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Abstract

METHYL MERCAPTAN ADSORPTION/OXIDATION ON ACTIVATED CARBONS
by
Svetlana Bashkova

Adviser: Professor Teresa J. Bandosz

Activated carbons of different origins were used as adsorbents for methyl
mercaptan (MM). The samples were further oxidized and urea-treated to study the effect
of oxidation and introduction of nitrogen on their MM adsorption capacities. The surface
of the carbons was characterized by Boehm titration, potentiometric titration, thermal

analysis (TA) and X-ray Fluorescence Analysis (XRF).

The content of carbon, hydrogen, and nitrogen was determined by elemental
analysis. The porous structure of the carbons was studied using nitrogen adsorption
isotherms at —196°C. The adsorption capacities of the carbons towards MM were found
from the dynamic tests. The results showed that MM capacities of the carbons studied
were higher in wet conditions than in dry conditions, indicating the lack of chemisorbed
oxygen in a latter case. It was found that the ability of carbon to adsorb MM depends
strongly on its surface chemistry, particularly on the surface pH, the presence of basic
oxygen-containing groups and ash content. Both nitrogen and iron were noticed to
catalytically enhance the adsorption of MM through an electron transfer mechanism.

From a structural point of view, the adsorption process was enhanced by the
presence of small micropores, where the reaction products are stored. These reaction

products were analyzed by TA and Gas Chromatography — Mass Spectrometry (GC/MS).



The results revealed that the main product of MM adsorption/oxidation is dimethyl
disulfide (DMDS), which is adsorbed in pores smaller than 50 A. In some cases oxidation
proceeded further leading to the formation of methyl methanethiosulfonate (MMTYS).

The competition for adsorption sites between water (moist conditions) and
DMDS was noticed. The latter molecule, due to its strong adsorption, won the
competition in the carbon pore system. On the other hand, water facilitated dissociation
of MM, considering that the surface pH of the carbon is above the required threshold of
about 7.6, and thus ensured the efficient removal process.

From the inverse gas chromatography (IGC) experiments the heats of adsorption
were calculated at different temperatures. It was found that in dry and anaerobic
conditions the heat of MM adsorption depends on surface chemistry and particularly on

the presence of basic oxygen-containing groups.
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1. INTRODUCTION

Adsorption is the process in which molecules of a liquid or gas contact and adhere
to a solid surface. Adsorption processes are classified as either physical or chemical.
Physical adsorption occurs when London dispersion forces bind the adsorbing molecule
to the solid substrate. Chemical adsorption takes place when covalent or ionic bonds are
formed between the adsorbing molecule and the solid substrate. For the adsorption
process to be effective, the surface of a solid should contain all accessible areas,
including inner network of pores with diameters down to molecular dimensions. Such
solids are known as adsorbents and the most commonly used ones among them are
activated carbons.

Activated carbon is the generic term used to describe a family of amorphous
carbonaceous adsorbents with an extensively developed internal pore structure. Activated
carbon consists of layers that are less regularly organized than graphene layers and are
also curved with the pronounced cross-linking. Schematic representation of an activated
carbon is presented on Figure 1 [1]. Due to the activation process, carbon layers are
separated by pores, most of which are assumed to be slit-shaped [2]. ITUPAC has
designated a classification based upon a division of pores into micro- (< 20 A), meso-
(20-500 A), and macropores (>500 A) [3]. This classification is mostly based on the
differences in the adsorption mechanisms occurring in those pores: (i) enhanced
adsorption in micropores, (ii) capillary condensation in mesopores, and (iii) bulk liquid

condensation of vapors in macropores. The adsorption in macropores becomes



significant only at very high pressures. At low and medium pressures, adsorption is

significant only in micro- and mesopores.

Figure 1. Schematic structure of an activated carbon [1].

A wide variety of activated carbon products are available on the market. They
exhibit different characteristics depending upon the raw material and activation technique
used in their production [4]. Some of the most common raw sources of carbon are
bituminous coal, wood, coconut shell, peat, petroleum residues and polymers. Coal is by
far the most widely used raw material in the industrialized countries. Most activated
carbons are produced from coal, mostly bituminous coal but also lignite and anthracite.
Such companies as Norit America, Calgon Carbon, Chemviron and Atochem North
America are involved in the production of coal-based activated carbons. Examples of
other raw materials used to produce activated carbon are sawdust and wood. Wood is
used by Westvaco in the United States and is a waste product from the company’s own
paperboard operations. Norit obtains wood raw materials as waste products from the

sawdust milling industry in the United Kingdom.



In developing countries coconut shells are by far the most widely used raw
materials. Coconut shells have a high volatile content and give a lower yield of activated
carbon than coal, but their abundant supply as a waste product from a coconut oil
production proves to be relatively competitive to coal-based activated carbon.

The activation techniques most commonly used by commercial production
operations are based on physical and chemical processes. In the process of physical
activation the carbon porous structure is developed as a result of heating at high
temperatures in the absence of oxygen to dehydrate and carbonize, followed by activation
with steam, carbon dioxide or other agents to introduce porosity. The air is added to the
process so as to burn the gases without burning the carbon. Steam activation is used
throughout for the activation of carbon made from peat, coal, coconut shells, lignite, or
wood. Hard materials, like coconut shell, coal and petroleum pitch produce almost
nothing but micropores, while a soft material like peat always gives many mesopores as
well.

Chemical activation is principally used for the activation of wood-based carbons,
which are mostly mesoporous with low mechanical stability and low density [5].
Chemical activation differs from physical activation in that carbonization and activation
occur simultaneously. The raw material, for instance wood chips, is mixed with an
activating and a dehydrating substance such as phosphoric acid or zinc chloride [6-10].
The activation takes place at a low temperature: 500°C is the norm, but sometimes it can
go up to 800°C. The phosphoric acid causes the wood to swell and open its cellulose
structure [6, 8, 9]. During the activation, the phosphoric acid acts as a stabilizer and

ensures that the carbon does not collapse again. The result is a very porous activated



carbon full of phosphoric acid. This is later washed out and re-used in the next
production. Other chemical reagents commonly used as activation agents are zinc
chloride [5, 7, 10, 15], potassium and sodium hydroxides [11-14], potassium carbonate
[16, 17] and others.

In selecting an activated carbon, it is important to have a clear understanding of
both the structural and surface characteristics of the material in order to optimize the
performance capabilities. Carbon surface chemistry is the combination of surface
complexes formed by combining carbon atoms with other elements such as oxygen,
nitrogen, hydrogen, phosphorus and sulfur [18, 26]. The major chemical forms in which
heteroatoms are present are functional groups and heterocyclic compounds analogous to
those in organic compounds. Carbon surface oxides have been extensively investigated,
since oxygen is the next most frequent element present on the surface of carbon
materials. It was found that basal planes of graphite are attacked by molecular oxygen
only at their periphery or at defect sites such as vacancies [19-21]. Most of the oxygen-
containing functional groups are introduced into the carbon surface by oxidation with
gases like oxygen, ozone, nitrous oxide, nitric oxide, etc., and solutions of nitric acid,
alkaline permanganate, hydrogen peroxide, acidic permanganate, and acidic dichromate.
The most common oxygen-containing functionalities are carboxylic acids, phenols,
ketones and esters [22-25]. These functional groups have been traditionally split into two
groups according to their acidic or basic character in aqueous solution (Figure 2).

Surface acidic groups are well studied [18, 22, 25-27]. The main functionalities
found at the edges of basal planes are carboxyls, lactones, phenols and lactols, which

behave as acidic centers in Bronsted-type acid-base reactions [18, 22, 25, 27]. Some



oxygen can also be substituted for edge carbon atoms such as xanthene- or ether-type

oxygen, which is very difficult to detect because of its chemical inactivity.

Figure 2. Some of the oxygen-containing groups present on the activated carbon surface
[34].

The nature of surface basic groups is not that clear and is still the subject for
debate. The proposed surface models that account for carbon basicity are either oxygen-
containing surface groups of diketone, quinone [25, 28], pyrone-like [23, 29] and
chromene type [32, 33] or delocalized m electrons of aromatic rings and unsaturated
valences [25, 28, 30-34]. The formation of basic surface oxides occurs at the active sites
(free valence C atoms) generated by heat treatment due to decomposition of carboxyl,
lactone, and phenol groups. Based on a few chemical reactions it was concluded by Voll
and Boehm [29] that ypyrone-like is the most favorable one. Some computational results
[33, 34] also showed that pyrone sites are strong bases according to the Bronsted
definition and if present in a sufficient amount on the carbon surface are responsible for

the overall carbon basicity. Pyrone-like structures are formed by air re-exposure of heat-



treated carbons [33-35] and are the combination of a non-neighboring carbonyl group and
ether oxygen atom. Such structures in addition to their acid-base chemistry may appear as
redox centers as well [34].

Besides oxygen, nitrogen presence in carbonaceous materials is of a great
importance as well. It was found to enhance the catalytic activity of carbons [36-47].
Nitrogen-containing carbons can be prepared by heat treatment with such compounds as
ammonia [36, 37, 41], HCN gas [37], urea [42-45], uracil, aniline, melamine and 3-
hydroxypyridine [45, 46]. Another way to prepare carbons with nitrogen is to use
nitrogen- containing precursor materials like acridine, carbazole, polyacrylonitrile [47,
48] or porous vinyl pyridine resin [49]. The geometrical shape of the latter one allows the
insertion of the required heteroatoms and controls the composition and content of
impurities.

The functionality of nitrogen in carbon materials has been studied widely [37, 46-
53] with X-ray photoelectron spectroscopy (XPS) being one of the most successful
methods of analysis. The possible forms of nitrogen are presented in Figure 3. Among
those, pyrrolic, pyridinic and quaternary (N-Q) nitrogen groups were found to be
predominant forms of nitrogen functionalities in coals. Other possible nitrogen-
containing groups present on the surface of activated carbons are amines, ammonium,
nitro-, nitroso-, and ciano groups.

Moreover, the relationship was established between the positions of a nitrogen
atom in a graphene plane and its semiconductor characteristics, especially the band gap.
In the classical work of Mrozowski [52] such an approach made it possible to explain

many electrophysical properties of carbon adsorbents. Furthermore, Strelko et al.



evaluated the effect of nitrogen functionalities in catalytic activity of carbons in electron
transfer reactions [53]. This study showed that the insertion of nitrogen atoms into the
graphite lattice lowers the band gap, thus producing higher electron mobility and
lowering the electron work function at the carbon/gas interface compared with pure

carbons.

Figure 3. Some of the nitrogen-containing groups present on the activated carbon surface
[42].

