon monoliths [143]. However, the
general impression is that this is one of the drawbacks to improve, since activation of
biomass precursors with KOH leads to powder, with the consequent loss of mechanical
properties, and activation with H3PO4 or ZnCl,, for example, derive in swelling of the
precursor particles, with some loss in mechanical properties as well [11].

The presence of fatty matter and pectin in the composition of a biomass precursor
gives it self-binding properties, allowing it to be shaped into discs (for improved mechani-
cal properties, among others) without binding agents” incorporation during compaction.
Secondly, the lignocellulosic microstructure itself produces the formation of a carbon grid
consisting of interwoven pleated laminae that persist during activation. This type of mi-
crostructure favors cohesion among the different microparticles of the carbonized material,
endowing it with the appropriate mechanical properties [143].

Another parameter that favors an increase in mechanical resistance is the use of
high carbonization (and activation) temperatures. In two-step heat treatment activation,
the higher the carbonization temperature, the greater the condensation and growth of
graphitic sheets, which leads to an increase in the mechanical resistance of the resulting
material [57,58]. However, when focused on obtaining high-quality ACs although an
“excessive” degree of condensation produces carbonized materials with high mechanical
resistance, it is accompanied by two adverse aspects: the volume of pores is reduced,
which is detrimental for many applications, and the reactivity of the carbonized materials
(which should be further activated) decreases. This is an undesirable aspect and more
vigorous conditions would be required to activate the char. Therefore, adequate control
of the carbonization temperature is required to optimize these three parameters: porosity,
reactivity, and mechanical resistance.

Regarding the influence of the type of activating agent used on the mechanical prop-
erties, its effect is less clear. P. Ravichandran et al. have paid attention to the influence
of the activating agent and the preparation conditions (either one or two steps activation
procedure) on hardness and attrition [144]. Their study has shown, for the three activating
agents used, H3PO,4, KOH, and ZnCl,, that higher hardness percentages are obtained in
one step procedure [144]. With respect to the comparison between activating agents, they
have shown that H3PO4 and KOH activation produces ACs with higher hardness than
ZnCl, [144]. Similar results have been reported by Khadiran et al. comparing H3PO4
and ZnCl,, obtaining such conclusions from the comparison between the crystallinity of
the produced ACs [145]. In contrast, focusing on activated carbon monoliths prepared
by chemical activation of olive stones, Nagakawa et al. have reported high mechanical
strength both for phosphoric acid or zinc chloride [146].

In respect to attrition, P. Ravichandran et al. highlighted that attrition results are
dependent on the carbon density, precursor materials, and activating agents used [14,23].

Figure 5 summarizes some of the factors influencing the mechanical strength of chemi-
cally activated carbons, which usually range 3-60 MPa tensile strength and 60-95% attrition
resistance [147,148].

Finally, another approach to obtain ACs with high mechanical properties is shaping
activated carbons in a monolithic or pelletized form previously commented. This is usually
carried out from a slurry of powdered activated carbon and a binder, which is compacted
or extruded, and then carbonized and activated [127]. Many studies have been carried
out with different binders, although most of them use coal-derived ACs as precursors.
As an example, Lozano-Castell et al. have studied the agglomeration of anthracite-
derived ACs with several types of binders, concluding that most of the binders studied



Molecules 2022, 27, 1630

18 of 26

produce monoliths with good mechanical properties [149]. More recently, Ubago-Pérez
et al. have worked on the preparation of granular and monolithic activated carbons from
KOH-activation of olive stones using PVA as a binder [150]. In all cases, the adsorption
capacities of the activated carbon monoliths were reduced with respect to the starting
activated carbon due to the partial blocking of the porosity, which depends on the kind of
binder used for the preparation of the monoliths [149]. A different approach in order to
avoid such a decrease in textural properties is the synthesis of monolithic materials without
binder [11,151]. As an example, Dolah et al. have obtained binderless electrode-activated
carbon monoliths from mixtures of empty fruit bunch, KOH, and carbon nanotubes, which
have been used as supercapacitors [151].

Mechanical

Strength

g

Figure 5. Parameters that influence the mechanical strength of prepared activated carbons. Note that
although only carbonization temperature is cited, the activation temperature and other experimental
parameters affect such properties.

The published results highlight that the mechanical properties of ACs depend on the
precursor, the temperature of heat treatment, the chemical agent and also the shape, and
these all together determine the most suitable uses for any prepared material.

4. Aspects to Be Taken into Account for the Large-Scale Application of Chemical
Activation for the Production of ACs

4.1. Scaling up of the Published Procedures and Economic Issues

To emphasize the importance of activated carbon’s world in economic terms it should
be recalled that the AC market was valued at 3.2 million USD in 2021 and was expected
to reach USD 4.5 million by 2028, with an estimated compound annual growth rate of
5.4% in forecast period 2021-2028 [152]. These numbers highlight its economic impact, not
always analyzed in the literature. Thus, focusing on chemical activation of lignocellulosic
precursors, most published studies deal with laboratory scale and only a limited number of
papers have paid attention to the economic (and environmental) aspects involved in the
large-scale production of activated carbons, being most of those papers related with the
production of ACs for CO, retention. As an example, Stavropoulos et al. have calculated
the final costs of ACs prepared by chemical activation considering the raw material cost
and the heating values [153]. They have shown that costs are very much dependent on
the precursor, with the price of a chemically activated carbon derived from lignite around
three times that for a wood-derived one, 4.22 versus 1.54 USD/Kg, respectively [153].
Asadi-Sangachini et al. have studied the chemical activation of walnut shells by phosphoric
acid or potassium hydroxide, with the aim of developing low-cost highly efficient sorbents
for CO; capture [154]. These authors have proved that 2.5 H3PO,/precursor impregnation
ratio is optimum for their application, leading to 1506 m?/g—essentially microporous
derived sorbents, and have analyzed in detail the annual operating costs for the synthesis
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of AC by H3POy activation [154]. For such analysis, they have estimated 300 days/year
production and two labor forces per shift (two shifts) for 24 h/day at USD11/h. Considering
this, the estimated cost of AC production would be 1.83 USD/kg of eco-friendly AC [154].
Comparison of this cost with the values reported by Stavropoulos et al. points out that
walnut shells can be considered as a cost-effective and promising biomass source for the
preparation of ACs from the scale-up point of view, producing ACs with very good sorption
properties.

Encouraged by the high cost of preparing solid adsorbents for CO, post-combustion
capture, Pramanik et al. have also studied in depth the cost of producing activated carbon
by chemical activation (with KOH + alum, Al(SO4)3-12H,0) by impregnation method [32].
A low-cost and abundantly available biomass precursor, non-fodder cotton stalk agro-
residue, has been selected for this purpose [32]. In their study, which has conducted to the
preparation of an activating carbon exhibiting a notable BET surface area (2695 m?/g), they
accomplished a detailed techno-economic viability study of commercial-scale production,
market size, costs, and revenues [32]. Considering some explained economic assumptions,
they have concluded that 3.78 USD/kg would be the cost in a plant producing 2 tons/day
of porous carbon (net present value of 0.7 million USD, internal rate of return of 39.15%,
and payback time of 3.47 years) [32]. This cost is in the same range as those for physical
activation of lignocellulosic precursors by air, steam, or carbon dioxide activation, also
compiled in their study, although the porosity development achieved by Pramanik et al. is
much superior [32].

