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1. Introduction

Activated carbons have been widely used as adsorbents, catalyst supports, catalysts, and
electronic materials due to its properties: high surface area, large pore volume, and
chemical-modifiable surface (Do, 1998). These properties determine its application.

Porous solids are materials full of pores; when the main type of pore is microporous, these
materials have large internal surfaces. This property is of great importance in adsorption,
and its study is essential in the characterization of activated carbons. Pore structure and
specific surface can be controlled by several factors: carbonization atmosphere, activation
agent, precursor, time and temperature of thermal treatment, the use of templates to
synthesize the precursor, particle size, and chemical treatment. The same factors, but with
different intensity, control the functional groups in the surface. Also, the functional groups
in activated carbons were found to be responsible for the variety in physical and chemical
properties (Bandosz, 2009). So, a great amount research has focused on how to modify and
characterize the surface functional groups of activated carbons in order to improve their
applications or understand their properties (Calvino-Casilda et al., 2010; Moreno-Castilla,
2004; Shen et al., 2008). In the last decades, a large number of techniques have been
developed to study various surface properties in solids (Somorjai, 1994). The frontiers of
instrumentation are constantly being pushed toward better conditions: finer detail (spatial
resolution, energy resolution, and composition accuracy), better sensibility, automation, and
cheaper equipment. Activated carbon presents some peculiarities: it is a non-crystalline
material (amorphous), is a non-stoichiometric solid with variable composition, and it is
opaque to most wavelengths and species used in a characterization laboratory. The
chemistry of carbon is extremely complex (Schlogl, 1997; Do, 1998); the main reason for this
complexity lies in the pronounced tendency of this element to form homonuclear bonds in
three bonding geometries (sp, sp?, and sp3) and in the moderate electronegativity of carbon,
which allows strong covalent interactions with other elements. Because of the use of only
one technique does not provide all the necessary information about surfaces, the tendency is
to use a combination of techniques. In this chapter, some of the more common techniques
used in the characterization of activated carbons are shown.
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2. Density measurements and pore volume

There are several “densities” related with activated carbons. These can be mentioned as:

- bulk density, which can be defined as the volume of a full recipient that contains a
determined mass of activated carbon. This volume includes: a) activated carbon’s atoms; b)
pores; and c) space between particles.

- mercury density, where this liquid is used to refill the space between particles, but its high
surface tension maintains Hg out of pores.

- true density or helium density, Helium, as gas with small size molecules, can go into
pores (really, only accessible to pores according to the molecular size of helium). The helium
density gives a measure of the density of the carbon structure.

The total volume of pores can be calculated from Hg and He densities by:

v L 1 ()
pHe pHg

where V is the pore volume, py. is the He density, and py, is Hg density, respectively.

In preparation of charcoal, these values have been studied for different temperatures and
times of preparation of charcoal (Duran-Valle et al., 2006; Pastor-Villegas & Duréan-Valle,
2002).

3. Porosimetry

The pores of solids are of different kinds. The individual pores may vary in size and in
shape. With respect to the shape, in activated carbons, the predominant type is the slit-shape
pore. But, the width of the pores is also of special interest for many purposes. A
classification of pores according to their average width, which was adopted by the IUPAC
(IUPAC, 1972; Sing et al., 1985) is shown in Table 1.

In recent years, the micropore range has been subdivided into very narrow pores (until 0.8
nm) or ultramicropores, where the enhancement of interaction potential is caused by the
similarity in size between the pore and molecules, and supermicropores, which have a
width (0.8 to 2.0 nm) between ultramicropores and mesopores (Gregg & Sing, 1982).
Carbon-based materials usually have a bimodal pore size distribution, with one dominant
peak being less than approximately 2 nm and the other major peak usually greater than 50
nm (Do et al., 2008).

The volume of macropores it is usually on the order of 0.2-0.5 cm? g1, but the associated area
is very small, on the order of 0.5 m2 g-1, which is negligible in an activated carbon (Do, 1998).
Macropores are not important for the adsorption capacity, but their importance is because
they act as transport pores to the meso- and micropores. Mesopores have a volume in the
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range of 0.1 to 0.4 cm3 g, and the surface area is in the range of 10-100 m2 g-1. Their
contribution to adsorption is significant, and they act as transport to micropores. Micropores
have a similar volume, but the surface area is the most important, sometimes near to 1000
m2 g1,

Type Width (nm)
Micropores | <2

Mesopores >2 and <50
Macropores | >50

Table 1. IUPAC classification of pores according to their width.