Following the above-mentioned facts, it is clear that the presence of heteroatoms
in the form of functional groups and heterocycles in the carbon network significantly
increases the adsorption of polar molecules [3, 54-68]. Besides, the higher the polarity of
the molecule the more important is the nature and amount of surface groups. The process
of adsorption of polar gases is rather complex and depends not only on interactions due to
dispersion forces but also on polar interactions between adsorptive molecules in the gas
phase and between adsorptive molecules and the surface of the carbon. On the other
hand, unmodified activated carbon with a mainly non-polar surface, would be useful for

the adsorption of molecules of low polarity such as hydrocarbons. For such molecules



adsorption depends mainly on dispersion forces and is influenced by the porous structure
[61, 69].

Another important feature that may influence the performance of the activated
carbon as an adsorbent is its amount of ash. Ash is defined as the inorganic, inert, and
amorphous part of the carbon precursor. The chemical nature of ash varies with the type
of base material and fluctuates even within the same type of carbon. This ash consists
mostly of inorganic salts and/or metal oxides, commonly of iron and calcium. It comes
initially from the precursor and can be removed from the carbon by rinsing or soaking in
water or acid.

Carbons high in ash content (up to 15 %) often have alkaline pH and are usually
made from lignite, peat or coal. Even though the higher the ash content the less the
amount of actual activated carbon present for the adsorption of impurities, certain metals
present in the ash may have a catalytic effect on the adsorption process. Thus, for the
adsorption/oxidation of hydrogen sulfide, iron, calcium and zinc oxides were found to be
effective [70-75]. On the other hand, composite adsorbent CuO/ZnO prepared by the
precipitation route and synthesized feroxyhyte (a-FeOOH) were able to adsorb/oxidize
H,S and some organosulfides (CS,, COS) at low temperature conditions [72, 76-78]. For
the adsorption of another sulfur-containing compound, SO,, the oxides of copper, silica,
aluminum, iron, and calcium are effectively employed [72, 79]. More so, for all the above
adsorption/oxidation reactions to occur, the presence of oxygen and some moisture in the
feed stream are required.

To study the complexity of the carbon surface and structure several methods of

analysis have been employed. The geometrical structure of activated carbons is usually



characterized by its pore size distribution (PSD) most commonly obtained form
adsorption of nitrogen [80-84]. However, several other experimental methods are
available for particular kinds of materials or for specific ranges of pore sizes. Thus He, Ar
and CO, adsorption [85-88] has been used to measure ultramicropores (< 7 A), while
mercury porosimetry [3] and NMR spin-lattice relaxation [89] provide the accessibility to
measure macropores. Such methods as X-ray diffraction (XRD) and small angle neutron
scattering have been widely used to determine pore sizes in well-ordered materials, such
as zeolites [90] and partially ordered porous materials, such as pillared clays [91], silica
gels [92], and sol-gel systems [93].

The surface chemistry of activated carbons has been studied for many years by
various chemical and physicochemical methods. The best-known and relatively simple
one was proposed by Boehm [26] to determine chemical functionalities on the carbon
surface. In this method, the acidic group content is determined by neutralization with
some bases of increasing strength, while the number of basic groups is estimated by
neutralization with hydrochloric acid. To study the evolution of acidic groups during
oxidation or reduction of activated carbons in terms of their pK values, potentiometric
titration could be applied [94, 95]. Although, both methods are quite successful in
characterization of the carbon surface, they are limited to the identification of carboxylic,
phenolic and lactonic groups, leaving behind other forms of functional groups. Therefore,
such methods as diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy
[96-98], X-ray photoelectron spectroscopy (XPS) [99, 100], and X-ray absorption near
edge structure (XANES) spectroscopy may provide a larger view [101-104]. As

described in a paper by Biniak and coworkers [105], the spectroscopic data revealed the
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presence of carbonyls, alcohols (or ethers) and some nitrogen functional groups (pyrrole-,
pyridone-, and pyridine-like species) on the non-modified carbon surface as the most
abundant species. Consequently, the oxidation of the non-modified carbon with nitric
acid showed an increased concentration of surface oxides, such as carboxylic anhydrides,
alcohols, keto-ester and keto-enol structures, and pyridine-N-oxide species in the case of
nitrogen functional groups. In addition to this, temperature programmed desorption
(TPD) is often used for the characterization of surface complexes [106, 107]. TPD makes
it possible to determine the concentration and the thermal stability of the complexes but
does not allow the exact identification of the chemical form of the complexes. Therefore
Zhuang and coworkers [108] found an alternative way to combine DRIFT spectroscopy
with transient kinetic (TK) and TPD techniques. These combined techniques allowed the
successful identification of the surface complexes, which are responsible for the CO, and
CO evolution in TPD. Thus, CO, desorption with a peak temperature of 900 K was
assigned to the decomposition of lactone and/or acid anhydride, whereas CO desorption
with a peak temperature of 973 K resulted mainly from carbonyl and/or ether type
complexes.

However, when we need to link rapidly the surface properties of activated carbons
to their adsorption properties, inverse gas chromatography (IGC) at infinite dilution is the
best technique to be used. It was applied to study the effect of oxidation of activated
carbons on their dispersive and specific interaction with hydrocarbons to show the
correlation between the acidity of carbons and the energy of the specific interactions

[109]. Furthermore, it was demonstrated by using the IGC method that it is possible to
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identify separately the effects of microstructure and surface chemical functionality on
adsorbate interactions with carbonaceous materials [110, 111].

For their highly developed porous structure and large surface area, as well as for
the diversity of functional groups and presence of metals in their surface chemistry,
activated carbons are widely used as adsorbents for the removal of gases and organic
pollutants from air and water streams [24, 59, 69, 112-116]. Besides the adsorbent
properties, the adsorption process is also dependent on the nature of adsorbate and
adsorption conditions. Thus, the characteristics of adsorbate may include polarity,
hydrophobicity, size of the molecule, and the nature of functional groups and adsorption
process itself could be temperature- and time- dependent.

The removal of sulfur-containing compounds has been of a great scientific and
practical importance. With the growing popularity of fuel cells, which are expected to
play a major role in the world’s energy future, the removal of such compounds as
hydrogen sulfide, thiols, and thiophenes has become a problem of today. These
compounds are part of hydrocarbon fuels, including natural gas, biogas, petroleum-based
liquids (e.g. gasoline, diesel fuels) and coal. Such fuels could be used for the production
of hydrogen in fuel cells but one of the hurdles is the presence of sulfur compounds,
which quickly poison both the reforming catalyst and the electrocatalysts within the fuel
cell itself. Because of the concern that high-sulfur gasoline could decrease the
effectiveness of advanced catalytic converters, EPA mandates that by 2005 the nation's
largest oil refiners must reduce the sulfur content of gasoline by 90%, from an average of
300 parts per million (ppm) to 30 ppm [117]. EPA also calls for an equally large

reduction in diesel fuel's sulfur levels (to 15 ppm) by mid-2006 [118].
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Natural gas, which is the feedstock of choice for stationary fuel cells for power
generation has the highest hydrogen-to-carbon ratio to enable the production of a gas
richer in hydrogen. However, pipeline natural gas typically contains up to 15 ppm of
sulfur compounds, including naturally occurring species such as COS and H,S, as well as
odorant compounds mercaptans, disulfides and/or thiophenes.  All these sulfur
compounds must be removed to low ppb levels prior to the reforming step.

The removal of sulfur containing compounds may be divided into three major
categories, including passive adsorption, selective catalytic oxidation (SCO), and
hydrodesulfurization (HDS). HDS that is the catalytic reaction between organic sulfur
compounds and hydrogen is widely applied for the removal of toxic sulfur materials from
petroleum products. Hydrogen sulfide and hydrocarbons are formed in this process and
H,S is subsequently reacted with O, in the Claus process to produce H,O and elemental
sulfur. In SCO different catalysts are used for selective conversion of various
organosulfur compounds (CH3SH, CH3SCHj3, CH3SSCH3, COS, CS,, thietane, thiophene,
2,5-dimenthyl thiophene, dibenzothiophene) typically found in industrial streams
[petroleum, pulp & paper and so on] into valuable chemical intermediates (H,CO, CO,
H,, maleic anhydride and concentrated SO, that can be used for producing H,SOy).

Different materials have been effectively tested for desulfurization purposes, from
commonly used adsorbents such as activated carbons [119-121], clays [122-125], and
zeolites [126-129] to catalysts of zinc, copper, cobalt, molybdenum, and nickel supported
on previously mentioned adsorbents [130-137] or other types of porous supports

(alumina, silica, molecular sieves) [138-146].
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The research described here is concentrated on the removal of methyl mercaptan
(MM) from air on activated carbons. Furthermore, if this removal process is successful it
could be potentially applied to desulfurization of natural gas for fuel cell operations.

Methyl mercaptan (CH3SH) is a colorless gas, which is the simplest and the most
volatile thiol. It is usually added as an odorant to the processed natural gas due to its
strong odor of a rotten cabbage. It exhibits high toxicity at very low concentrations and
has a very low odor threshold (one part in 5x10' part of air) [147]. Its occupational
exposure limit is 0.5 ppm or 0.9 mg/m’ [148]. It is also found in the blood, brain, and
other tissues of humans and animals and occurs naturally in certain foods. Methyl
mercaptan is emitted to the atmosphere from various industries. The main industrial
sources are petroleum, paper, viscose, and food industries.

The small size of the CH3;SH molecule (4.19 A [149]) indicates its possible
adsorption in ultramicropores (<10A), where adsorption forces are stronger due to the
overlapping potentials of the pore walls. Adsorption is also likely to take place via
dispersive interactions with the carbon surface and is expected to be stronger than in the
case of H,S (3.82 A) due to the presence of hydrocarbon moiety in the MM molecule.
Thiols are also known to be stronger acids than corresponding alcohols. The pK, of
CHj3SH i1s 10.3 and that of CH30H is 15.2 [149, 150]. In addition, the bond strength of S-
H is 80 kcal/mol, which makes it easier to break than the O-H bond (102 kcal/mol) in
CH3OH [151]. Thus, the adsorption of MM may go through dissociation of the CH3;SH
molecule to CH3S and H' ions on a basic carbon surface, where the pH of the surface is
expected to be higher than pK, of a MM molecule. Another important factor required for

this reaction to occur is the presence of water on the surface, which should facilitate the
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dissociation of MM. In case of the pH of carbon surface being smaller than the pK,, the
adsorption of CH3SH can happen without a dissociation step but due to weak acid-base
interactions with the basic oxygen groups on the carbon surface. Moreover, the
adsorption process can be affected by the presence of metal ions as constituents of ash
[152].