In close relationship with economic (and environmental) concerns, Namazi et al. have
studied the use of white liquor (containing NaOH) as an activating agent of pulp mill
sludge, focusing on the influence of experimental conditions such as activation time and
temperature, and NaOH/precursor ratio on the achieved surface areas and yields [155].
Their study is indeed very interesting for solving the issues associated with sludge dis-
posal at pulp mills, applying an available activating agent source in chemical activation
procedures. These authors have proved that their approach could improve the economy of
the activated carbon production process [155]. However, a large amount of white liquor is
needed for the production of activated carbon: 2 tons of dried white liquor are consumed
to convert 1 ton of the dried pulp mill sludge into activated carbon, producing 500 kg of
activated carbon [155]. In line with this study, Hasan Arslanoglu has prepared activated
carbons using potassium-rich wine stone precursor, proving the interest in such processes
for economic (and environmental) reasons [91].

4.2. Environmental Concerns

Environmental concerns in chemical activation are indeed important, keeping in
mind the toxicity of the chemical activating agents (i.e., ZnCl, is not a desirable/preferred
activating agent for those reasons) and any gaseous or liquid stream from the prepara-
tion procedure, and the possibility of recycling the chemical activating agent, strongly
desirable. In this line, the investigation and use of mild conditions activation conditions
is a tendency, with interesting approaches making use of different residues as carbon
precursors [11,13,18,25].

After a detailed literature survey about the possibility of recycling the chemical acti-
vating agents, it can be concluded that the number of related studies is really scarce, and
mainly devoted to KOH activation. This is probably because potassium hydroxide is one
of the preferred activating agents from several points of view, including high porosity, very
narrow micropore size distribution, and high final activated carbon yield [10].

Yuan et al. have tried to analyze if it is feasible to recover and reuse KOH in an activa-
tion process and, for that purpose, they have paid attention to the reaction mechanism and
the prevalent reactions in two different temperature ranges, below and above 900 °C [156].
They have concluded that below 900 °C the dominant activation reaction follows this
stoichiometry:

6KOH + 4C = K,COj3 + 4K + 3H; + 3CO
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Above 900 °C, K;CO3 is not stable and decomposes. Therefore, the prevalent activation
reaction at this temperature range is:

KOH + C = CO + K+ 0.5H,

In both cases, K can react with water, producing KOH and Hj, which assures the
activating agent recyclability [156]. As these authors have stated, unreacted KOH should
also be taken into consideration [156].

Their study has aimed to conclude that % of the potassium present in the activated
product can be removed by water washing, and a majority of the potassium extracted with
water is in the form of carbonate [156]. This potassium compound should be recovered
and/or reused, due to environmental and economic concerns. Un-extracted potassium is
likely metallic potassium intercalated in the carbon matrix [156].

Recently, Pramanik et al. proposed the recyclability of KOH during chemical acti-
vation by KOH + alum solution [32]. In their study, the supernatant solution containing
dissolved KOH has been concentrated and recycled to the next cycle of impregnation [32].
These authors have paid attention to other interesting environmental issues, since their
experimental system is thought to improve energy efficiency and they have accentuated
the possibility of recovering a potassium-derived by-product to be used as fertilizer [32].
A very interesting approach, from an environmental point of view, has been presented by
Nowrouzi et al., dealing with KOH activation of a water tissue in a process with zero liquid
effluents discharge [95]. Recently, Glowniak et al. have paid attention to the preparation of
activated carbons using a green precursor (i.e., tannic acid) and a cheap activating agent
based on a mixture of NaCl and ZnCl,, synthesizing activated carbons with surface areas
ranging 1190-3060 m? /g [157].

These studies highlight the interest in green and sustainable procedures. However,
much more effort is required for optimizing the production of “green” and sustainable
activated carbons by chemical activation.

5. Conclusions

The increase in the AC demand due to its extensive use in different applications,
including water potabilization has led, especially in the last decade, to intensive research
on the use of lignocellulosic precursors to produce activated carbons by chemical activation.
In this review, the main features of biomass precursors and the physicochemical processes
that take place during the preparation of ACs have been presented.

The lignin content has shown to be an interesting parameter, with a strong influence on
the AC yield. The different physicochemical interactions between the activating agents and
the lignocellulosic components responsible for the porosity generation have been revisited.
Thus, whereas dehydration and insertion/swelling are the most important steps in the
generation of porosity for H3PO, and ZnCl; activation, in KOH activation the controlled
carbon consumption reaction and the intercalation of metallic potassium prevail.

Attention is paid not only to the optimal porosity development but to other key
properties of the ACs produced, such as the generated surface chemistry using different
chemical agents. The shapes, sizes, and mechanical properties of the ACs have also been
commented on due to their importance in the uses of the ACs. This aspect is analyzed
briefly, together with the mechanical properties of ACs.

Finally, some economic and environmental concerns related to chemical activation
are studied because of their interest in a feasible and sustainable use of lignocellulosic
precursors to produce chemically activated carbons.

Author Contributions: Conceptualization, ].A.-M., M.d.C.R.-M. and M.AL-R; Methodology, J.A.-M.,
M.d.C.R.-M. and M.A.L.-R; Validation, J.A.-M., M.d.C.R.-M. and M.A.L.-R; Investigation, ].A.-M.,
M.d.C.R.-M. and M.A.L.-R.; Resources, J.A-M., M.d.C.R.-M. and M.A.L.-R.; Data curation, J.A-M.,
M.d.C.R-M. and M.A.L-R;; Writing—original draft preparation, ].A.-M., M.d.C.R.-M. and M.AL-R;
Writing—review and editing, ].A.-M., M.d.C.R.-M. and M.AL-R; Project administration, M.d.C.R.-M.



Molecules 2022, 27, 1630 21 of 26

and MLAL-R; Funding acquisition, J.A.-M., M.d.C.R.-M. and M.A.L.-R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Generalitat Valenciana (PROMETEO/2018/076), European
Commission/FEDER, and the University of Alicante (VIGROB-136).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Sample Availability: Not applicable.

References

1.  Dumas, P; Hanson, C.; Ranganathan, J.; Searchinger, T.; Waite, R. Creating a Sustainable Food Future; World Resources Institute:
Washington, DC, USA, 2019; ISBN 9781569739631.

2. UN General Assembly. United Nations Millennium Declaration, Resolution Adopted by the General Assembly. 18 September
2000. A/RES/55/2. Available online: https://www.refworld.org/docid /3b00f4ea3.html (accessed on 30 December 2021).

3. Bansal, R.C.; Goyal, M. Activated Carbon Adsorption; CRC Press: Boca Ratén, FL, USA, 2005; ISBN 9781420028812.

4. Bansal, R.C.; Donnet, ].B.; Stoeckli, F. Active Carbon; Marcel Dekker: New York, NY, USA, 1988; ISBN 9780824778422.

5. Environmental Protection Agency. Federal Register/Rules and Regulations; No. 79; Environmental Protection Agency: Washington,
DC, USA, 2013; Volume 78, pp. 24073-24094.

6.  The Freedonia Group. World Activated Carbon: Industry Study with Forecasts for 2016 & 2021; The Freedonia Group Inc.: Cleve-
land, OH, USA, 2012; Available online: https://www.freedoniagroup.com/brochure/28xx/2878smwe.pdf (accessed on 30
December 2021).

7. The Business Research Company. Activated Carbon Global Market Report 2021: COVID-19 Impact And Recovery; The Business
Research Company: London, UK, 2021.

8.  Ostrejko, R. Available online: https://speicyte.wixsite.com/raphael-von-ostrejko (accessed on 30 December 2021).

9.  Marsh, H.; Rodriguez-Reinoso, F. Activated Carbon; Elsevier Ltd.: Amsterdam, The Netherlands, 2006; ISBN 9780080444635.

10. Linares-Solano, A.; Lozano-Castelld, D.; Lillo-Rédenas, M.A.; Cazorla-Amoroés, D. Carbon activation by alkaline hydroxides
preparation and reactions, porosity and performance. In Chemistry and Physics of Carbon; Radovic, L.R., Ed.; CRC Press: New
York, NY, USA, 2008; Volume 30, pp. 1-62. ISBN 9780429143915.