The characterization of porous activated carbon and its derivatives has been a subject of
great interest for many decades. Two main experimental tools are used for this study:
mercury porosimetry and gas adsorption.

Mercury porosimetry is a technique that was originally developed to determine pore sizes in
the macropore range, where the gas adsorption is not adequate (Gregg & Sing, 1982). Since
the contact angle of mercury with solids is >90°, an excess pressure p is required to force the
liquid mercury into a pore of radius r. Washburn (1921) suggested the following basic
equation:

e 2ycosf )
P

where yis the surface tension of mercury (484 mN m?) and 6 is the contact angle (141°)
recommended by IUPAC (Sing et al, 1985).

The technique of mercury porosimetry consists of measuring the extent of mercury
penetration into the pores of a solid as a function of the applied pressure. Automatic
porosimeters are now in use for the routine examination of pore structures for catalysts,
adsorbents, cements, refractory materials, and other materials. The measure range of
porosimeters application extends from macropores to near of the limit between micropores
and mesopores. Thus, there is an overlap with the gas adsorption method in the mesopore
range.

4. Gas adsorption

The ability to adsorb and desorb gases from the coals has been known for a long time
(Scheele, 1780). A large amount of the information about the physical structure of a surface
(i.e., specific surface and pores) comes from the amount of gas adsorbed on this surface as a
function of gas pressure at a given temperature. Mercury porosimetry and gas adsorption
are complementary techniques: porosimetry can measure mesopores and macropores, and
gas adsorption measures micropores and mesopores.

The curves derived from these experiments are called adsorption isotherms. They can be used
to determine thermodynamic parameters (e.g., heat of adsorption), the pore distribution, and
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the surface area. The IUPAC recommends a classification based on six types of isotherms
these are shown in Figure 1. Types I to V were proposed by Brunauer, Deming, Deming,
and Teller (Brunauer et al.,, 1940) and they are referred to as BDDT. Type VI was
subsequently added (Gregg & Sing, 1982). There are a considerable number of borderline
cases that are difficult to assign to one group rather than another.
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Figure 1. Types of adsorption isotherms according to IUPAC classifications.

Type I isotherms are characteristics of the existence of only strong interactions between the
adsorbate and adsorbent, which explains the high adsorption at low relative pressure. In
activated carbons, this is due to the existence of micropores. If the isotherm is clearly of type
I, the carbon is called “microporous carbon,” and it can be assumed that most of the porosity
is formed by pores whose widths less than 2 nm. This isotherm is very common in activated
carbons. The isotherms of type II are generally associated to non-porous solids (Gregg &
Sing, 1982). But, if the activated carbon has a wide distribution of pore widths (i.e.,
micropores and mesopores of different widths), the isotherm obtained can be similar to type
IT but with higher gas adsorption (Yates, 2003). In these cases, it must be thought that this
isotherm is a combination of types I and IV. Pure type II represents the multilayer
adsorption of a vapor into macropores or external surface. Type IV is an isotherm
characteristic of a mesoporous solid and the hysteresis is due to capillary condensation into
mesopores. Isotherms types III and V are characteristics for systems where the adsorbent-
adsorbate interaction is weak compared with adsorbate-adsorbate interactions. As activated
carbons are a universal adsorbent and the interactions with adsorbate are never weak, then
these isotherms are not frequently found in activated carbons. The same condition applies to
type VI which is of theoretical interest but relatively rare in activated carbons.
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There are a lot of theoretical models applied on gas isotherms data, which allow obtaining
physical characterization of carbon surfaces (Do et al, 2008). Some of the most used are cited
in Table 2.

Model Determined parameter | Reference

Barret, Joyner and Halenda | Mesopore size
(BJH) distribution

Dubinin-Radushkevich (DR)

Barret et al. (1951)

and Dubinin-Astakhov (DA) Micropore volume Dubinin et al. (1947)
Micropore size Hovarth & Kawazoe
Horvarth-Kawazoe (HK) dis tribI:J ton (1983)

Density Functional Theory Pore size distribution Olivier (1995)

(NLDEFT or DFT)

Brunauer, Emmett and Teller Surface area Brunauer et al. (1938)
(BET)

Langmuir Surface area Langmuir (1918)

Table 2. Most common isotherm models used in gas adsorption.