Because the adsorption process occurs in the presence of oxygen, whether it is
oxygen from air or oxygen as a part of oxygen-containing functional groups on the
carbon surface, MM is expected to be oxidized to dimethyl disulfide (DMDS) as its most
probable oxidation product. For further oxidation to occur, a stronger oxidant might be

needed.
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2. OBJECTIVES

The main objective of the following research is to describe the process of
adsorption/oxidation of methyl mercaptan from wet air streams on commercial activated
carbons. This is achieved by using the following approaches:

1. Qualitative and quantitative characterization of the activated carbon surface in terms
of:

a. Functional groups of different types (Boehm and potentiometric titrations).

b. pH of the carbon surface.

c. Ash and inorganic metals as its constituents (DTA/TG, XRF analyses).

2. Characterization of the activated carbon structure in terms of:

a. Surface area (N, adsorption at —196°C).
b. Porosity (N, adsorption at —196°C).
c. Pore Size Distributions (PSDs) (DFT approach).

3. Study of the methyl mercaptan adsorption capacity on the activated carbon surface
(breakthrough capacity test) and its dependence on the surface and structural
characteristics of carbons.

4. Modification of the activated carbon surface (H,O,, urea) to increase the performance
of the activated carbon as methyl mercaptan adsorbent.

5. Identification of the products of methyl mercaptan adsorption/oxidation on activated
carbons (DTA/TG, GC/MS, IGC).

6. Evaluation of the role of water and ash in the oxidation process.

7. Proposal of the mechanism of methyl mercaptan adsorption/oxidation on activated

carbons.



16

3. BACKGROUND

3.1. CH;SH Adsorption on Mineral Adsorbents.
3.1.1. Metals.

Over the last decade, organosulfur chemistry on transition metal surfaces has
received special attention by the surface science community due to its importance in the
catalysis and fuel industries. Different metals have been tested for desulfurization
purposes. Thus, the decomposition of CH3SH has been studied on Ni (111) [153], Ni
(110) [154], Ni (100) [155], Fe (100) [156], Fe (110) [157], Cu (100) [158], W (001)
[159], W (211) [160], Pt (111) [161], Ru (001) [162], Mo (110) [163], Si (100) [164] and
Al [165]. On the surface of these metals CH3SH decomposes by S-H bond cleavage to
form methyl thiolate intermediate (CH3S"). The C-S bond cleavage of the methyl thiolate
has been reported on Ni (100), Ni (111), Mo (110), Fe (100), Cu (100), Si (100) and W
(211), yielding methane and H; as gaseous products along with surface carbon and sulfur.
The temperature required for C-S bond cleavage seems to be insensitive to the nature of
the metal surface, occurring around 300 K in most cases.

The information regarding S-H and C-S bond-breaking in thiols is obtained from
vibrational and X-ray photoelectron studies and offers a clear illustration of the use of
surface spectroscopy to identify intermediates such as methyl thiolate. Vibrational
spectroscopy also provides information regarding the nature of intermediates present on
the surface. For example, in the case of methanethiol reaction, the absence of the v (S-H)
mode near 2570 cm’™ in the electron energy loss spectrum indicates that the S-H bond has
been broken [155, 156, 161, 163]. All of the other losses can be assigned to vibrational

modes of the methyl thiolate intermediate.
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Several different mechanisms for methyl thiolate reactions have been proposed,
resulting in a similar product distributions and reaction temperatures on many transition
metal surfaces. Thus, the model proposed for Mo (110) [163] involves C-S bond cleavage
to the corresponding radical species, which rapidly react with hydrogen to produce
gaseous methane or further decompose to produce irreversibly bound hydrocarbon

fragments and H; (Figure 4).

CH5;SH
<120 KI S-H Bond Scission

C|H3 C|H3 |H3
S H S H S H
I I I I I I
—CH; |1
S | H
| I
Hydrogenation Dehydrogenation
Methane(g) H2(g)

S S S C S C
L L

Figure 4. Scheme for methanethiol reaction on Mo (110) [163].
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A similar scheme was proposed on Ni (111) [153], although ethane was a minor
reaction product, presumably from CHj; recombination. A slightly different mechanism
was suggested for reaction on Fe (100) [156]: methyl radicals were formed below the
methane evolution temperature trapped on the surface and produced methane after
combining with surface hydrogen. A similar mechanism took place on Si (100) [164],
where the scission of the C-S bond occurred at 670 K. Si (100) sample was also annealed
at 870 K, which led to the removal of surface S in a form of Si-S and dehydrogenation of
the proportion of CH3 moiety to produce surface carbon.

On Pt (111) and Ni (100) surfaces, the major reaction products were hydrogen,
methane, and ethylene, and both methyl thiolate and thioformaldehyde species (CH,S")
were reported as intermediates [155, 161]. The only other intermediate found on Pt (111)
were c—bonded SCH species [168].

It was also noticed that reactivity of the thiolates is dependent on surface coverage
and therefore on intermolecular interactions. Moreover, thiol reactivity on Mo and Ni
surfaces suggested that there might be slight mechanistic variations on transition metal
surfaces that could be reflecting differences in hydrogenation activity [166].

The above-mentioned studies examined methanethiol decomposition on metal
single crystals and provided better understanding of the desulfurization processes.
However, it has been established that the most significant catalytically active component
in industrial desulfurization catalysts is a metal sulfide [166, 167, 169]. It was found that
sulfur inhibits C-S and C-H bond breaking on Mo (110) [169], thereby leading to a lower

reactivity but higher selectivity in most cases. Related studies on other sulfided metal
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surfaces, such as Fe (100) [156], Ni (110) [154], Ni (111) [153] and W (001) [159],
indicate that surface sulfur indeed generally inhibits thiol reaction.

Peterson and Schulz [169] have studied ethanethiol decomposition on MoS;
(0001) and found that ethanethiol decomposes to ethylene and hydrogen sulfide. The
proposed mechanism included dissociative adsorption of ethane thiolate surface species,
which underwent hydride elimination to give ethylene. Hydrogen sulfide formation was
proposed to happen via hydrogen combination with lattice or adsorbed sulfur.

The proposed reaction mechanism is shown on Figure 5.

C,HsSH
adsorption on catalytically
active site on MoS, (0001)

(thiolate intermediate) H3C-CH; + H(ads)
|

S hydride
elimination
575 - 600 K

(reaction products) H,C == CH, + H,S

Ethylene Hydrogen
Sulfide

Figure 5. Proposed ethanethiol reaction pathway on a defective MoS, (0001) surface
[169].



20

The ideal MoS, (0001) surface is terminated by large fully coordinated sulfur
anions, and thus, as it was reported, lacks the reactivity. However, the surface of MoS,
(0001) studied by Peterson and Schulz contained a sufficient amount of surface defects to
cause the decomposition of ethanethiol. They suggested that most likely defects occurring
on the sulfur-terminated basal plane would be sulfur vacancies, leaving coordinately

unsaturated Mo ™!

sites. Such sites are very reactive and have been suggested as the
actual sites where desulfurization occurs on industrial catalysts [170].

However, when desulfurization studies were performed on sulfided Mo (110)
[169, 171], a decrease in desulfurization activity occurred (20 % that of methanethiol
reacted on the clean surface), which was assigned to the blocking of the Mo surface by
sulfur. A similar effect was noticed for methanethiol reaction on Fe (100), where almost
all the methanethiol desorbs without decomposition, only trace amounts of methane are
detected and hydrogen is not observed [156]. On Ni (110), sulfur also stabilized methyl
thiolate with respect to decomposition such that the methane yield increased while the
hydrogen yield decreased [154].

Furthermore, exploring the ways to increase the catalytic activity of a metal
surface, oxidized metals were introduced as a new possibility of thiols’ reaction with
oxygen instead of sulfur [166]. The reactivity of oxidized metals is of interest because
metal oxides are often used as starting catalyst materials, which subsequently react with
the sulfur-containing species to generate working catalysts.

One of the metal oxides proposed for desulfurization is ZnO. It is a major

component of industrial catalysts for methanol synthesis and it is also used industrially to

remove sulfur from petroleum feedstock. Thus, Dvorak and coworkers have studied the
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reaction of methanethiol on zinc oxide and Cs-modified zinc oxide surfaces [172]. They
found that at low temperatures, methanethiol reacts via acid-base interaction with the
surface, in which the thiol hydrogen is removed leading to a thiolate species coordinated
to a surface zinc cation. These species are stable on the surface up to 500 K. Between 500
and 700 K, the C-S bond in the thiolate is cleaved, leaving surface-bound sulfur and
carbon-containing species. The methyl groups are removed from the surface by
recombination with hydrogen to yield methane and recombination with another methyl to
yield ethane. The methyl groups can also undergo dehydrogenation to yield ethylene and
acetylene, or partial oxidation via reaction with lattice oxygen to yield CO and
formaldehyde (CH,0). Carbon is removed from the surface as gaseous products above
500 K, and atomic sulfur remains bound to the zinc sites of the surface.

The addition of submonolayer amounts of Cs did not significantly alter the
kinetics of C-S bond cleavage, whereas Cs multilayers were found to significantly lower
the activation barrier for C-S bond cleavage.

The adsorption of methanethiol was also studied on SiO,, Al,O3, TiO,, and ZrO,
[173]. It was determined that CH3SH H-bonds with surface OH groups on all these
adsorbents. For silica it is the only way for adsorption, while coordination as well as
dissociative adsorption leading to formation of OH groups and molecular water occurs on
the three other oxides. Two types of Bronsted acidity were established. In the presence
of an excess of adsorbed sulfur-containing molecules, a reversible increase in the OH
groups’ acid strengths occurs for all four oxides. It was shown that molecular CH;SH
H-bonded to the oxygen atom of surface OH groups induced this effect. For silica this

interaction resulted in an increase of the v (OH) frequency shift with increasing coverage
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of CH3SH. In the case of alumina, titania, and zirconia, dissociative adsorption of CH;SH
resulted in the appearance of new OH groups that account for an increase of Bronsted
acidity revealed by a high number of H-bonded CO molecules and a decreased number of
Lewis acid sites that are occupied by the products of the reaction of CH3SH with the
surface (SH, OH, and H,O). These new OH groups are the most acidic among those that

normally exist on the surface of the considered metal oxides.