11.  Molina-Sabio, M.; Rodriguez-Reinoso, F. Role of chemical activation in the development of carbon porosity. Colloids Surf. A
Physicochem. Eng. Asp. 2004, 241, 15-25. [CrossRef]

12.  Jjagwe, J.; Olupot, PW.; Menya, E.; Kalibbala, H.M. Synthesis and Application of Granular Activated Carbon from Biomass Waste
Materials for Water Treatment: A Review. J. Bioresour. Bioprod. 2021, 6, 292-322. [CrossRef]

13.  Yahya, M.A,; Al-Qodah, Z.; Ngah, C.W.Z. Agricultural bio-waste materials as potential sustainable precursors used for activated
carbon production: A review. Renew. Sustain. Energy Rev. 2015, 46, 218-235. [CrossRef]

14. Lillo-Rédenas, M.A.; Lozano-Castelld, D.; Cazorla-Amorés, D.; Linares-Solano, A. Preparation of activated carbons from Spanish
anthracite-II. Activation by NaOH. Carbon N. Y. 2001, 39, 751-759. [CrossRef]

15. Lillo-Rédenas, M.A.; Marco-Lozar, ].P.; Cazorla-Amorés, D.; Linares-Solano, A. Activated carbons prepared by pyrolysis of
mixtures of carbon precursor/alkaline hydroxide. J. Anal. Appl. Pyrolysis 2007, 80, 166-174. [CrossRef]

16. Gonzalez, J.F,; Roman, S.; Encinar, ].M.; Martinez, G. Pyrolysis of various biomass residues and char utilization for the production
of activated carbons. J. Anal. Appl. Pyrolysis 2009, 85, 134-141. [CrossRef]

17. Derbyshire, E; Jagtoyen, M.; Thwaites, M. Porosity in Carbons: Characterization and Applications; Edward Arnold: London, UK,
1995; ISBN 9780470234549.

18. Panwar, N.L.; Pawar, A. Influence of activation conditions on the physicochemical properties of activated biochar: A review.
Biomass Convers. Biorefinery 2022, 12, 925-948. [CrossRef]

19. Ukanwa, K,; Patchigolla, K.; Sakrabani, R.; Anthony, E.; Mandavgane, S. A Review of Chemicals to Produce Activated Carbon
from Agricultural Waste Biomass. Sustainability 2019, 11, 6204. [CrossRef]

20. Otowa, T.; Tanibata, R.; Itoh, M. Production and adsorption characteristics of MAXSORB: High-surface-area active carbon. Gas.
Sep. Purif. 1993, 7, 241-245. [CrossRef]

21. Lillo-Rédenas, M.A.; Cazorla-Amords, D.; Linares-Solano, A. Understanding chemical reactions between carbons and NaOH and
KOH: An insight into the chemical activation mechanism. Carbon N. Y. 2003, 41, 267-275. [CrossRef]

22. Lillo-Rédenas, M.A.; Juan-Juan, J.; Cazorla-Amoros, D.; Linares-Solano, A. About reactions occurring during chemical activation

with hydroxides. Carbon N. Y. 2004, 42, 1371-1375. [CrossRef]


https://www.refworld.org/docid/3b00f4ea3.html
https://www.freedoniagroup.com/brochure/28xx/2878smwe.pdf
https://speicyte.wixsite.com/raphael-von-ostrejko
http://doi.org/10.1016/j.colsurfa.2004.04.007
http://doi.org/10.1016/j.jobab.2021.03.003
http://doi.org/10.1016/j.rser.2015.02.051
http://doi.org/10.1016/S0008-6223(00)00186-X
http://doi.org/10.1016/j.jaap.2007.01.014
http://doi.org/10.1016/j.jaap.2008.11.035
http://doi.org/10.1007/s13399-020-00870-3
http://doi.org/10.3390/su11226204
http://doi.org/10.1016/0950-4214(93)80024-Q
http://doi.org/10.1016/S0008-6223(02)00279-8
http://doi.org/10.1016/j.carbon.2004.01.008

Molecules 2022, 27, 1630 22 of 26

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.

Jagtoyen, M.; Derbyshire, F. Activated carbons from yellow poplar and white oak by H3POy activation. Carbon N. Y. 1998, 36,
1085-1097. [CrossRef]

Hu, Z,; Srinivasan, M.P.; Ni, Y. Novel activation process for preparing highly microporous and mesoporous activated carbons.
Carbon N. Y. 2001, 39, 877-886. [CrossRef]

Gonzalez-Garcia, P. Activated carbon from lignocellulosics precursors: A review of the synthesis methods, characterization
techniques and applications. Renew. Sustain. Energy Rev. 2018, 82, 1393-1414. [CrossRef]

Dias, ].M.; Alvim-Ferraz, M.C.M.; Almeida, M.E; Rivera-Ultrilla, J.; Sanchez-Polo, M. Waste materials for activated carbon
preparation and its use in aqueous-phase treatment: A review. J. Environ. Manag. 2007, 85, 833-846. [CrossRef]

Biochar; Ok, Y.S.; Uchimiya, S.M.; Chang, S.X.; Bolan, N. (Eds.) CRC Press: Boca Raton, FL, USA; Miami, FL, USA, 2015;
ISBN 9780429161070.

Hadjittofi, L.; Prodromou, M.; Pashalidis, I. Activated biochar derived from cactus fibres—Preparation, characterization and
application on Cu(II) removal from aqueous solutions. Bioresour. Technol. 2014, 159, 460-464. [CrossRef]

Szczesdniak, B.; Phuriragpitikhon, J.; Choma, J.; Jaroniec, M. Recent advances in the development and applications of biomass-
derived carbons with uniform porosity. . Mater. Chem. A 2020, 8, 18464-18491. [CrossRef]

Gao, F; Zang, Y.; Wang, Y,; Guan, C.; Qu, ].; Wu, M. A review of the synthesis of carbon materials for energy storage from biomass
and coal/heavy oil waste. New Carbon Mater. 2021, 36, 34—48. [CrossRef]

Thompson, M.; Xia, Q.; Hu, Z.; Zhao, X.S. A review on biomass-derived hard carbon materials for sodium-ion batteries. Mater.
Adv. 2021, 2, 5881-5905. [CrossRef]

Pramanik, P; Patel, H.; Charola, S.; Neogi, S.; Maiti, S. High surface area porous carbon from cotton stalk agro-residue for CO,
adsorption and study of techno-economic viability of commercial production. J. CO, Util. 2021, 45, 101450. [CrossRef]

Danish, M.; Ahmad, T. A review on utilization of wood biomass as a sustainable precursor for activated carbon production and
application. Renew. Sustain. Energy Rev. 2018, 87, 1-21. [CrossRef]

Nayak, A.; Bhushan, B.; Gupta, V.; Sharma, P. Chemically activated carbon from lignocellulosic wastes for heavy metal wastewater
remediation: Effect of activation conditions. J. Colloid Interface Sci. 2017, 493, 228-240. [CrossRef] [PubMed]

Varma, R.S. Biomass-Derived Renewable Carbonaceous Materials for Sustainable Chemical and Environmental Applications.
ACS Sustain. Chem. Eng. 2019, 7, 6458-6470. [CrossRef]

Mironova, M.; Makarov, I.; Golova, L.; Vinogradov, M.; Shandryuk, G.; Levin, I. Improvement in Carbonization Efficiency of
Cellulosic Fibres Using Silylated Acetylene and Alkoxysilanes. Fibers 2019, 7, 84. [CrossRef]

Ioannidou, O.; Zabaniotou, A. Agricultural residues as precursors for activated carbon production—A review. Renew. Sustain.
Energy Rev. 2007, 11, 1966-2005. [CrossRef]

ASTM D388(2011); Classification of Coals by Rank. Annual Book of ASTM Standards, Section 05.05. American Society for Testing
and Materials: West Conshohocken, PA, USA, 2011.