One of the most used is that proposed by Brunauer, Emmett, and Teller: the BET model
(Brunauer et al., 1938). This model is a two-parameter adsorption equation of the form
(Gregg & Sing, 1982):

O'(B)—P) o,c o,c F

where Py is the saturation pressure of vapor used, o is the adsorbed quantity at pressure P,
op is the monolayer capacity, and c is a constant (at isotherm temperature) that depends on
the heat of condensation the heat of adsorption. A plot of P/[o(Po-P)] versus P/Py yields a
(near) straight line with slope (c-1)/ ooc and intercept 1/ oyc. For type Il and IV isotherms, the
recommended pressure range is between 0.05 and 0.35 P/Py and from 0.02 to 0.12 for type L.
If the molecular area occupied by the adsorbed gas is known, the surface area can be
calculated from op. The value of ¢ gives information about the adsorbate-adsorbent
interaction. When c increases, the interaction is stronger, relative to interactions between
molecules of adsorbate, or, in other words, the isotherm type changes from type III (low c) to
type II (medium c) and, finally, type I (high value of c). Care should be taken in analysing
data, since type Ill and type V isotherms are not adequate for this mathematical approach.

The most used gas is N> (molecular area, 0.162 nm?) at 77 K, but other vapors have been
employed from time to time. The different molecular sizes (and shapes) cause that not all
gases can access at the same pores. It is evident that this procedure must lead to anomalous
results for the area of a given solid if different gases are used. Prior to the determination of
an isotherm, all physisorbed material must be removed from the surface. This is achieved by
exposure of the solid to high vacuum and heat. The exact temperature and residual pressure
can condition the final results.
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5. Proximate analysis

Proximate analysis is one of the thermal analysis techniques. These are analytical techniques
in which a physical property is measured with a temperature-programmed variation. In this
case, the property measured is the weight.

Proximate analysis provides an approach to estimate the content of: a) moisture; b) volatile
matter; c) fixed carbon; and d) ash. There are some standard methods (for example, ASTM,
DIN, UNE), but the analysis is usually carried out in an automated thermogravimetric
system. Moisture measurements refer to the matter volatilized until near 373 K in an inert
atmosphere, mostly water. Volatile matter is determined by the same procedure but in a
temperature range of 373 to 1223 K. Fixed carbon is the material burned in air at 1223 Kin a
third step and is made of the more stable organic structures. Lastly, the non-combustible
matter is the ash. Generally, the composition of ash, fixed carbon, and volatile matter are
given on a dry basis. The representation of weight versus temperature (or time) also gives
information about the thermal stability of the activated carbon.

The proximate analysis is susceptible of variations in the thermal treatment. Generally,
when temperature or time increases, the volatile matter content decreases. The effect of this
is that both the ash content and the fixed carbon content increase as a consequence of the
concentration of the inorganic fraction and carbon in charcoal (Duran-Valle et al., 2006).

As in the elemental analysis, this technique does not give accurate information about
functional groups but can provide limited information on chemical structure (see Table 3).
A better and related technique is thermal programmed desorption, in which desorbed
species produced at heating are analyzed (see below).

Element Low content High content
High HHV
Low graphitization grade

Moisture Low HHV

High graphitization grade
High HHV

High amount of functional groups

_ High graphitization grade
Volatile matter {
Low amount of functional groups

i Low graphitization grade High graphitization grade
Fixed carbon i . .
High amount of functional groups | Low amount of functional groups
Ash --- Low HHV

Table 3. Information about the chemistry of carbon obtained from proximate analysis.

6. Elemental analysis

Elemental analysis is the primary method to obtain knowledge about carbon chemistry
(Bandosz, 2009). This technique does not provide details on functional groups but at least
gives information about heteroatom content and it can provide approximate information on
chemical structure, see Table 3 (Chingombe et al., 2005), graphene size (Duran-Valle, 2006),
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and pore structure (Pastor-Villegas et al., 1998). There are two types of elemental analysis:
organic and inorganic. The organic elemental analysis is accomplished by combustion
analysis and generally determines carbon, hydrogen, nitrogen, sulphur, and, by difference,
oxygen; observations about each one are reported in Table 4.

Element | Low content High content

-High HHV

-High graphitization grade

-Low amount of functional groups

-Probably non-polar surface (with low content
of O and N)

-Probably basic surface (with low content of O)

-Low higher heating value
C (HHV)
-Low graphitization grade

H -High graphitization grade -Low graphitization grade

Low amount of oxygenated -High amount of functional groups

© functional groups -Polar surface
grotip -Acidic surface
N . -Polar surface

-Basic surface

Table 4. Information about the chemistry of carbon obtained from organic elemental
analysis.