3.1.2. Zeolites.

Zeolites are found to be active catalysts for the decomposition of thiols and
sulfides without the use of expensive hydrogen in the dehydrosulfurization process
(DHS) [174]. Thus, Ziolek and coworkers used NaX, MNaY and MHNaY (M= Li, K,
Rb, Cs) zeolites to study chemisorption and catalytic transformation of R,S compounds
[174]. Three kinds of the R,S compounds have been found: (i) dissociatively-adsorbed
molecules, (i1) RS coordinated with the extra lattice cations and (iii) hydrogen-bonded
species. It was determined that transformation of R,S compounds on zeolites depends on
the nature of the adsorbed species and on the strength of C-S and S-H bonds in the
adsorbed molecule. According to Mortier's electronegativity equalization principle [175],
the difference in the values of the zeolite electronegativity and an electronegativity of the
adsorbed molecule predicts the possibility and rate of proton transfer. Therefore, if the
zeolite has a higher electronegativity than the adsorbed molecule, a proton transfer from
the zeolite to the molecule can promote electronegativity equalization for the entire
compound. On the other hand, if the molecule has a higher electronegativity than the

zeolite, the proton transfer to the zeolite lattice occurs. Since the electronegativity of
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ethanethiol used by Ziolek [174] is lower than for the zeolites applied in this study, the
possibility of S-H bond dissociation was excluded. This was confirmed by the results of
FTIR study of C;HsSH adsorption on NaX and NaY zeolites. These results indicated that
the cleavage of the S-H bond does not occur because a band at ~2550 cm™ (v (S-H)) is
present in both IR spectra (on NaX and NaY) and no OH groups were generated as a
result of a proton attack on the zeolite oxygen. Moreover, a broad band at ~3400 cm™
was observed, showing the hydrogen bonding between C,HsSH molecules and the zeolite
surface.

Garcia and Lercher [176], on the basis of the spectroscopic measurements,
proposed the following models for the thiol-adsorbed structures on the hydrogen forms of

the zeolites:

(a) (b)
R H R
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They also concluded that thiol interaction with the acidic OH groups of the
zeolites depends on both the strength of the zeolite acidity and the nature of thiol.
The situation became different when various alkali-metal-exchanged Y zeolites

[174] were applied. Such zeolites are more active in the transformation of thiols than their
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hydrogen forms. Thus, spectroscopic studies showed that the coordinative bonding
between sulfur from thiol and alkali metal cation of the zeolite occurs and leads to the
weakness of the C-S bond. More so, the conversion of ethanethiol decreased with the
decrease of the cations Lewis acidity. However, not only Lewis acidic sites were found to
be involved in the coordinative adsorption of C;HsSH in the thiol transformation but also
Lewis basic centers.

The products of ethanethiol decomposition at 623 K included hydrocarbons,
sulfides and thiophene as a side reaction product. Distribution of the products varied
between alkali-metal-exchanged zeolites and their protonated forms. Thus, a high
selectivity to thiophene was observed on MNaY, whereas MNaHY exhibited a high

selectivity to diethyl sulfide [174].

3.2. CH;SH Adsorption on Activated Carbons.

Unlike such sulfur-containing molecules as hydrogen sulfide and sulfur dioxide,
not too many studies have been done on the adsorption of methanethiol (also called
methyl mercaptan) (MM) on activated carbons. Those few papers that have been
published give some insight on the studies of the oxidation mechanism of methyl
mercaptan on activated carbons [152, 177] as well as on the effect of carbon surface
impregnation on the adsorption ability of MM [178-180].

In the work of Katoh and coworkers [152] the oxidation mechanism of CH;SH
was studied on the wet activated carbon fiber (ACF). ACF was made from coal tar and
had a surface area of 1300 m”/g, micropore radius of 9A, and micropore volume of 0.8

cm’/g. It was also found to contain 98 ppm of iron.
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As a result of MM adsorption/oxidation, DMDS was formed stoichiometrically
from MM and was detected in the outlet of the ACF column. However, when MM was
mixed with H,S, complete oxidation to methane sulfonic acid has been reported [152].

Katoh and coworkers also studied the possible mechanism of MM removal by
ACF. They explained the oxidation of MM based on the chemical activity of superoxide
anion radical (O, -) formed in the reaction of a thiolate radical (CH3S-) with oxygen.
They also suggested that on the wet ACF surface O, - could slowly be changed into
hydrogen peroxide (H,0,) by reaction with H'. It was also noted that iron present in ACF

could catalytically participate in the oxidation process by the following reaction

pathways:
Fe*" + H,0, — Fe’" + OH + OH- (3.1)
Fe’ + 0, > Fe*™ + 0, (3.2)

Furthermore, complete oxidation to methane sulfonic acid was accomplished in a
mixed supply of MM with H,S. Oxidation process was reported to go through the

oxidation of DMDS (formed by partial oxidation of MM) with OH radical:

2 CH;SH— CH;SSCH; (3.3)

CH3SSCH; + 6 OH: — 2 CH3SO;H (3.4)

In a different work, Dalai and coworkers [177] used Hydrodarco activated carbon

catalyst (ICI America Inc. Wilmington, DE). The characteristics of this carbon included



26

surface area of 487 m”/g, mean pore radius of 2.9 nm, and total pore volume of 1.0 cm’/g.
The feed gas contained 1000 ppm of MM in N, with the O,/CH3SH ratio varying from
1.1 to 1.33 times the stoichiometric ratio. Experiments were performed for 3-hour periods
in a fixed bed reactor containing 0.25-5.0 g of Hydrodarco activated carbon. The
temperature and pressure ranges were 323-448 K and 122-364 kPa respectively.

As a result of adsorption/oxidation process DMDS and water were formed.
However, when the supply of air for oxidation was cut off, the only product to appear in
the outlet stream was MM. This indicates that MM was oxidized with oxygen and mostly
to DMDS with the trace amounts of CS, and (CH3),S produced at 473 K. Carbon dioxide
was also produced in small quantities and increased with reaction temperature as well as
with the supply of oxygen to the reaction. It was established that CO, production could be
kept at minimum by using an O,/CH;SH ratio in the feed gas close to 1.1 times the
stoichiometric ratio. As a result, a higher conversion of CH3SH could be achieved.

According to Dalai et al. the following reaction mechanism is taking place:

Sorption
0;,+2X - 0-X+0-X (3.5)
CH;3SH + X — CH3SH-X (3.6)

where X represents an active site.

Surface reactions
2 CH3SH-X + O-X — (CHj3),S,-X + HO-X +X (3.7)

(CH3),S,-X — (CH3),S, + X (3.8)
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(CH3),82-X + 7 (0-X) — 3 (H,0-X) + 2 (CO»-X) + 2 (S-X) + X (3.9)
S-X +2 (0-X) — SO»-X +2 X (3.10)
H,0-X — H,0 + X 3.11)
CO,-X — CO,+ X (3.12)
S0,-X — SO, + X (3.13)

Based on these reactions the following conclusions were made. The sorption of
SO,, CO,, and H,O is molecular, while that of oxygen (3.5) is dissociative. Surface
reactions (3.8) and (3.9) are competitive with the latter one only taking place if the excess
of O, is present in the feed stream. The surface reaction (3.7) is rate controlling due to
assumed negligible external mass transfer and pore diffusional resistances.

Finally, authors have developed the rate equation and showed that the conversion
of MM is largely influenced by its partial pressure and is almost independent from the
partial pressure of O,.

Furthermore, some authors have tried to modify the activated carbon surface in
order to increase the removal of CH3;SH [178-180].

Thus, Shin and coworkers used KI, KIOs3;, Na,COs, and NaOH to impregnate
activated carbon fibers of different origin [178, 179]. Among those was cellulose-based,
polyacrylonitrile-based, phenol resin-based, and pitch-based.

The adsorption characteristics of MM and the adsorption equilibrium have been
studied using Bench-scale apparatus and Cahn balance, respectively [179]. The
concentration of MM was 100 ppm, inlet flow rate 0.5 L/min, and the mass of the sample

15 mg. Before impregnation, adsorption amounts of MM were 75 mg/g for PAN-based,
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47.6 mg/g for cellulose-based, 31.3 mg/g for phenol resin-based, and 19.2 mg/g for pitch-
based ACF respectively. Clearly, PAN-based and cellulose-based appeared to be the most
effective for MM removal and were treated with impregnation chemicals mentioned
above. As a result of impregnation, the capacity of carbon samples was increased to a
different extent depending on an impregnation component. Thus, Na,CO3; and NaOH did
not significantly affect the adsorption capacity of MM, while KI and KIOs increased it
highly. More so, cellulose-based ACF was more effective for KI and KIO3 impregnation
than PAN-based ACF. The increase in capacity for cellulose-based ACF was about 200
times for both KI and KIOs3, resulting in capacity values of more than 8,000 mg/g.

The adsorption capacities for activated carbon were smaller than for ACF, which
could be due to various factors. ACF, which comes in many forms of material, can have
larger surface area than activated carbon, is highly microporous and exhibits a higher
mass transfer rate for adsorption and desorption processes [181].

Even though no reaction mechanism was proposed, the authors indicated that
catalytic decomposition of MM on KIO;3/ACF and KI/ACF is likely to take place.

Turk and coworkers proposed another activated carbon modification approach
[180]. They used ammonia in conjunction with granular activated carbon (GAC) for the
removal of H,S and CH3SH from air streams. Both virgin and caustic coal-based
activated carbon samples were used in the experiments. For the tests with MM, the
following experimental conditions were applied: gas mixture of 350 ml/min of 1%
CHj3SH in nitrogen, 1090 ml/min of purified air saturated with moisture, and a 10 ml/min

stream of ammonia, for a total flow of 1450 ml/min at a CH5SH concentration of 2400
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ppm by volume. Effluent CH3;SH was monitored by smell to a definite recognition
threshold of 2 x 10~ ppm [180].

The results showed an advantage of 8:1 for the NH3/GAC process over virgin
carbon and of 3:1 and 4:1 over activated carbon impregnated with KOH and NaOH,
respectively.

Due to the presence of moist air, oxidation of MM took place and it was
presumably converted to DMDS. Though no reaction mechanism was suggested for MM
adsorption using NH3/GAC process, it is likely to be similar to H,S adsorption, which

proceeds in the following way:

3 NHj + 3 H,S «» 3 NH4HS (fast equilibrium) (3.14)
NH4HS + 1.5 O, - NH4HSO; (rate controlling) (3.15)
NH4HSO; <~ NH; + SO, + H,O (fast equilibrium) (3.16)
2 NH4HS + SO, — 3 S +2 NH; + 2 H,O (fast redox) (3.17)
3H,S+1.50,—-3S+3H,0 (3.18)

In this process ammonia plays a role of a catalyst, thus facilitating the adsorption
process and production of elemental sulfur in the case of H,S or DMDS in the case of

MM.
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4. EXPERIMENTAL SECTION

4.1. Materials.
4.1.1. Choice of Carbons.

Adsorption of MM was performed on five activated carbon samples of various
origins. The carbons studied were BAX-1500 (wood based carbon from Westvaco), S208
(coconut shell based carbon from Waterlink Barnabey and Sutcliffe), PCB (coconut shell
based carbon from Calgon Carbon), Centaur™ (bituminous coal based catalytic carbon
from Calgon Carbon), and BPL (bituminous coal based carbon from Calgon Carbon).