Raymundo-Pifiero, E.; Azais, P; Cacciaguerra, T.; Cazorla-Amords, D.; Linares-Solano, A.; Béguin, F. KOH and NaOH activation
mechanisms of multiwalled carbon nanotubes with different structural organisation. Carbon N. Y. 2005, 43, 786-795. [CrossRef]
Gonzalez, ].E; Ramiro, A.; Gonzalez-Garcia, C.M.; Gafian, J.; Encinar, ].M.; Sabio, E.; Rubiales, J. Pyrolysis of Almond Shells.
Energy Applications of Fractions. Ind. Eng. Chem. Res. 2005, 44, 3003-3012. [CrossRef]

Jain, A.; Balasubramanian, R.; Srinivasan, M.P. Hydrothermal conversion of biomass waste to activated carbon with high porosity:
A review. Chem. Eng. ]. 2016, 283, 789-805. [CrossRef]

Hu, B.; Wang, K.; Wu, L.; Yu, S.H.; Antonietti, M.; Titirici, M.M. Engineering carbon materials from the hydrothermal carbonization
process of biomass. Adv. Mater. 2010, 22, 813-828. [CrossRef]

Titirici, M.M.; White, R.J.; Falco, C.; Sevilla, M. Black perspectives for a green future: Hydrothermal carbons for environment
protection and energy storage. Energy Environ. Sci. 2012, 5, 6796-6822. [CrossRef]

Quesada-Plata, F.; Ruiz-Rosas, R.; Morallén, E.; Cazorla-Amoroés, D. Activated Carbons Prepared through H3zPO4-Assisted
Hydrothermal Carbonisation from Biomass Wastes: Porous Texture and Electrochemical Performance. Chempluschem 2016, 81,
1349-1359. [CrossRef] [PubMed]

Moreno-Castilla, C.; Carrasco-Marin, F.; Maldonado-Hddar, EJ.; Rivera-Utrilla, J. Effects of non-oxidant and oxidant acid
treatments on the surface properties of an activated carbon with very low ash content. Carbon N. Y. 1998, 36, 145-151. [CrossRef]
Mohamed, A.R.; Mohammadi, M.; Darzi, G.N. Preparation of carbon molecular sieve from lignocellulosic biomass: A review.
Renew. Sustain. Energy Rev. 2010, 14, 1591-1599. [CrossRef]

Devi, M.; Rawat, S.; Sharma, S. A comprehensive review of the pyrolysis process: From carbon nanomaterial synthesis to waste
treatment. Oxford Open Mater. Sci. 2020, 1, itab014. [CrossRef]

Fitzer, E.; Kochling, K.-H.; Boehm, H.P.; Marsh, H. Recommended terminology for the description of carbon as a solid (IUPAC
Recommendations 1995). Pure Appl. Chem. 1995, 67, 473-506. [CrossRef]

Walker, P.L. Carbon: An old but new material revisited. Carbon N. Y. 1990, 28, 261-279. [CrossRef]

Mackay, D.M.; Roberts, P.V. The dependence of char and carbon yield on lignocellulosic precursor composition. Carbon N. Y. 1982,
20, 87-94. [CrossRef]

McKendry, P. Energy production from biomass (part 1): Overview of biomass. Bioresour. Technol. 2002, 83, 37—46. [CrossRef]
Fengel, D.; Wegener, G. Wood—Chemistry, Ultrastructure, Reactions; Walter de Gruyter: Berlin, Germany; New York, NY, USA,
1989; ISBN 9783110120593.


http://doi.org/10.1016/S0008-6223(98)00082-7
http://doi.org/10.1016/S0008-6223(00)00198-6
http://doi.org/10.1016/j.rser.2017.04.117
http://doi.org/10.1016/j.jenvman.2007.07.031
http://doi.org/10.1016/j.biortech.2014.03.073
http://doi.org/10.1039/D0TA05094F
http://doi.org/10.1016/S1872-5805(21)60003-3
http://doi.org/10.1039/D1MA00315A
http://doi.org/10.1016/j.jcou.2021.101450
http://doi.org/10.1016/j.rser.2018.02.003
http://doi.org/10.1016/j.jcis.2017.01.031
http://www.ncbi.nlm.nih.gov/pubmed/28103491
http://doi.org/10.1021/acssuschemeng.8b06550
http://doi.org/10.3390/fib7100084
http://doi.org/10.1016/j.rser.2006.03.013
http://doi.org/10.1016/j.carbon.2004.11.005
http://doi.org/10.1021/ie0490942
http://doi.org/10.1016/j.cej.2015.08.014
http://doi.org/10.1002/adma.200902812
http://doi.org/10.1039/c2ee21166a
http://doi.org/10.1002/cplu.201600412
http://www.ncbi.nlm.nih.gov/pubmed/31964064
http://doi.org/10.1016/S0008-6223(97)00171-1
http://doi.org/10.1016/j.rser.2010.01.024
http://doi.org/10.1093/oxfmat/itab014
http://doi.org/10.1351/pac199567030473
http://doi.org/10.1016/0008-6223(90)90001-F
http://doi.org/10.1016/0008-6223(82)90412-2
http://doi.org/10.1016/S0960-8524(01)00118-3

Molecules 2022, 27, 1630 23 of 26

53.
54.

55.

56.

57.
58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

Higuchi, T. Lignin biochemistry: Biosynthesis and biodegradation. Wood Sci. Technol. 1990, 24, 23-63. [CrossRef]

Lv,G,; Wu, S.; Yang, G.; Chen, J.; Liu, Y.; Kong, F. Comparative study of pyrolysis behaviors of corn stalk and its three components.
J. Anal. Appl. Pyrolysis 2013, 104, 185-193. [CrossRef]

Shen, D.K.; Gu, S.; Bridgwater, A.V. The thermal performance of the polysaccharides extracted from hardwood: Cellulose and
hemicellulose. Carbohydr. Polym. 2010, 82, 39-45. [CrossRef]

Lou, R.;; Wu, S. Products properties from fast pyrolysis of enzymatic/mild acidolysis lignin. Appl. Energy 2011, 88, 316-322.
[CrossRef]

Oberlin, A. Carbonization and graphitization. Carbon N. Y. 1984, 22, 521-541. [CrossRef]

Lewis, L.C.; Singer, L.S. Further electron spin resonance studies of the pyrolysis of aromatic hydrocarbons. Carbon N. Y. 1967, 5,
373-381. [CrossRef]

Brooks, J.D.; Taylor, G.H. The formation of graphitizing carbons from the liquid phase. Carbon N. Y. 1965, 3, 187-193. [CrossRef]
Martinez De Yuso, A.; Rubio, B.; Izquierdo, M.T. Influence of activation atmosphere used in the chemical activation of almond
shell on the characteristics and adsorption performance of activated carbons. Fuel Process. Technol. 2014, 119, 74-80. [CrossRef]
Puziy, A.M.; Poddubnaya, O.I.; Martinez-Alonso, A.; Castro-Muiiiz, A.; Suarez-Garcia, F.; Tascon, ]. M.D. Oxygen and phosphorus
enriched carbons from lignocellulosic material. Carbon N. Y. 2007, 45, 1941-1950. [CrossRef]

Benaddi, H.; Legras, D.; Rouzaud, J.N.; Beguin, F. Influence of the atmosphere in the chemical activation of wood by phosphoric
acid. Carbon N. Y. 1998, 36, 1941-1950. [CrossRef]

Gao, Y,; Yue, Q.; Gao, B.; Li, A. Insight into activated carbon from different kinds of chemical activating agents: A review. Sci.
Total Environ. 2020, 746, 141094. [CrossRef]

Reza, M.S.; Yun, C.S.; Afroze, S.; Radenahmad, N.; Bakar, M.S.A.; Saidur, R.; Taweekun, J.; Azad, A.K. Preparation of activated
carbon from biomass and its” applications in water and gas purification, a review. Arab J. Basic Appl. Sci. 2020, 27, 208-238.
[CrossRef]

Gregg, S.J.; Sing, K.S.W. Adsorption, Surface Area and Porosiy; Academic Press: London, UK, 1982.