The inorganic elemental analysis yields information about inorganic material (ashes in
carbon materials, supported catalysts) and can be carried out by various techniques, based
mainly on X-ray, electron, or mass spectroscopy. Related with elemental analysis is
radioactive characterization (Rubio-Montero et al., 2009), this is a promising method to
differentiate between charcoals (carbonized biomass) and coals.

7. Acid/base titration

One of the most influential variables in the adsorption in solution is the pH, since this
parameter can change the sign (or presence) of charges onto the adsorbate. On the surface of
activated carbon, the predominant charge (positive or negative) depends on the acidic or
basic character of the adsorbent. Therefore, it is important to study the presence of acidic or
basic functional groups on activated carbons.

A global measurement of the acidity/basicity of a carbon is the point of zero charge (PZC) at
which the surface charge density is 0 (IUPAC, 1997). It is usually determined in relation to a
disolution’s pH: the pH of the solution at equilibrium with a solid when the solid exhibits
zero net electrical charge on the surface. A very similar concept is the isoelectric point (IEP),
which requires that the charge is 0 in the entire solid, not only on the surface. Generally, IEP
is very similar to PZC. The PZC can be obtained from acid-base titrations of dispersions and
monitoring the electrophoretic mobility of the particles and the solution pH. The titration of
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several dispersions of activated carbons in aqueous solutions with different initial pHs is
easier and cheaper. A plot of final pH versus initial pH of the solutions with and without
activated carbon gives a cross that indicates the PZC (see Figure 2).

P Solution without
—> .
PzZC ¢ activated carbon

Solution with
activated carbon

Final pH

Initial pH

Figure 2. PZC measurement determined in several solutions at different initial pHs.

Another method is also mass titration with only a solution (whose pH in this method is
irrelevant) and with at least 7% (w/v) activated carbon (Valente-Nabais & Carrot, 2006). The
pH of the solution is approaching to the PZC when the carbon quantity increases. With 7%
(w/Vv) of activated carbon, the equilibrium is reached. Then, the solution pH is the PZC of
the adsorbent (see Figure 3).

A more detailed assessment of the acidity/basicity is performed by titration with several
substances of different acidities. As an example, in the method proposed by Boehm (Boehm,
2002), the amount of oxygen-containing groups (carboxyl, lactonic, phenol, and others) was
determined by adsorption neutralization with NaHCO;, Na,CO3, NaOH, and NaOCH>CHj3
solutions, respectively. Also, the basic group content can be determined with HCI solution.
This method, widely used, has several drawbacks. As in all classic titrations with solids
(especially with microporous solids), the equilibrium time is very long. There may be
functional groups with the same structure and very different acidities, or different
functional groups with similar acidities (for example, 2,4-dinitrophenol and benzoic acid
have a similar pK,). This prevents quantification of functional groups in its structure,
although it could be realized by acid strength. Another failure is that functional groups
containing other heteroatoms are considered as oxygen functional groups. The acidic or
basic functional groups can be also characterized by immersion calorimetry (Lépez-Ramoén
et al., 1999).
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pH

PZC

7%

Actlvated carbon, %, w/v

Figure 3. Determination of PZC by Valente-Nabais & Carrott method. Variation of activated
carbon w/v.

8. Thermal Programmed Desorption (TPD)

TPD is a thermal analysis method widely used for the characterization of activated carbons.
In this technique, a sample is heated in a carrier gas, to induce thermal desorption of
adsorbed species or thermal decomposition. The desorbed products are analyzed by several
methods. By heating, the oxygenated groups are thermally decomposed, releasing CO, CO,,
and HO at different temperatures. The groups can be identified by decomposition
temperature and type of gas and can be quantified by the areas of peaks. The major
difficulty is the identification of each surface group, because in activated carbons TPD
spectra show composite and broad peaks of all gases released. An application of this
technique with several references is shown in (Figueiredo et al., 1999).