All of the initial and modified carbon materials (see below) were subjected to
CH;SH adsorption in the dynamic breakthrough capacity test descried in the “Methods”
section. After stopping the test and purging the carbon samples with air, they were
considered exhausted and designated with an additional letter “E”.

To evaluate the dual role of water (section 5.6) two more carbons were added to
the study: Maxsorb carbon (mesophase pitch based from Kansai) and SCN polymer

based synthetic carbon [49].

4.1.2. Washing of Carbons.
Initial samples were washed with water in a Soxhlet apparatus to a constant pH of

the leachate. Those carbons that were not washed with water are referred to ‘“as

received".
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4.1.3. Oxidation of Carbons with H,O5.

Four of the water-washed carbon samples (BAX, S208, PCB, and BPL) were
oxidized with hydrogen peroxide. Briefly, 10 grams of carbon were treated with 100 mL
of 35 % H,0O, and left on the stirrer for 22 hours. After this treatment, the samples were
washed in a Soxhlet apparatus to remove excess oxidant and other water-soluble species.

Final samples are referred to as BAX-O, S208-O, PCB-O, and BPL-O.

4.1.4. Treatment of Carbons with Urea/Introduction of Nitrogen Functionalities.

In order to introduce nitrogen groups, four of the water-washed carbons (BAX,
S208, PCB, and BPL) were treated with a saturated solution of urea. Briefly, 10 grams of
carbon were treated with 60 ml of saturated urea and left on the stirrer for 48 hours. The
urea-treated samples were heated in nitrogen at the rate of 10°C/min to 450 and 950°C
and maintained at these temperatures for 1 hour. After heat treatment the samples were
water-washed to remove any excess of urea decomposition products. The modified
carbons are referred to as for instance, BAXU-450, where U refers to urea modification
and 450 represents the temperature of heat treatment.

These four urea-treated samples were compared to some nitrogen-containing
carbons, which were polymer based (SCN-1, SCN-3, SCN-4 [45, 53, 54]) and bituminous
coal based (Centaur®, mentioned earlier). SCN-1 was obtained by carbonization of vinyl
pyridine resin at 950°C in argon atmosphere. SCN-3 and SCN-4 were derived from SCN-

1 using steam activation to the 20 and 50% burn off, respectively.



32

4.1.5. Impregnation of Carbon with FeCl; Solution.

To account for the effect of ash and its iron constituent, the PCB sample (25 ml),
which has a very small amount of iron, was impregnated with 0.050 M solution of FeCl, x
6H,0 (100 ml), left on the stirrer for 20 hours, heated at 200 °C for 3 hours and washed
with water in a Soxhlet apparatus to remove excess of iron and chloride. The obtained
sample was mixed for 5 hours with a small volume of 0.010 M NaOH to increase the pH
to the level where dissociation of CH,SH is enhanced. Final sample is designated as

PCB/Fe.

4.2. Methods.
4.2.1. Adsorption of MM.

Dynamic tests were carried out at room temperature to evaluate the capacity of
the sorbents for CH3SH removal under wet conditions. The schematic view of the
experimental set-up is presented in Figure 6. Adsorbent samples were ground (1-2 mm
particle size) and packed into a glass column (length 370 mm, internal diameter 9 mm,
bed volume 6 cm®) and prehumidified with moist air (relative humidity 80 % at 25°C) for
one hour. The amount of water adsorbed was estimated from the increase in the sample
weight. Moist air (relative humidity 80 % at 25°C) containing 0.3 % (3,000 ppm) CH;SH
was then passed through the column of adsorbent at 0.5 L/min. The breakthrough of
CH3;SH was monitored using a Micromax monitoring system (Lumidor) with an
electrochemical sensor calibrated with MM. The test was stopped at the breakthrough

concentration of 50 ppm.
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Figure 6. Schematic for the breakthrough capacity test apparatus (1 - MM cylinder, 2 - air
pump, 3 - MM flowmeter, 4 - air flowmeter, 5 - water container (humidifier), 6 — carbon
column for MM, 7 - MM sensor, 8,9 - carbon columns (IVP 4x6 with NaOH) for exhaust

gas, 10,11,12 — valves, 13 - experimental chamber).
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The adsorption capacity of each sorbent (4) in terms of mg of CH3SH per g of
carbon was calculated by integration of the area above the breakthrough curve, and from
the CH3SH concentrations in the inlet flow (Cj,.;) and outlet flow (C,uzer), flow rate (Q),

breakthrough time (#5,4,), and mass of sorbent ().

A= [Q*(Cilllet — Coutler) *torni] /M 4.1)

For each sample the CH3SH test was repeated at least twice. The determined

capacities agreed to within 4 %.

4.2.2. Adsorption of DMDS at Saturated Conditions.

A beaker with 30 mL of DMDS was placed in a dessicator along with several 10
mL weighing dishes containing 0.2 g of powdered carbon samples each. The samples
were kept in an atmosphere saturated with DMDS vapors for 4 days (vapor pressure of
DMDS at 20°C is equal to 22.1 Torr [182]). It was assumed that the adsorption

equilibrium was reached.

4.2.3. Boehm Titration.

One gram of carbon sample was placed in 50 mL of the following 0.050 N
solutions: sodium hydroxide, sodium carbonate, sodium bicarbonate and hydrochloric
acid. The vials were sealed and shaken for 24 hours. 10 mL of each filtrate, excess of
base or acid, were titrated with HCI and NaOH, respectively. The number of acidic sites
of various types was calculated under the assumption that NaOH neutralizes carboxylic,

phenolic, and lactonic groups, NayCO3 carboxylic and lactonic groups, and NaHCO3
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only carboxylic groups [26]. The number of surface basic sites was calculated from the

amount of hydrochloric acid used for neutralization.

4.2.4. Potentiometric Titration.
Potentiometric titration measurements were performed with a DMS Titrino 716
automatic titrator (Metrohm) [94, 95, 183]. The instrument was set to the equilibrium pH

mode. Subsamples of the carbons of about 0.100 g in 50 mL 0.01 M NaNO3 were placed

in a container thermostated at 25°C and equilibrated overnight with the electrolyte

solution. To eliminate the influence of atmospheric CO?2, the suspension was
continuously purged with N,. The carbon suspension was stirred throughout the

measurements. Volumetric standard NaOH (0.10M) was used as a titrant. The
experiments were done in the pH range of 3-10. Each sample was titrated with base after
acidifying the carbon suspension. The titration curves were then transformed into proton
binding isotherms Q (pH), by using the proton balance equation [94]. It was assumed
that the system consists of acidic sites characterized by their acidity constants, K,. The
fraction of sites, which are protonated at certain pH, g (pH, pK,), depends on their pK,

value according to the following form of the Langmuir equation:

O (pH, pK,) = 1/[1+10 P75 4.2)

The population of sites can be described by a continuous pK, distribution, f (pK,).
The proton binding isotherm, Q (pH), incorporating the experimental results and
representing the total amount of protonated sites is related to the pK, distribution by the

following integral equation:
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o0

O (pH) = q (pH, pK.) f (pK.) dpK., (4.3)

-00

The integral is solved numerically using SAIEUS (solution of adsorption integral
equation using splines) procedure [95, 184]. The SAIEUS software is designed to take
more information from titration data than can be done by simple mathematics and permits
calculation of the pK, of acidic sites with different acidities. SAIEUS has been tested
using simulated data and experimental titration data of organic standards, and it was
demonstrated that this method could completely resolve peaks that are less than 1 pK,

unit apart.

4.2.5. Thermal Analysis.

Thermal analysis was carried out using TA Instruments Thermal Analyzer (New
Castle, DE, USA). The instrument settings were: heating rate 10°C/min in either air or
nitrogen atmosphere at 100 ml/min flow rate. Three sets of data were collected with
respect to temperature. These are weight (TG), derivative of weight (DTG), and
derivative of temperature (DTA) between the sample and the blank scale. The latter
provides information about the type of reaction (exothermic or endothermic) that is

taking place at specific temperature.

4.2.6. Inverse Gas Chromatography (IGC) at Infinite Dilution.
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IGC 1is a variation of a classical chromatographic method. The term “inverse”
indicates that the stationary phase, not solute, is under investigation [110, 185]. In our
case IGC is applied to the investigation of solid surface (carbon) properties.

When the experiment is carried out at infinite dilution, the small amounts of
solutes are injected and it is assumed that the Henry’s law governs the adsorption. The
lateral interactions are considered to be negligible due to the extremely low concentration
of the adsorbate. This assumption leads to the calculation of the Henry’s constant, which
is important for the prediction of the adsorption isotherms.

The chromatographic experiments were performed with an SRI gas
chromatograph equipped with a flame ionization detector. The stainless steel columns (20
cm long, 2.17 mm in diameter) were filled with carbon particles of size ranging from 0.2
to 0.4 mm. Helium was used as a carrier gas with a flow rate of 33-340 c¢m’/min, and
methane was used as a non-retained species. The samples were conditioned at 200 °C in
the chromatographic column under helium gas flow for 18 h prior to the measurement.
The injection volume was in the range of 0.6 to 1.0 ml of 0.5% mixture of CH3SH in
nitrogen. The range of experimental temperatures was 150-200°C (10°C steps). Under
these conditions, all chromatographic peaks were symmetrical and retention times did not
depend on the amount injected.

Retention volume Vy is a fundamental quantity measured in this method. It is

independent of the amount injected and can be calculated by the formula:

Vn=J*tr- tw)*F (4.4)
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where J is a the James-Martin compressibility factor which is dependent upon the
pressure drop along the chromatographic column [191], #; and ¢, are the retention times
for adsorbate and non-retained species, respectively, and F. is the flow rate of the carrier
gas estimated for the column temperature.

Vy is also directly related to the standard free energy of adsorption:

AG = -R*T*In (B*Vy / S*m) (4.5)

where R and T are the gas constant and the temperature of the measurement, B is the
constant related to the standard states of gas and adsorbed phases, and m and S are the
mass and specific surface of the adsorbent.

Another quantity used to derive thermodynamic parameters of the adsorption

process is the specific retention volume, Vs, which is calculated from the equation:

Ve=Vy /S*m (4.6)

The isosteric heat of adsorption Qy at zero surface coverage can be easily

calculated from the measurements of Vg or Vy at various temperatures:

Oy = R*[0In (Vs/T) /0 (1/T)] 4.7)
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4.2.7. Gas Chromatography-Mass Spectrometry (GC/MS).

GC/MS study was done using Shimadzu Gas Chromatograph /Mass Spectrometer
model QP 5050. The separation was done on Shimadzu XTI- 5 column (bonded 5 %
phenyl) 30 m long and 0.25 mm internal diameter. The column temperature was
programmed from 30°C to 250°C at 10-deg/min. The column was held for 10 min at
250°C. The injector temperature was 60°C.