Alcaniz-Monge, J.; Cazorla-Amorés, D.; Linares-Solano, A. Production of activated carbons: Use of CO, versus H,O as activating
agent. A reply to a letter from P. L. Walker Jr. Carbon N. Y. 1997, 35, 1665-1668. [CrossRef]

Alcafiiz-Monge, J.; Illan-Gémez, M.]. Insight into hydroxides-activated coals: Chemical or physical activation? ]. Colloid Interface
Sci. 2008, 318, 35-41. [CrossRef]

Palmer, ]J.C.; Gubbins, K.E. Atomistic models for disordered nanoporous carbons using reactive force fields. Microporous
Mesoporous Mater. 2012, 154, 24-37. [CrossRef]

Porosity in Carbons; Patrick, ] W. (Ed.) Wiley: New York, NY, USA, 1995; ISBN 9780470234549.

Harris, P].E,; Liu, Z.; Suenaga, K. Imaging the atomic structure of activated carbon. J. Phys. Condens. Matter 2008, 20, 362201.
[CrossRef]

Terzyk, A.P.; Furmaniak, S.; Gauden, P.A.; Harris, P].F; Wioch, J.; Kowalczyk, P. Hyper-parallel tempering Monte Carlo
simulations of Ar adsorption in new models of microporous non-graphitizing activated carbon: Effect of microporosity. J. Phys.
Condens. Matter 2007, 19, 406208. [CrossRef] [PubMed]

Rideal, E.K.; Wright, WM. CLXXXIV.—Low temperature oxidation at charcoal surfaces. Part, I. the behaviour of charcoal in the
absence of promoters. J. Chem. Soc. Trans. 1925, 127, 1347-1357. [CrossRef]

Bandosz, T.J.; Ania, C.O. Chapter 4 Surface chemistry of activated carbons and its characterization. Interface Sci. Technol. 2006, 7,
159-229. [CrossRef]

Boehm, H.P. Chemical Identification of Surface Groups. Adv. Catal. 1966, 16, 179-274. [CrossRef]

ASTM D3838-80(2011); Standard Test Method for pH of Activated Carbon. Annual Book of ASTM Standards, Section 15.01.
American Society for Testing and Materials: West Conshohocken, PA, USA, 2011.

Corapcioglu, M.O.; Huang, C.P. The surface acidity and characterization of some commercial activated carbons. Carbon N. Y.
1987, 25, 569-578. [CrossRef]

Fanning, P.E.; Vannice, M.A. A DRIFTS study of the formation of surface groups on carbon by oxidation. Carbon N. Y. 1993, 31,
721-730. [CrossRef]

Kapteijn, F.; Moulijn, J.A.; Matzner, S.; Boehm, H.-P. The development of nitrogen functionality in model chars during gasification
in CO, and O,. Carbon N. Y. 1999, 37, 1143-1150. [CrossRef]

Kinoshita, K. Carbon: Electrochemical and Physicochemical Properties; Wiley-Interscience Publication: New York, NY, USA, 1988;
ISBN 978-0-471-84802-8.

Otake, Y.; Jenkins, R.G. Characterization of oxygen-containing surface complexes created on a microporous carbon by air and
nitric acid treatment. Carbon N. Y. 1993, 31, 109-121. [CrossRef]

Lopez-Ramon, M.V.; Stoeckli, F.; Moreno-Castilla, C.; Carrasco-Marin, F. On the characterization of acidic and basic surface sites
on carbons by various techniques. Carbon N. Y. 1999, 37, 1215-1221. [CrossRef]

Hennig, G.R. Electron Microscopy of Reactivity Changes near Lattice Defects in Graphite. In Chemistry and Physics of Carbons;
Walker, P.L., Jr., Ed.; Marcel Dekker: New York, NY, USA, 1966; Volume 2, pp. 1-49.

Radovi¢, L.R.; Walker, PL.; Jenkins, R.G. Importance of carbon active sites in the gasification of coal chars. Fuel 1983, 62, 849-856.
[CrossRef]


http://doi.org/10.1007/BF00225306
http://doi.org/10.1016/j.jaap.2013.08.005
http://doi.org/10.1016/j.carbpol.2010.04.018
http://doi.org/10.1016/j.apenergy.2010.06.028
http://doi.org/10.1016/0008-6223(84)90086-1
http://doi.org/10.1016/0008-6223(67)90053-X
http://doi.org/10.1016/0008-6223(65)90047-3
http://doi.org/10.1016/j.fuproc.2013.10.024
http://doi.org/10.1016/j.carbon.2007.06.014
http://doi.org/10.1016/S0008-6223(98)80123-1
http://doi.org/10.1016/j.scitotenv.2020.141094
http://doi.org/10.1080/25765299.2020.1766799
http://doi.org/10.1016/S0008-6223(97)82798-4
http://doi.org/10.1016/j.jcis.2007.10.017
http://doi.org/10.1016/j.micromeso.2011.08.017
http://doi.org/10.1088/0953-8984/20/36/362201
http://doi.org/10.1088/0953-8984/19/40/406208
http://www.ncbi.nlm.nih.gov/pubmed/22049107
http://doi.org/10.1039/CT9252701347
http://doi.org/10.1016/S1573-4285(06)80013-X
http://doi.org/10.1016/S0360-0564(08)60354-5
http://doi.org/10.1016/0008-6223(87)90200-4
http://doi.org/10.1016/0008-6223(93)90009-Y
http://doi.org/10.1016/S0008-6223(98)00312-1
http://doi.org/10.1016/0008-6223(93)90163-5
http://doi.org/10.1016/S0008-6223(98)00317-0
http://doi.org/10.1016/0016-2361(83)90041-8

Molecules 2022, 27, 1630 24 of 26

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of hemicellulose, cellulose and lignin pyrolysis. Fuel 2007, 86,
1781-1788. [CrossRef]

Leon y Leon, C.A.; Radovic, L.R. Interfacial Chemistry and Electrochemistry of Carbon Surfaces. In Chemistry and Physics of
Carbon; Thrower, P.A., Ed.; Dekker: New York, NY, USA, 1994; Volume 24, pp. 213-310.