9. Calorimetric Techniques

There are a set of techniques that measure the heat involved in a process (Bandosz, 2009).
Such techniques have been used to estimate some aspects of the physical and the chemical
structure of activated carbons. Immersion calorimetry provides a measurement of the
energy involved in the interaction of molecules of a liquid with the surface of activated
carbon. The use of several liquids with different polarities can be related with the
hydrophobic and hydrophilic nature of the surface. The enthalpy of immersion of
carbonaceous materials into water can give information about primary adsorption centers
that are related to the oxygen content (Stoeckli et al., 1983). The differential scanning
calorimetry (DSC) measures the difference in the amount of heat required to increase the
temperature of a sample and a reference sample as a function of temperature. A similar
technique is the differential thermal analysis; in this, the difference in temperature between
sample and reference is the parameter measured. Both techniques can be used to evaluate
the thermal behavior of a charcoal (Duran-Valle et al., 2005).
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10. Infrared Spectroscopy (FTIR)

Infrared spectroscopy is a traditional method for structural analyses of organic compounds,
where infrared radiation is absorbed selectively by the various bonds within a compound.
Since FTIR spectroscopy can detect specific bonds in a material, then it is possible to know
which functionalities exist on the surface of carbon. IR spectroscopy has been used to study,
for example, the changes in the surface chemical structure of the carbon materials after
oxidation (Chingombe et al., 2005; Moreno-Castilla et al., 2000; Pradhan & Sandle, 1999),
reactions with alkali (Lillo-Rédenas et al., 2003), the carbonization and activation process
(Pastor-Villegas et al., 1999), or in the chemical activation of wood (Solum et al., 1995). FTIR
is mainly used as a qualitative technique for the analysis of the chemical structure of
activated carbons and, sometimes, as quantitative technique (Bandosz, 2009). Two problems
are associated with this technique—a) the opacity of carbons and b) the broad peaks—
because they are usually a sum of interactions of similar types of functional groups. This
technique was used intensively on carbonaceous materials when equipments with Fourier
transform (FT) were accessible. The FT allows an improvement over signal/noise rate,
energy throughout, accuracy, and fast scans. This approach partially eliminated the opacity
problem. Better results can be obtained with alternative techniques (Lopez & Maérquez,
2003) that allow reflection (rather than transmission) on activated carbon surfaces—for
example, specular reflectance, diffuse reflectance (DRIFT), attenuated total reflectance
(ATR), or photoacustic spectroscopy (FTIR-PAS). The assignment of the IR bands to
different functional groups is made by comparison with adsorption/transmission bands of
organic compounds (Bellamy, 1986; Smith, 1999). The width of the bands is due to the
existence of several similar bands with a maximum at different frequencies, because they are
affected by vicinal functionalities. Table 5 shows the approximate assignment of main bands
in charcoals IR spectra.

Wavenumber (cm-) Assignment Structures
3600-3000 Stretching O-H, N-H Hydroxyl, carboxilic acid
3000-2800 Stretching C-H Alifatic, olefinic and
aromatic hidrocarbons
1770-1650 Stretching C=0 Carbonyl
1700-1600 Stretching C=C Olefinic structures
1650-1500 Stretching C=C Aromatic structures
1480-1420 Bending C-H Alifatic structures
1430-1360 Bending O-H and C-H Hydroxyl, carboxilic acid,
olefines, methyl
1300-1200 Stretching C-O Unsaturated ethers
1160-1050 Stretching C-O Tertiary hydroxyl
1120-1070 Stretching C-O Secondary hydroxyl
1060-1000 Stretching C-O Primary hydroxyl
900-700 Bending out of the plane C-H | Aromatic structures

Table 5. Assignment of bands in IR spectra of charcoals.
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11. X-Ray Photoelectron Spectroscopy (XPS)

XPS (also known as ESCA, electron spectroscopy for chemical analysis) is a technique
frequently used in surface chemistry. XPS measures the energy of internal atomic orbitals.
This value is characteristic of each element, and so, XPS gives information about elemental
composition. But, this value changes slightly with the electric charge on the atom. Therefore,
XPS also gives information about functional groups in activated carbons. An important
feature of this technique is that the analysis is limited to the surface (some nanometers). This
feature can be positive (for surface chemistry studies) or negative (if surface contamination
exits). This fact is typical of a spectroscopic technique that uses electrons in their mechanism,
because the electrons interact with materials more than photons of the same energy, and so,
electrons can pass through a smaller amount of material (in XPS, 0.4 - 4 nm, depending on
the kinetic energy of the electron).