The results were analyzed using an unrestricted library search. The samples for
analysis were extracted by placing 1.2 ml of carbon in a vial where 2 ml of methanol
were added. Then the suspensions were heated at 60°C for 1 hour. After separation of
liquid phase from carbon, 0.5 pl of extracted solution was injected to the GC column.

The mass spectra were collected for M/Z ranging from 12 to 500.

4.2.8. Ash Content Analysis.
Total ash content was evaluated as a residue left after heating the sample in air at

10°C/min to 1000 °C using TA Instruments Thermal Analyzer.

4.2.9. Elemental Analysis.

The content of carbon, hydrogen, and nitrogen was determined by Huffman

Laboratories, Golden CO.

4.2.10. Sorption of Nitrogen.
Nitrogen isotherms were measured using an ASAP 2010 (Micromeritics) at
-196°C. Before the experiment the samples were heated at 120°C and then outgassed

overnight at this temperature under a vacuum of 10” Torr to a constant pressure. The
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isotherms were used to calculate specific surface areas (S), micropore volumes (Viic),
volume of pores less than 10 A and less than 50 A, total pore volumes (V,), average
micropore sizes (Lnic) and pore size distributions. All these parameters were obtained
using density functional theory, DFT [80-83]. Characteristic energy of adsorption (E,)
was calculated from Dubinin-Radushkevich (DR) approach [186, 187].

DFT method is based on the description of the density profile of the adsorptive as
a single inhomogeneous phase near the surface of the adsorbent. The free energy of this
inhomogeneous phase can be expressed as a function of the local concentration, p(r),
where r is the generalized coordinate vector.

The adsorption isotherm reflects the net adsorptive energy distribution of the
material, which is a function of its geometry. For the activated carbon it is assumed that
(1) carbon has slit pore geometry, (2) the aspect ratio of pore length to pore width is
large, and (3) the concentration of surface functional groups is low and can be
disregarded. With these assumptions, pore size distribution /' (H) of the sorbent involves

the solution of the adsorption integral [80, 81, 84]

O (p) =ldH q (p, H) f (H) (4.8)

where Q (p) is the total quantity of adsorbate per gram of adsorbent at pressure p, g (p,
H), the kernel function, describes the adsorption isotherm for an ideally homoporous
material characterized by pore width H as quantity of adsorbate per square meter of pore
surface, and f (H) is the desired pore surface area distribution function with respect to H.
Since we are usually only interested in the numerical values of /' (H), equation

(4.8) can be rewritten as a summation [80, 81, 84]
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Q@) =2q(p H)f(H) (4.9)
1

where O (p) is an experimental adsorption isotherm interpolated onto a vector p of
pressure points, g (p, H;) is a matrix of values for quantity adsorbed per square meter,
each row calculated for a value of H at pressures p, and f (H;) is the solution vector whose
terms represent the area of surface in the sample characterized by each pore width H,.

Adsorption isotherms obtained from the deconvolution result in equation (4.9) are
fitted to the preexisted adsorption isotherms until the best fit is found. Two independent
constraints can be used to stabilize the solution. One is the physical requirement that each
fi be non-negative, that is, only positive values of pore area and pore volume are allowed.
The second regularization constraint is to require that for any real sample, the pore
distribution should be smooth.

By fitting the set of hybrid models constructed as the function ¢ (p, H;) to the
experimental adsorption isotherms (Q (p)) differential and cumulative pore volume and
pore area distributions by pore width could be obtained.

The characteristic energy of adsorption, £, can be found from DR equation [187]
Vip, T)=Vo*exp [-(A/E)"] (4.10)

where V' is the adsorption amount as a function of pressure, p, and temperature, T; V) is
the limiting volume of adsorption or the volume of the micropores; parameter n is equal

to 2; and 4 is the change of Gibbs free energy on adsorption, defined by

A =-AG=R*T*In (py/p) 4.11)
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where R is the gas constant and py is the saturation pressure of an adsorbate.
Moreover, if Ej is the characteristic energy of adsorption of a standard vapor
(usually of benzene on active carbon), then the characteristic adsorption energy E of

another vapor or gas is given by the expression [186]

E = B*E, (4.12)

where /3 is a similarity coefficient of the characteristic curves calculated as a ratio of

parachors (3 = p / py).

Then, the equation (4.10) can be rearranged in the following form:

Vip, T)=Vo*exp {- [2.303*R /Eo] * * [T/ B] * *log” (p/ po)} (4.13)
where:
B =[(2.303*R) / E,] * (4.14)

This parameter can be determined experimentally by plotting the adsorption isotherm of
log V versus the log * (py/ p) in its linear form [186] and then used for the calculation of

Ejand E.
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4.2.11. X-Ray Fluorescence Analysis (XRF).

XRF analysis was applied to study the elements present in carbon. For this
purpose SPECTRO Model 300T Benchtop Multi-Channel Analyzer from ASOMA
Instruments, Inc. was used. It contained a titanium (Ti) target X-ray tube with Mo-2mil
filter and high-resolution detector without a filter. A home-developed method was
selected to identify the metals. Acquisition conditions were the following: voltage 24 kV,
current 80nA, count time 40 sec, and warm-up 4 min. Instrument reference temperature
was 20 °C; background conditions: lower ROI — 12.000, upper ROI — 17.000. The

amount of iron in carbon was determined based on the calibration curve.

4.2.12. pH of the Carbon Surface.
Carbon powder (0.4 g) was placed in 20 ml of water and equilibrated during the

night. Then the pH of the suspension was measured.
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5. RESULTS AND DISCUSSION

5.1. Surface Chemistry Characterization.

The surface chemistry of activated carbons can be characterized in terms of the
number and strength of acidic and basic groups present on their surface. This information
could be found from the results of Boehm titration [26] and should be related to the pH of
the carbon surface.

First, initial carbons were water washed and characterized by Boehm titration.
Then their modified counterparts obtained by oxidation with hydrogen peroxide and urea
treatment were analyzed by Boehm titration. These results are presented in Table 1 [189,
192, 193]. For the Centaur® carbon as well as for the urea treated carbons, due to the
presence of nitrogen-containing functionalities, only the total number of basic and acidic
species is reported.

Among the initial carbons, BAX carbon is the one with the largest amount of
groups on its surface. Its number of acidic groups is exceeding the number of basic
groups, which is also reflected on a lower pH value compared to other carbon samples.
Centaur®, BPL and S208 carbons with the pH values of 6.66, 6.97 and 7.47, respectively
are slightly more basic than BAX with the pH of 6.00. PCB carbon is the most basic with

the highest amount of basic groups and the highest pH value of 7.74.
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Table 1. Results of Boehm Titration [mmol/g] and pH of the Carbon Surface Before and
After MM Adsorption.

Sample Carboxylic  Lactonic Phenolic Acidic Basic All pH  pHE
BAX 0.20 0.21 0.49 0.90 035 125 6.00 5.46
BAX-O 1.20 0.05 1.15 2.40 0.60 3.00 4.07 3.30
BAX-U450 NA NA NA 0.80 090 1.70 6.18 545
BAX-U950 NA NA NA 0.70 0.65 135 743 488
BPL 0.00 0.05 0.45 0.50 040 090 697 4.20
BPL-O 0.10 0.20 020  0.50 040 090 6.60 3.92
BPL-U450 NA NA NA 0.50 055 1.05 7.84 598
BPL-U950 NA NA NA 0.35 0.60 095 846 3.67
S208 0.00 0.05 030 035 045 0.80 747 5.94
S208-O 0.10 0.10 0.15 0.35 045 0.80 8.13 5.75
S208-U450 NA NA NA 0.38 0.55 093 849 6.56
S208-U950 NA NA NA 0.30 0.65 095 941 6.77
PCB 0.00 0.00 0.25 0.20 0.50 0.70 7.74 5.51
PCB-O 0.05 0.18 0.28 0.51 035 0.86 635 4.57
PCB-U450 NA NA NA 0.50 0.60 1.10 8.81 7.26
PCB-U950 NA NA NA 0.35 0.60 095 9.07 7.35

Centaur® NA NA NA 0.25 040 0.65 6.66 342
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Hydrogen peroxide is considered to be a weak oxidant, slightly changing the
amount of oxygen-containing groups on the surface but preserving the carbon pore
structure [188, 189]. Indeed, in the case of BPL, PCB, and S208 carbons, only small
changes in the amount of oxygen-containing groups were noticed. These changes are
demonstrated mainly by the increase in the number of carboxylic and lactonic groups. For
BPL-O and S208-O a decrease in the number of phenolic groups is found, whereas the
total number of groups is unchanged. For PCB-O the amount of acidic groups increased
and the amount of basic groups decreased, which is also reflected by a significantly lower
pH value (Table 1).

On the other hand, the BAX carbon is very susceptible to oxidation [189-191],
which results in a significant increase of oxygen-containing groups on the surface. Thus,
a 2-fold increase in the number of basic groups and a 3-fold increase in the number of
acidic groups (mainly carboxylic and phenolic) were observed. Therefore, this carbon
material still remains acidic and its surface pH is decreased compared to the initial
sample.

Urea treatment introduces nitrogen-containing groups into the carbon matrix.
Urea-treated samples heated at 450°C have nitrogen bonded to the surface in the form of
-CN, -NH, -NH,, or NH* species, which decompose at high temperature [37, 43]. On
the other hand, urea-treated carbon samples carbonized at 950°C result in a majority of
nitrogen incorporated into the carbon matrix in a pyridine-like or “quaternary”
configuration [43, 47, 49-51, 105] (Figure 7). Introduction of these species raises the

basicity of the carbon surface and this effect is more pronounced for the high temperature
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treated samples [192]. This is shown in Table 1 by an increase in the amount of basic
groups on the surface as well as by a quite significant raise in pH.

The results of elemental analysis are presented in Table 2 [192]. Urea
modification increases the percentage of nitrogen in the carbon matrix, which is higher
for low temperature treated samples. Changes in the degree of carbonization are

expressed in Table 2 by changes in the carbon and hydrogen content.

Table 2. Results of Elemental Analysis for the Carbon Materials Studied.

Sample % C % H % N
BAX 73.80 3.64 0.19
BAX-U450 75.02 2.46 9.30
BAX-U950 75.44 2.31 3.05
BPL 91.23 0.47 0.44
BPL-U450 86.36 0.73 3.65
BPL-U950 86.61 0.75 1.14
S208 79.01 0.67 0.12
S208-U450 85.92 1.27 1.67
S208-U950 89.69 0.89 0.93
PCB 90.88 1.09 0.11
PCB-U450 89.95 1.06 0.70
PCB-U950 89.65 1.02 0.43

Centaur® 90.60 0.70 1.10
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Figure 7. Changes in the surface chemistry of carbons due to saturation with urea and
heat treatment [43].
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The nitrogen content for the Centaur® sample, which is commercially produced
by impregnation with nitrogen-containing species, is the closest to that of BPL-U950,
which is interesting in terms of comparing the effect of nitrogen on their MM adsorption
abilities. Nevertheless, BAX-U950 has even higher nitrogen content than Centaur®
carbon, which is likely the result of differences in the degree of carbonization of the
initial carbons and their surface areas. BAX is a low temperature carbon with a high
content of different surface groups. Its high surface area [43, 189, 192] increases the
accessibility of the crystallite edges to incorporate nitrogen.