Puziy, AM.; Poddubnaya, O.I.; Martinez-Alonso, A.; Suarez-Garcia, F.; Tascon, ].M.D. Synthetic carbons activated with
phosphoric—Acid, I. Surface chemistry and ion binding properties. Carbon N. Y. 2002, 40, 1493-1505. [CrossRef]

Elmouwahidi, A.; Castelo-Quibén, J.; Vivo-Vilches, J.E; Pérez-Cadenas, A.F.; Maldonado-Hddar, EJ.; Carrasco-Marin, E. Activated
carbons from agricultural waste solvothermally doped with sulphur as electrodes for supercapacitors. Chem. Eng. ]. 2018, 334,
1835-1841. [CrossRef]

Guo, J.; Lua, A.C. Surface functional groups on oil-palm-shell adsorbents prepared by H3PO, and KOH activation and their
effects on adsorptive capacity. Chem. Eng. Res. Des. 2003, 81, 585-590. [CrossRef]

Danish, M.; Hashim, R.; Ibrahim, M.N.M.; Sulaiman, O. Effect of acidic activating agents on surface area and surface functional
groups of activated carbons produced from Acacia mangium wood. J. Anal. Appl. Pyrolysis 2013, 104, 418-425. [CrossRef]
Bansal, R.C.; Dhami, T.L.; Parkash, S. Surface characteristics and surface behavior of polymer carbons—I: Associated oxygen and
hydrogen. Carbon N. Y. 1977, 15, 157-160. [CrossRef]

Arslanoglu, H. Direct and facile synthesis of highly porous low cost carbon from potassium-rich wine stone and their application
for high-performance removal. J. Hazard. Mater. 2019, 374, 238-247. [CrossRef] [PubMed]

Puri, B.R. Surface Complexes on Carbons. In Chemistry and. Physics of Carbons; Walker, P.L., Jr., Ed.; Marcel Dekker: New York,
NY, USA, 1970; Volume 6, pp. 191-282.

Leon y Leon, C.A.; Solar, ].M.; Calemma, V.; Radovic, L.R. Evidence for the protonation of basal plane sites on carbon. Carbon N.
Y. 1992, 30, 797-811. [CrossRef]

Moreno-Castilla, C. Adsorption of organic molecules from aqueous solutions on carbon materials. Carbon N. Y. 2004, 42, 83-94.
[CrossRef]

Nowrouzi, M.; Behin, J.; Younesi, H.; Bahramifar, N.; Charpentier, P.A.; Rohani, S. An enhanced counter-current approach towards
activated carbon from waste tissue with zero liquid discharge. Chem. Eng. J. 2017, 326, 934-944. [CrossRef]

Vivo-Vilches, J.E; Bailon-Garcia, E.; Pérez-Cadenas, A.F.; Carrasco-Marin, F; Maldonado-Hédar, FJ. Tailoring the surface
chemistry and porosity of activated carbons: Evidence of reorganization and mobility of oxygenated surface groups. Carbon N. Y.
2014, 68, 520-530. [CrossRef]

Gonzalez-Serrano, E.; Cordero, T.; Rodriguez-Mirasol, J.; Cotoruelo, L.; Rodriguez, J.J. Removal of water pollutants with activated
carbons prepared from H3POy activation of lignin from kraft black liquors. Water Res. 2004, 38, 3043-3050. [CrossRef]
Figueiredo, J.; Pereira, M.E,; Freitas, M.M.; Orfao, ].J. Modification of the surface chemistry of activated carbons. Carbon N. Y. 1999,
37, 1379-1389. [CrossRef]

Li, L.; Yao, X.; Li, H.; Liu, Z.; Ma, W,; Liang, X. Thermal Stability of Oxygen-Containing Functional Groups on Activated Carbon
Surfaces in a Thermal Oxidative Environment. J. Chem. Eng. Jpn. 2014, 47, 21-27. [CrossRef]

Mahajan, O.P.; Moreno-castilla, C.; Walker, P.L. Surface-Treated Activated Carbon for Removal of Phenol from Water. Sep. Sci.
Technol. 1980, 15, 1733-1752. [CrossRef]

Puri, B,; Singh, D.D.; Nath, J.; Sharma, L. Chemisorption of Oxygen on Activated Charcoal and Sorption of Acids and Bases. Ind.
Eng. Chem. 1958, 50, 1071-1074. [CrossRef]

Kyotani, T.; Zhang, Z.G.; Hayashi, S.; Tomita, A. TPD Study on H,O-Gasified and O,-Chemisorbed Coal Chars. Energy Fuels 1988,
2,136-141. [CrossRef]

Takaesu, H.; Matsui, Y.; Nishimura, Y.; Matsushita, T.; Shirasaki, N. Micro-milling super-fine powdered activated carbon decreases
adsorption capacity by introducing oxygen/hydrogen-containing functional groups on carbon surface from water. Water Res.
2019, 155, 66-75. [CrossRef]

Braghiroli, F.L.; Bouafif, H.; Neculita, C.M.; Koubaa, A. Influence of Pyro-Gasification and Activation Conditions on the Porosity
of Activated Biochars: A Literature Review. Waste Biomass Valorization 2020, 11, 5079-5098. [CrossRef]

Mariana, M.; Abdul, A K,; Mistar, EIM.; Yahya, E.B.; Alfatah, T.; Danish, M.; Amayreh, M. Recent advances in activated carbon
modification techniques for enhanced heavy metal adsorption. J. Water Process. Eng. 2021, 43, 102221. [CrossRef]

Pradhan, B.K,; Sandle, N .K. Effect of different oxidizing agent treatments on the surface properties of activated carbons. Carbon N.
Y. 1999, 37, 1323-1332. [CrossRef]

Rivera-Utrilla, J.; Sanchez-Polo, M.; Gémez-Serrano, V.; Alvarez, PM.; Alvim-Ferraz, M.C.M.; Dias, ].M. Activated carbon
modifications to enhance its water treatment applications. An overview. . Hazard. Mater. 2011, 187, 1-23. [CrossRef]

Demiral, I.; Samdan, C.; Demiral, H. Enrichment of the surface functional groups of activated carbon by modification method.
Surf. Interfaces 2021, 22, 100873. [CrossRef]

Stohr, B.; Boehm, H.P,; Schlogl, R. Enhancement of the catalytic activity of activated carbons in oxidation reactions by thermal
treatment with ammonia or hydrogen cyanide and observation of a superoxide species as a possible intermediate. Carbon N. Y.
1991, 29, 707-720. [CrossRef]

Shafeeyan, M.S.; Daud, WM.A.W.; Houshmand, A.; Shamiri, A. A review on surface modification of activated carbon for carbon
dioxide adsorption. J. Anal. Appl. Pyrolysis 2010, 89, 143-151. [CrossRef]

Chin, H.C. Preparation and characterization of carbon-sulfur surface compounds. Carbon N. Y. 1981, 19, 175-186. [CrossRef]


http://doi.org/10.1016/j.fuel.2006.12.013
http://doi.org/10.1016/S0008-6223(01)00317-7
http://doi.org/10.1016/j.cej.2017.11.141
http://doi.org/10.1205/026387603765444537
http://doi.org/10.1016/j.jaap.2013.06.003
http://doi.org/10.1016/0008-6223(77)90049-5
http://doi.org/10.1016/j.jhazmat.2019.04.042
http://www.ncbi.nlm.nih.gov/pubmed/31005706
http://doi.org/10.1016/0008-6223(92)90164-R
http://doi.org/10.1016/j.carbon.2003.09.022
http://doi.org/10.1016/j.cej.2017.05.141
http://doi.org/10.1016/j.carbon.2013.11.030
http://doi.org/10.1016/j.watres.2004.04.048
http://doi.org/10.1016/S0008-6223(98)00333-9
http://doi.org/10.1252/jcej.13we193
http://doi.org/10.1080/01496398008055619
http://doi.org/10.1021/ie50583a046
http://doi.org/10.1021/ef00008a006
http://doi.org/10.1016/j.watres.2019.02.019
http://doi.org/10.1007/s12649-019-00797-5
http://doi.org/10.1016/j.jwpe.2021.102221
http://doi.org/10.1016/S0008-6223(98)00328-5
http://doi.org/10.1016/j.jhazmat.2011.01.033
http://doi.org/10.1016/j.surfin.2020.100873
http://doi.org/10.1016/0008-6223(91)90006-5
http://doi.org/10.1016/j.jaap.2010.07.006
http://doi.org/10.1016/0008-6223(81)90040-3