XPS uses monochromatic X-ray photons to excite an inner-shell electron. This electron can
be extracted out of the atom, and its kinetic energy can be measured. The kinetic energy
depends on the binding energy. The mechanism of the process is shown in Figure 4. An
incident photon (given is clear color) of energy hv is absorbed by an atom, and an electron
(given in dark color) placed in an orbital of bind energy E, leaves the atom with a kinetic
energy E.. The energy of the photon is divided between the energy to translate the electron
to the Fermi level (Ep), the kinetic energy, and a correction factor, the work function (w),
which depends on the equipment. The energy equation is:

hv=E,+E,+w 4)

All data except E}, are experimentally known, and Ep, can be easily calculated. The intensity
of the peaks is related to the concentration of the element, and quantitative analysis (of the
surface) can be carried out.

hv o 0
\J
\

9@ E —8
b

L

€

: ¢

a

Figure 4. Mechanism of X-Ray Photoelectron Spectroscopy.
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In activated carbons, XPS is used to characterize surface functionalities (Bandosz, 2009;
Chingombe et al., 2005; Moreno-Castilla et al., 2000) employing binding energies of the C 1s,
N 1s, and O 1s photoelectrons (Figueiredo et al., 1999). A comparison with elemental
analyses can yield information about different compositions in the surface and into the bulk
(Figueiredo et al., 1999).

Table 6 shows an interpretation of peaks of C 1s XPS spectra. Assignment of peaks in N 1s
spectra is more difficult due to the large variety of species (with different oxidation states)
that nitrogen atoms can form. The value of binding energy varies between 399 eV (reduced
form of nitrogen, as amines) to 404 eV (oxidized form of nitrogen, as nitro groups or nitrate).
The assignment of peaks for O 1s spectra is easier, because generally only three bands can be
distinguished: near 532 eV (double bond C=0), 534 eV (single bond C-O), and 536 eV (water
occluded) (Lin et al., 2008).

Two similar techniques are UPS (ultraviolet photoelectron spectroscopy), where photons
have energy until 50 eV which allows to be used to study external orbitals (Raymundo-
Pifero et al., 2002); and SXPS (soft X-ray photoelectron spectroscopy), which uses photons
with energy from 50 to 150 eV.

Binding energy (eV) Assignment

(approximate)

285.0 Aromatics and aliphatics structures. Carbon atoms bond to
hydrogen or carbon atoms

286.0 Single C-O bond (alcohol, ether)

287.5 Double C=0 bond (carbonyl)

289.0 O-C=0 (carboxy], ester)

290.5 Carbonate, CO,

291.5 Plasmon

Table 6. Assignment of peaks in C 1s XPS spectra.

12. X-Ray diffraction (XRD)

Activated carbons contain short-range ordered structures, then XRD can provide details
about the crystallites or micrographites into the carbon structure, including the disordered
and defective features (Burian et al., 2005). This information is obtained from the
distribution of scattered radiation using X-rays. The observed diffraction pattern may be
converted to structural data, so XRD is used not only to estimate crystallite size or
graphitization degree in carbonaceous materials (Biniak et al., 2010; Pradhan & Sandle, 1999)
but also used to characterize the inorganic material (Pastor-Villegas et al., 1999). The degree
of graphitization is an important parameter, since it reflects the transition extent of carbon
material from turbostratic to graphitic structure, and determines some properties of the
material (Hussain et al., 2000; Zou et al., 2003).

Generally, the (0 0 2) line is used to determine the interlayer spacing d ¢ 2) according to the

Bragg equation. A method for calculating the degree of graphitization (g) can be done by
using the following equation (Maire & Mering, 1970):
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0.3440—-d ,, <100 )

o —
809 = 3440-0.3354
where 0.3440 (nm) is the interlayer spacing of the non-graphitized carbon and 0.3354 (nm) is
the interlayer spacing of an ideal-type graphite crystallite.
Other method uses the surface under two peaks (Johnson, 1959). The first of these peaks (A)
is broad and situated at low 26 values (maximum near 20 degrees), and it is indicative of the
amorphous nature of the material. The second peak (C) is situated near 25 degrees, is higher
and narrower, and indicates the presence of crystallinity. The equation used is:

(%) =jC+KIA 6)

A

where Ic is the integrate of peak C, I, is the integrate of peak A, and K is a constant.

13. Other X-Ray techniques

There are other techniques of characterization of activated carbons than X-ray radiation, but
they are not as commonly used as XRD or XPS. Some of these techniques are described below.