Potentiometric titration is another method used to see the changes in acidity of the
carbon surface. The proton binding curves can be calculated as described in section 4.2.4.
They are analyzed from the point of view of proton uptake (basic) and proton release
(acidic) and indicate significant changes in the chemical character of the surface.

The proton binding curves for the initial and oxidized carbon samples are
presented in Figure 8. Only a slight increase in acidity, represented by a decrease in the
amount of protonated sites (Q values) is noticed for PCB, S208, and BPL carbon samples.
On the other hand, a drastic change is found for the BAX carbon, which acidity
significantly increased. These changes in acidity after oxidation are consistent with the
results of the Boehm titration. An exception is the BPL carbon, whose total acidity
according to the Boehm titration has not been changed. Nevertheless, the decrease in pH
of this carbon likely caused by the increased amount of strong acidic groups on its surface
may also be represented as a decreased amount of protonated sites on the proton-binding

curve.
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More detailed information about the species present on the carbon surface can be
obtained from the pK, distributions. These can be calculated using the SAIEUS procedure
[94, 95, 183, 184, 189], which applies a stable numerical method for the solution of the
adsorption integral (equation 4.3).

The proton binding curves for the initial and oxidized carbon samples are shown
in Figure 9 [189] in the range of acidity constants between 3 and 11. The common feature
for the initial carbons is the presence of the first three peaks at pK,’s about 4.6, 6.0 and
7.5, which correspond to carboxylic acids and their derivatives [94]. For example acetic
acid has a pK, of 4.76 and malonic acid a pK, of 5.70 [193]. Peaks with pK, values higher
than 8 are referred to phenols and their derivatives [94]. One of these peaks is placed in
the pK, range of 8.3 to 9.7 and another one in the range of 10 to 10.4 (pK, of phenol is
9.95[193]).

After oxidation with hydrogen peroxide a slightly larger number of groups is
detected for all the samples. More specifically, for BPL carbon the main increase was
found in the number of carboxylic groups having pK,’s of 4.7 and 7.5 and instead of two
peaks at pK, 9.0 and 10.0 only one peak at pK, 9.7 is displayed. This is consistent with
the results of the Boehm titrations, which show an increase in the number of carboxylic
groups and a decrease in the number of phenolic groups after oxidation. For S208 carbon
an increase was found in intensity of all the peaks. The only discrepancy with the Boehm
titration for this carbon was in the amount of phenolic groups, the number of which has
decreased according to the Boehm titration. The most visible changes for the PCB carbon
have happened in the pK, range of 7 to 8. The peak at pK, 7 disappeared and a broader

peak at pK, about 8 is found. The disappearance of the first peak is likely related to the
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removal of some species after HO, treatment. However, the broadening of the second
peak could be due to the formation of more species with pK, about 8.

Finally, as it was noticed before, oxidation had a significant impact on the acidity
of the BAX carbon. Noticeable differences exist between the distributions obtained for
BAX and BAX-O. Although the peaks have similar positions (similar pK,), the number
of acidic groups considerably increased after oxidation, especially in the range of
carboxylic acids, which was also observed from the Boehm titration results.

Proton binding curves for the urea-treated carbon samples are presented in Figure
10 [192]. They clearly show that after modification with urea and heat treatment at 950°C
all carbons became much more basic than their initial counterparts. It is interesting that
nitrogen incorporated into the carbon matrix at 450°C makes BPL-U450 and BAX-U450
look slightly more acidic than the initial samples. This fact is possibly related to the
protonation of amine- and cyano- type groups. These groups may not be detected by
Boehm titration resulting in a discrepancy between these two methods. On the contrary,
S208-U450 and PCB-U450 have become slightly more basic, which is in agreement with
the results of the Boehm titration. These distinctions between the samples suggest some
differences in nitrogen incorporation caused by different degrees of aromatizaton of the

carbons studied.
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The inorganic phase (ash) present in all of the carbon samples may also contribute
to the overall basicity of the carbon surface and influence the MM adsorption /oxidation
process. That is why ash was evaluated for the initial samples using thermal gravimetry
as described in section 4.2.8 [43, 191, 194]. As seen from Table 3, BPL carbon has the
highest amount of ash and S208 carbon the lowest amount. For BAX, PCB and Centaur®
samples, the percentage of ash is about the same.

For more detailed analysis, the quality and relative quantities of different metals
present in ash were evaluated. This was carried out by the XRF technique and the results
are presented on Figure 11 [194].

The most predominant metals found in ash are aluminum, potassium and iron.
Moreover, BPL, which has the highest ash content, appears to be rich in iron. The amount
of iron in BPL was estimated to be = 0.45 %, which is similar only to that of Centaur®
(Table 3). S208 carbon has a much smaller content of iron but has a significant amount of
potassium, a natural component of its coconut shell precursor. The other two samples,
PCB and BAX, contain only scanty amounts of all the detected metals, even though the
amount of ash for both carbons is higher than that for S208 carbon. The plausible
explanation for this could be the presence of other metals in these two samples, which are
not detected by XRF in the energy range studied.

However, not all of the metals will catalytically enhance the adsorption of MM.
From previous research on adsorption of MM [152] it was hypothesized that iron present
in activated carbons could catalytically participate in the adsorption/oxidation process. If
this proves to be true, BPL and Centaur® carbons are expected to have higher MM

adsorption capacities than other carbons. Besides, it was proven by some researchers
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[178, 179] that activated carbons impregnated with potassium species have higher MM
adsorption capacities than their initial counterparts. This fact could favor the adsorption
of MM on S208 carbon and result in a significant capacity value. In such a case, PCB and
BAX carbons are expected to have lower capacities than other three samples.

Nonetheless these assumptions are true only if the presence of such catalytically
active metals as iron and potassium is a primary factor for the effective MM removal.
Otherwise such factors as the amount of basic and acidic groups on the surface, surface
pH, structural parameters and the presence of water may all influence the adsorption of

MM on activated carbons.

Table 3. The Amount of Ash Content for the Initial Carbon Samples.

Sample Ash content Fe
[%o] [%o]
BAX 2.11 0.04
BPL 8.96 0.45
S208 1.22 0.09
PCB 2.76 0.07

Centaur® 2.90 0.36
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Figure 11. Results of XRF analysis for the initial carbon samples.

5.2. Structural Parameters of Activated Carbons.

Large surface area and developed pore structure are highly important for the
effective adsorption/oxidation process. The products of surface reactions are stored inside
the carbon pores and the process is more effective the closer are the dimensions of the
pore to the size of the adsorbed molecule. For the pores that are no more than a few
molecular diameters in width, the potential fields from neighboring walls will overlap and
the interaction energy of the carbon with a gas molecule will be correspondingly

enhanced.
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Structural parameters of different carbons depend both on the carbon precursor
and the method of its activation. Therefore each carbon has a different pore structure,
which could be either favorable or unfavorable for a particular type of molecule.

Nitrogen adsorption isotherms for the carbons studied were measured at the
boiling point of nitrogen at —196°C and for the initial carbon samples are presented on
Figure 12. From this figure it is clear that BAX carbon follows the type IV isotherm with
a characteristic hysteresis loop [2]. This type of isotherm indicates the presence of
mesoporosity, which causes an increase in adsorption. This increase could be explained
by the capillary condensation theory [2]. According to this theory, adsorption is restricted
to a thin layer on the walls along the initial part of the isotherm until the inception of the
hysteresis loop brings the beginning of capillary condensation in the finest pores. As the
pressure is progressively increased, the capillary condensation spreads to wider and wider
pores until at the saturation pressure the entire system is full of condensate.

PCB, S208 and Centaur® carbons all follow the type I isotherm characteristic of a
microporous solid [2]. Interpretation of this type of isotherm accounts for the fact that the
uptake does not increase continuously but comes to a limiting value displayed by a
plateau, which is nearly or quite horizontal. Many type I isotherms exhibit no hysteresis
at all (Centaur®), while others display a definite loop, which may or may not persist to
the lowest pressures.

Unlike other four carbons, BPL carbon cannot be characterized by a single type of
isotherm, it has features of both type I and type IV isotherms, thus exhibiting the

characteristics of both meso- and microporous carbons.
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These structural patterns are also preserved for the oxidized and urea treated
carbon samples, which are characterized by the same type of isotherms as their initial
counterparts (Figures 13 and 14). The most significant differences are noticed for the
BAX-O and BAX-U950 carbon sample, which clearly became more microporous and
now structurally resemble the BPL carbon. It is also worth mentioning that in general the
surface areas of all the carbons were reduced after their modifications.

The more detailed information can also be obtained from the pore size
distributions (PSDs) presented in Figure 15 and 16 [189, 192]. From Figure 15 it is seen
that PCB, S208 and Centaur® carbons are all homogeneous in terms of their porosity
with most of the pores being micropores (< 20 A). Among them Centaur® has the lowest
volume of pores and both S208 and PCB have high volume of pores, with the majority of
the S208 carbon’s pores being less than 10A.

On the other hand, BAX carbon is structurally very heterogeneous and has a high
volume of both meso- and micropores. In comparison to BAX, BPL carbon has
approximately half of its pore volume but the pore size distribution patterns of these two

carbons are very similar to each other.
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Figure 12. Nitrogen adsorption isotherms measured at —196°C for the initial carbons.
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Figure 13. Nitrogen adsorption isotherms measured at —196°C for the oxidized carbons.
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Figure 14. Nitrogen adsorption isotherms measured at —196°C for the urea-treated

carbons carbonized at a) 450°C and b) 950°C.
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The structural parameters of the carbons were calculated from the nitrogen
adsorption isotherms at —196°C by applying the DFT approach. The results of these
calculations are collected in Table 4 [189, 192, 194]. They show that the BAX carbon has
the highest surface area and the largest volume of pores among the carbons studied,
which however may not be enough for the efficient MM removal. Taking into account the
small size of the MM molecule (4.19A [147]) pores smaller than 10 A should be the most
active in the MM adsorption process. The volume of these pores for the BAX carbon is
very small, which in addition to its large average micropore size and correspondingly
small energy of adsorption makes this carbon unfavorable for the adsorption of MM.