Molecules 2022, 27, 1630 25 of 26

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Xia, Y;; Zhu, Y.; Tang, Y. Preparation of sulfur-doped microporous carbons for the storage of hydrogen and carbon dioxide. Carbon
N. Y. 2012, 50, 5543-5553. [CrossRef]

El-Shafey, E.I; Ali, S.N.F,; Al-Busafi, S.; Al-Lawati, H.A.]. Preparation and characterization of surface functionalized activated
carbons from date palm leaflets and application for methylene blue removal. ]. Environ. Chem. Eng. 2016, 4, 2713-2724. [CrossRef]
Lv, D.; Liu, Y;; Zhou, J.; Yang, K.; Lou, Z.; Baig, S.A.; Xu, X. Application of EDTA-functionalized bamboo activated carbon (BAC)
for Pb(II) and Cu(Il) removal from aqueous solutions. Appl. Surf. Sci. 2018, 428, 648-658. [CrossRef]

Xie, X.; Gao, H.; Luo, X.; Su, T.; Zhang, Y.; Qin, Z. Polyethyleneimine modified activated carbon for adsorption of Cd(Il) in
aqueous solution. J. Environ. Chem. Eng. 2019, 7, 103183. [CrossRef]

Boudou, J.P; Martinez-Alonzo, A.; Tascon, ].M.D. Introduction of acidic groups at the surface of activated carbon by microwave-
induced oxygen plasma at low pressure. Carbon N. Y. 2000, 38, 1021-1029. [CrossRef]

Bagheri, M.; Jafari, S.M.; Eikani, M.H. Ultrasonic-assisted production of zero-valent iron-decorated graphene oxide/activated
carbon nanocomposites: Chemical transformation and structural evolution. Mater. Sci. Eng. C 2021, 118, 111362. [CrossRef]

Fu, Y;; Ding, X.; Zhao, ].; Zheng, Z. Study on the effect of oxidation-ultrasound treatment on the electrochemical properties of
activated carbon materials. Ultrason. Sonochem. 2020, 69, 104921. [CrossRef]

Liu, Y.; Sajjadi, B.; Chen, W.Y.; Chatterjee, R. Ultrasound-assisted amine functionalized graphene oxide for enhanced CO,
adsorption. Fuel 2019, 247, 10-18. [CrossRef]

Yi, H.; Zhao, S.; Tang, X.; Song, C.; Gao, E; Zhang, B.; Wang, Z.; Zuo, Y. Low-temperature hydrolysis of carbon disulfide using the
FeCu/AC catalyst modified by non-thermal plasma. Fuel 2014, 128, 268-273. [CrossRef]

Zhang, B.; Xu, P; Qiu, Y,; Yu, Q.; Ma, J.; Wu, H.; Luo, G.; Xu, M.,; Yao, H. Increasing oxygen functional groups of activated carbon
with non-thermal plasma to enhance mercury removal efficiency for flue gases. Chem. Eng. J. 2015, 263, 1-8. [CrossRef]
Kodama, S.; Sekiguchi, H. Estimation of point of zero charge for activated carbon treated with atmospheric pressure non-thermal
oxygen plasmas. Thin Solid Films 2006, 506-507, 327-330. [CrossRef]

Inagaki, N.; Narushima, K.; Hashimoto, H.; Tamura, K. Implantation of amino functionality into amorphous carbon sheet surfaces
by NHj3 plasma. Carbon N. Y. 2007, 45, 797-804. [CrossRef]

Li, K,; Liu, G.; Wang, C.; Li, K; Sun, X.; Song, X.; Ning, P. Acidic and basic groups introducing on the surface of activated carbon
during the plasma-surface modification for changing of COS catalytic hydrolysis activity. Catal. Commun. 2020, 144, 106093.
[CrossRef]

Sevilla, M.; Fuertes, A.B. The production of carbon materials by hydrothermal carbonization of cellulose. Carbon N. Y. 2009, 47,
2281-2289. [CrossRef]

Tran, H.N.; You, S.J.; Chao, H.P. Fast and efficient adsorption of methylene green 5 on activated carbon prepared from new
chemical activation method. J. Environ. Manag. 2017, 188, 322-336. [CrossRef]

Carbon Materials for Advanced Technologies; Burchell., T.D. (Ed.) Pergamon: Amsterdam, The Netherlands, 1999; ISBN 978-0080426839.
Wang, Q.; Li, H.; Chen, L.; Huang, X. Monodispersed hard carbon spherules with uniform nanopores. Carbon N. Y. 2001, 39,
2211-2214. [CrossRef]

Ryu, J.; Suh, YW,; Suh, D.J.; Ahn, D.J. Hydrothermal preparation of carbon microspheres from mono-saccharides and phenolic
compounds. Carbon N. Y. 2010, 48, 1990-1998. [CrossRef]

Zhao, S.; Wang, C.-Y.; Chen, M.-M.; Sun, J.-H. Mechanism for the preparation of carbon spheres from potato starch treated by
NHA4CI. Carbon N. Y. 2009, 47, 331-333. [CrossRef]

Alcaniz-Monge, J.; Cazorla-Amorés, D.; Linares-Solano, A.; Yoshida, S.; Oya, A. Effect of the activating gas on tensile strength
and pore structure of pitch-based carbon fibres. Carbon N. Y. 1994, 32, 1277-1283. [CrossRef]

Cao, L.; Kruk, M. A family of ordered mesoporous carbons derived from mesophase pitch using ordered mesoporous silicas as
templates. Adsorption 2010, 16, 465—-472. [CrossRef]

Rosas, ].M.; Bedia, J.; Rodriguez-Mirasol, J.; Cordero, T. Preparation of Hemp-Derived Activated Carbon Monoliths. Adsorption
of Water Vapor. Ind. Eng. Chem. Res. 2008, 47, 1288-1296. [CrossRef]

Chiang, P.C.; Wu, ].S. Evaluation of chemical and thermal regeneration of activated carbon. Water Sci. Technol. 1989, 21, 1697-1700.
[CrossRef]

Larasati, A.; Fowler, G.D.; Graham, N.J.D. Chemical regeneration of granular activated carbon: Preliminary evaluation of
alternative regenerant solutions. Environ. Sci. Water Res. Technol. 2020, 6, 2043-2056. [CrossRef]

Cevallos Toledo, R.B.; Aragon-Tobar, C.F,; Gamez, S.; de la Torre, E. Reactivation process of activated carbons: Effect on the
mechanical and adsorptive properties. Molecules 2020, 25, 1681. [CrossRef]

Yamada, T.; Tsumuki, K. Adsorbent Body Including Activated Carbon and Inorganic Binder for Bonding Together Activated
Carbon Grains, and Method of Producing the Adsorbent Body. U.S. Patent 5,685,986, 11 November 1997.

Guymont, FJ. The effect of capital and operating costs on GAC adsorption system design. In Activated Carbon Adsorption of
Organics from the Aqueous Phase; Mcguire, M.J., Suffet, LH., Eds.; Ann Arbor Science: Ann Arbor, MI, USA, 1980; pp. 531-538.
ISBN 978-0250402694.