13.1 X-ray fluorescence (XRF)

XREF is the emission of characteristic X-ray radiation from a material that has been excited by
bombarding it with X-ray or gamma photons. The term fluorescence is applied when the
absorption of radiation of a specific energy results in the emission of radiation of a different
(generally lower) energy. This technique is widely used for elemental analysis, but it gives
more limited information that obtained in XPS. The mechanism of this phenomenon is
shown in Figure 5, which can be considered as a continuation from Figure 4b. Later than
when an electron is expulsed of an atom absorbing the energy of a photon (Figure 5a), a hole
is created on the lower orbital. An electron of a higher orbital “falls” into the lower orbital
(Figure 5b), and energy is released in the form of a photon (Figure 5c). The energy of this
photon is equal to the energy difference of the two orbitals involved, and this quantity is
characteristic of this element.
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Figure 5. Mechanism of X-ray fluorescence.
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13.2 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering is a technique where the scattering of X-ray photons by a
sample that has inhomogeneities in the nm scale is detected at very low angles. This angular
range contains information about pores in activated carbon (Béta et al., 1997). This technique
yields information about physical structure, as XRD, but not about composition, as XPS.

13.3 EDX-SEM

A variation of XRF is the energy-dispersive X-ray spectroscopy (EDX), which is commonly
connected to scanning electron microscopes (SEMs). The union of these two techniques
allows a point elemental analysis of a surface and also makes a “map” of elemental
composition of a surface. This technique is mainly used to study the content and dispersion
of metals on a carbon surface.

With illustrative purposes, Figure 6 shows an SEM image (top left) of an activated carbon
doped with a sulphur-containing dye. The next figures are the same sample but “tuned” in
an element. It can be seen at some points that the concentration of several heteroatoms is
high, and these points can be assigned to mineral matter.

Figure 6. EDX-SEM images of an activated carbon treated with acid blue 25. Image courtesy
of Servicio de Apoyo a la Investigacion de la Universidad de Extremadura (Badajoz, Spain).
Sample supplied by the Instituto Tecnolégico de Aguascalientes (Aguascalientes, Mexico).
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14. Micro Raman spectroscopy

Raman spectroscopy is used to study vibrational and rotational modes in a system. It is
related with FTIR, and both techniques are usually complementary. Laser Raman
spectroscopy is used on carbonaceous materials to evaluate the degree of graphitization
(Zou et al., 2003) and not for functional groups determination. Micro laser Raman
spectroscopy allows to analyze a microscopic surface area of interest. It is an alternative
technique to XRD for studying the graphitization extension of a carbonaceous material
(Cuesta et al., 1994). In Raman spectra of most activated carbons, two peaks are generally
obtained: 1360 and 1580 cm-!. The last one corresponds to graphite structure, and the 1360
cm! is correlated with a disordered carbon structure. The ratio of the integrated intensities
(I1360/ I1580) has been considered to be a good parameter to estimate the disorder in the
structure.

15. Nuclear Magnetic Resonance (NMR)

NMR is a technique based on measurements of absorption of electromagnetic radiation
related with atom nuclei into a magnetic shield. Its use in activated carbon analysis (and
other solids) has increased due to the magic-angle spinning (MAS) method that solves the
problems of lack of resolution due to the solid state. Generally, the 13C spectrum is the most
used. The obtained information includes the hybridization of carbon atoms and the presence
of oxygenated functional groups. 13C-NMR can give the aromatic-to-aliphatic carbon ratio
and is useful to study changes in surface chemistry (Solum et al.,, 1995), including
heteroatoms. Also, NMR can be used to study compounds adsorbed on carbon surfaces if
these compounds have atoms that are different from carbon.

16. Conclusions

Activated carbons have been used for a long time as adsorbents. It is now recognized that
activated carbons offer unparallel flexibility in tailoring their physical and chemical
properties to specific needs, thus showing the remarkably wide range of potential
applications.

The simultaneous use of several physicochemical characterization techniques is very
common, and there are a lot of examples in publications. This is due to no one technique
may provide all the necessary information about surfaces, together with the extremely
complex structures (physical and chemical) of carbon. However, the structure of these
materials is not well understood, and more research about the analysis of porous
carbonaceous materials is needed.

Traditionally, techniques used in the study of physical structure and those techniques used
in the study of chemical structure have been distinguished. But, it has been shown that often
both structures are related. It is advisable to conduct a comprehensive study of the activated
carbons to better understand their properties.
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