Hernandez, A.M.; Labady, M.; Laine, J. Granular Activated Carbon from Wood Originated from Tropical Virgin Forest. Open, ].
For. 2014, 4, 44658. [CrossRef]

Heschel, W.; Klose, E. On the suitability of agricultural by-products for the manufacture of granular activated carbon. Fuel 1995,
74,1786-1791. [CrossRef]


http://doi.org/10.1016/j.carbon.2012.07.044
http://doi.org/10.1016/j.jece.2016.05.015
http://doi.org/10.1016/j.apsusc.2017.09.151
http://doi.org/10.1016/j.jece.2019.103183
http://doi.org/10.1016/S0008-6223(99)00209-2
http://doi.org/10.1016/j.msec.2020.111362
http://doi.org/10.1016/j.ultsonch.2019.104921
http://doi.org/10.1016/j.fuel.2019.03.011
http://doi.org/10.1016/j.fuel.2014.03.021
http://doi.org/10.1016/j.cej.2014.10.090
http://doi.org/10.1016/j.tsf.2005.08.137
http://doi.org/10.1016/j.carbon.2006.11.016
http://doi.org/10.1016/j.catcom.2020.106093
http://doi.org/10.1016/j.carbon.2009.04.026
http://doi.org/10.1016/j.jenvman.2016.12.003
http://doi.org/10.1016/S0008-6223(01)00040-9
http://doi.org/10.1016/j.carbon.2010.02.006
http://doi.org/10.1016/j.carbon.2008.09.046
http://doi.org/10.1016/0008-6223(94)90113-9
http://doi.org/10.1007/s10450-010-9248-8
http://doi.org/10.1021/ie070924w
http://doi.org/10.2166/wst.1989.0147
http://doi.org/10.1039/D0EW00328J
http://doi.org/10.3390/molecules25071681
http://doi.org/10.4236/ojf.2014.43027
http://doi.org/10.1016/0016-2361(95)80009-7

Molecules 2022, 27, 1630 26 of 26

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Abe, I; Fukuhara, T.; Iwasaki, S.; Yasuda, K.; Nakagawa, K.; Iwata, Y.; Kominami, H.; Kera, Y. Development of a high density
carbonaceous adsorbent from compressed wood. Carbon N. Y. 2001, 39, 1485-1490. [CrossRef]

Amoroés-Pérez, A.; Cano-Casanova, L.; Ouzzine, M.; Rufete-Beneite, M.; Romero-Anaya, A.J.; Lillo-Rédenas, M.A.; Linares-Solano,
A. Spherical activated carbons with high mechanical strength directly prepared from selected spherical seeds. Materials 2018, 11,
770. [CrossRef]

Plaza-Recobert, M.; Trautwein, G.; Pérez-Cadenas, M.; Alcaniz-Monge, J. Preparation of binderless activated carbon monoliths
from cocoa bean husk. Microporous Mesoporous Mater. 2017, 243, 28-38. [CrossRef]

Ravichandran, P.; Sugumaran, P.; Seshadri, S.; Basta, A.H. Optimizing the route for production of activated carbon from Casuarina
equisetifolia fruit waste. R. Soc. Open Sci. 2018, 5, 171578. [CrossRef]

Khadiran, T.; Hussein, M.Z.; Zainal, Z.; Rusli, R. Textural and chemical properties of activated carbon prepared from tropical peat
soil by chemical activation method. BioResources 2015, 10, 986-1007. [CrossRef]

Nakagawa, Y.; Molina-Sabio, M.; Rodriguez-Reinoso, F. Modification of the porous structure along the preparation of activated
carbon monoliths with H3PO,4 and ZnCl,. Microporous Mesoporous Mater. 2007, 103, 29-34. [CrossRef]

Qiu, G.; Guo, M. Quality of poultry litter-derived granular activated carbon. Bioresour. Technol. 2010, 101, 379-386. [CrossRef]
Ahmedna, M.; Marshall, W.; Rao, R. Production of granular activated carbons from select agricultural by-products and evaluation
of their physical, chemical and adsorption propertieslLouisiana Agricultural Experiment Station manuscript 99-21-0066.1.
Bioresour. Technol. 2000, 71, 113-123. [CrossRef]

Lozano-Castell6, D.; Cazorla-Amords, D.; Linares-Solano, A.; Quinn, D.F. Activated carbon monoliths for methane storage:
Influence of binder. Carbon N. Y. 2002, 40, 2817-2825. [CrossRef]

Ubago-Pérez, R.; Carrasco-Marin, F.; Fairén-Jiménez, D.; Moreno-Castilla, C. Granular and monolithic activated carbons from
KOH-activation of olive stones. Microporous Mesoporous Mater. 2006, 92, 64-70. [CrossRef]

Dolah, B.N.M.; Deraman, M.; Othman, M.A.R.; Farma, R.; Taer, E.; Awitdrus; Basri, N.H.; Talib, I.A.; Omar, R.; Nor, N.S.M. A
method to produce binderless supercapacitor electrode monoliths from biomass carbon and carbon nanotubes. Mater. Res. Bull.
2014, 60, 10-19. [CrossRef]

Fortune Business Insights. Activated Carbon Market Size, Share & COVID19 Impact Analysis by Type (Powdered, Granular and
Others), by Application (Water Treatment, Air & Gas Purification, Food and Beverage, Others) and Regional Forecast, 2020-2028.
Report ID FBI102175. 2021; p. 300. Available online: https:/ /www.fortunebusinessinsights.com/activated-carbon-market-102175
(accessed on 30 December 2021).

Stavropoulos, G.G.; Zabaniotou, A.A. Minimizing activated carbons production cost. Fuel Process. Technol. 2009, 90, 952-957.
[CrossRef]

Asadi-Sangachini, Z.; Galangash, M.M.; Younesi, H.; Nowrouzi, M. The feasibility of cost-effective manufacturing activated
carbon derived from walnut shells for large-scale CO, capture. Environ. Sci. Pollut. Res. 2019, 26, 26542-26552. [CrossRef]
Namazi, A.B.; Allen, D.G.; Jia, C.Q. Effect of chemical components in white liquor on carbon activation. Can. J. Chem. Eng. 2015,
93, 1705-1712. [CrossRef]

Yuan, M.; Kim, Y.; Jia, C.Q. Feasibility of recycling KOH in chemical activation of oil-sands petroleum coke. Can. J. Chem. Eng.
2012, 90, 1472-1478. [CrossRef]

Glowniak, S.; Szczeéniak, B.; Choma, J.; Jaroniec, M. Highly Porous Carbons Synthesized from Tannic Acid via a Combined
Mechanochemical Salt-Templating and Mild Activation Strategy. Molecules 2021, 26, 1826. [CrossRef] [PubMed]


http://doi.org/10.1016/S0008-6223(00)00273-6
http://doi.org/10.3390/ma11050770
http://doi.org/10.1016/j.micromeso.2017.02.015
http://doi.org/10.1098/rsos.171578
http://doi.org/10.15376/biores.10.1.986-1007
http://doi.org/10.1016/j.micromeso.2007.01.029
http://doi.org/10.1016/j.biortech.2009.07.050
http://doi.org/10.1016/S0960-8524(99)00070-X
http://doi.org/10.1016/S0008-6223(02)00194-X
http://doi.org/10.1016/j.micromeso.2006.01.002
http://doi.org/10.1016/j.materresbull.2014.08.013
https://www.fortunebusinessinsights.com/activated-carbon-market-102175
http://doi.org/10.1016/j.fuproc.2009.04.002
http://doi.org/10.1007/s11356-019-05842-3
http://doi.org/10.1002/cjce.22281
http://doi.org/10.1002/cjce.20671
http://doi.org/10.3390/molecules26071826
http://www.ncbi.nlm.nih.gov/pubmed/33804995

	Introduction 
	Preparation of Activated Carbons 
	Precursors 
	Processes: Pyrolysis and Activation 
	Carbonization or Pyrolysis 
	Chemical Activation 

	AC Structure 

	Further Properties (Different from Porosity) of the ACs Prepared by Chemical Activation That Merit to Be Analyzed 
	Surface Chemistry 
	Shape/Morphology 
	Mechanical Properties 

	Aspects to Be Taken into Account for the Large-Scale Application of Chemical Activation for the Production of ACs 
	Scaling up of the Published Procedures and Economic Issues 
	Environmental Concerns 

	Conclusions 
	References