S208 carbon is more microporous than PCB and as was already shown in the
PSDs it has the highest volume of pores less than 10 A. Moreover, from Table 4 it is seen
that the average micropore size (L) of S208 carbon is smaller than that of PCB but
slightly higher than that for Centaur®. The latter carbon has a low surface area and a
small volume of pores but its relative microporosity (Vmic/V+) is high and a very small
Lmic value found for this carbon leads to the high energy of adsorption. These
characteristics could make Centaur® carbon very effective in terms of its porosity for the
adsorption of MM.

Finally, BPL carbon has about the same volume of meso- and micropores, which
makes it not quite as microporous as S208, PCB and Centaur® but more microporous
than BAX carbon. Its volume of pores less than 10 A is higher than that for the BAX
carbon, which in combination with a much smaller L. value makes BPL structurally

more favorable than BAX for MM adsorption.
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As it was mentioned earlier, oxidation with hydrogen peroxide was performed in
order to slightly change the surface chemistry of the carbon but to preserve its pore
structure. Indeed this task was accomplished with some changes in porosity taking place
upon oxidation. The surface areas and total pore volumes of BAX, PCB, and S208
carbons were decreased with a strongest effect noticed for the first two carbons. This
effect may be the result of the blockage of some pores with surface oxidation products.
In general, BAX carbon became more microporous, as it was observed earlier from its
nitrogen adsorption isotherm (Figure 13), with a much higher relative microporosity and
a smaller average micropore size. Besides, for the BAX carbon an increase was found in
the volume of pores less than 10 A, which is clearly observed from its pore size
distributions (Figure 15). Some changes are also noticed for S208 carbon in the pores less
than 10 A. Even though the volume of these pores for S208-O is about the same as for
S208, the distribution of pores in this region was changed and now two peaks instead of
one are displayed (Figure 15). The latter fact may also have contributed to a very small
Lmic value and a very high E,4 value for the S208-O sample. The decrease in average
micropore size was also noticed for PCB-O carbon and its energy of adsorption went up.

No significant structural changes were noticed for the BPL carbon but unlike
other three carbon samples, its surface area increased slightly, which is mainly related to

an increase in the volume of pores less than 10 A and mesopore volume (Figure 15).



Table 4. Structural Parameters of Carbons Calculated from Adsorption of Nitrogen at

—196°C.
Sample SprFT Vinic Vi Vaoa  Vmid/Vi  Lmic Eads
[m*g] [em’/g] [ecm’/g] [cm’/g] [A] [kJ/mol]
BAX 1351 0.50 1.29 0.10 0.39 132 158
BAX-O 1055 0.44 0.77 0.15 0.57 121 174
BAX-U450 1315 0.50 1.09 0.11 0.45 12.5 16.6
BAX-U950 1087 0.40 0.80 0.17 0.50 11.5  19.1
BPL 953 0.37 0.69 0.16 0.54 11.7  18.1
BPL-O 1016 0.40 0.72 0.18 0.56 11.7 175
BPL-U450 901 0.35 0.68 0.15 0.52 11.7  18.1
BPL-U950 1024 0.39 0.76 0.17 0.52 11.7 178
S208 1084 0.44 0.46 0.30 0.93 9.7 21.4
S208-O 990 0.37 0.39 0.28 0.95 8.8 23.1
S208-U450 892 0.34 0.39 0.25 0.88 9.0 233
S208-U950 1038 0.40 0.42 0.28 0.95 9.0 22.5
PCB 1018 0.43 0.55 0.25 0.79 10.6 209
PCB-O 853 0.34 0.37 0.23 0.91 9.7 22.8
PCB-U450 1118 0.44 0.52 0.28 0.86 9.9 21.1
PCB-U950 928 0.38 0.54 0.23 0.70 102 214
Centaur® 617 0.24 0.29 0.16 0.83 9.5 22.8

65



0.07

0064 . - = = BAX-U450
(= i . BAX-U950
5 0.05 4 L O R BPL-U450
0 o — BPL-U950
E | I ] i
S 0.04 - R
(@] [ 1 L
> v
% 0.03 - %
o
8
c  0.02
()
e
(0]
5 0.01
=
1 10 100 1000
Pore width [A]
0.04
_ K |- PCB-U450
o
> ——PCB-U950
5. 0031 - = = $208-U450
2 $208-U950
=
o
>
O 0.02
o
o
s
C
£
] 0.01 1
[&]
£
0 . . . — T . _
1 10 100 1000

Pore width [A]

Figure 16. Pore size distributions (PSDs) for the urea-treated carbon samples.
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Urea treatment introduced nitrogen functionalities into the carbon matrix, which
for the most of the samples caused a decrease in the surface area and pore volumes.
Carbonization of the urea-treated samples at 450°C had a very small effect on the
structural parameters of the carbon samples. Almost nothing changed for the BPL carbon
but for the other three carbons the main change occurred in the average micropore size,
which became smaller. What is interesting is that there is a change in distributions of
pores smaller than 10 A after urea treatment and carbonization at 450°C for the
microporous carbons S208 and PCB (Figure 16). The same effect was noticed earlier for
the S208-O sample, which tells us about the possible incorporation of oxygen- and
nitrogen-containing functionalities inside the very small pores and the formation of new
pores.

Carbonization at 950°C had a considerable effect on the urea-treated BAX sample.
As for the BAX-O sample the surface area and pore volumes of BAX-U950 decreased
but V<04 and relative microporosity significantly increased. Modifications also resulted
in a decrease of L., which became even smaller than that for the BPL carbon and
elevated the characteristic energy of adsorption. The average micropore size of S208-
U950 became smaller as well. This carbon again shows two peaks in the region of pores
less than 10 A but unlike its 450°C heated counterpart the peak with a maximum at 6 A is
of a higher intensity than the peak with a maximum at 9 A (Figure 16). As for the PCB-
U950, its structural parameters remained almost unchanged except for L., which

became slightly smaller and elevated the energy of adsorption.
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5.3. CH;SH Adsorption and Breakthrough Capacities.

Table 5. Adsorbate Parameters.

Parameter H,O MM DMDS
Boiling Point (°C) 100 6 109.6
Saturated Vapor Pressure at 25°C (kPa) 3.17 202.3 3.83
Liquid Density at 25°C (g/cm’) 1 0.87 1.06
Critical Temperature (°C) 374 470 570
Critical Pressure (kPa) 2240 5530 4280
Critical Volume (cm’/mol) 56 145 290
Critical Density (g/cm”) 0.32 0.33 0.32
Parachor 52.6 121 212

LJ Parameters:
Molecular Diameter, oy (A) 3.48 4.19 5.27

Well Depth, gy (K) 271 422 511

Assuming that DMDS is the main product of MM adsorption/oxidation on the
carbon surface [152, 177-180], the predicted amounts of MM and DMDS adsorbed can
be calculated based on the DR approach [187, 195]. It is also implied that due to a larger
size and higher boiling point of DMDS (Table 5) it will adsorb more strongly on the
carbon surface than MM [147].

Three specific carbons used in this study, S208, BAX, and Centaur® were chosen

and the predicted isotherms are presented in Figure 17 [195].
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Figure 17. Predicted isotherms of MM and DMDS adsorption on the chosen carbons.

The amount of vapor, 4, adsorbed at pressure P and temperature 7 can be

calculated from the DR equation [186, 187, 195]:

A = Vy*d * exp {~[R*T* In (Ps/ P) / B*Eq]*} (5.1)

where Vy, Ey, 5, dp and Pg are the volume of micropores, characteristic energy of
adsorption of standard gas (benzene), the affinity coefficient for vapor adsorbed, density
of liquid adsorptive and its saturation pressure at temperature 7, respectively. The
properties of the adsorbents required for the calculations were determined from nitrogen
adsorption isotherms at -196°C. Parameters of the adsorbates are given in Table 5. The
affinity coefficients were estimated from the parachor values [186, 187]. They are equal

to 0.580 for MM and 1.018 for DMDS.
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However, the highest amount of MM adsorbed at 3000 ppm is expected on S208
carbon due to its high volume of small micropores (Table 4), BAX seems to be more
efficient in adsorbing DMDS than the other two carbons. It is important to mention that
this prediction is done assuming physical adsorption of DMDS and MM. This could be
different from the actual experimental results, where adsorption of MM and its oxidation
to DMDS is the matter of several factors. Thus, high acidity of the BAX carbon and the
lack of catalytically active centers on its surface may result in its poor MM adsorption
capacity. On the other hand, Centaur® carbon, due to its excellent overall characteristics

may prove to work efficiently towards adsorption of MM and its conversion to DMDS.

5.3.1. CH;SH Adsorption in Wet Conditions.

To investigate the ability of activated carbons to adsorb MM, breakthrough tests
were carried out at room temperature in the presence of moisture and air. Methyl
mercaptan breakthrough curves obtained for the initial carbon samples are collected in
Figure 18a [194]. Based on the breakthrough times the performances of the carbons differ
significantly. MM adsorption capacities for the carbons along with the amount of water
preadsorbed are presented in Table 6 [189, 192, 194]. The highest amount adsorbed was
found for the Centaur™ carbon even though the breakthrough test had to be stopped at 26
ppm. This happened due to inability of the sensor to detect DMDS formed as a result of a
fast oxidation of MM based on the strongly catalytic nature of this carbon. The capacities
of BPL and S208 carbons are also high compared to those found for BAX and PCB

carbons. To understand what governs the process of MM adsorption on different carbon
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samples, a comparison has to be done between the carbons under investigation and their

surface and structural features.

Table 6. MM Breakthrough Capacities and Preadsorbed Amount of Water for the Carbon
Materials Studied.

Sample Amount of Amount of
water preadsorbed MM adsorbed
[mg/g] [mg/g]
BAX 163.4 28.2
BAX-O 168.8 23.0
BAX-U450 161.1 30.0
BAX-U950 145.5 299.0
BPL 98.3 172.6
BPL-O 99.6 104.3
BPL-U450 129.4 321.1
BPL-U950 102.0 440.6
S208 92.6 162.2
S208-0O 98.1 203.2
S208-U450 93.9 221.9
S208-U950 68.9 272.9
PCB 78.2 85.5
PCB-O 94.5 72.9
PCB-U450 81.7 203.5
PCB-U950 75.7 192.3

Centaur® 98.3 400.0
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Going back to the carbon surface characterization (Table 1), the importance of the
surface basicity for the effective MM removal could be evaluated. As was mentioned
earlier, the basicity of the carbon surface is the result of the presence of oxygen-
containing surface groups of pyrone-type and/or oxygen-free Lewis basic sites [31-35].
Pyrone-like structures are combinations of carbonyl and etheric non-neighboring oxygen
atoms at the edges of the basal plane and are formed by air re-exposure of heat-treated
carbons [32]. Such basic oxygen-containing groups on the carbon surface could affect the
dissociation of MM and oxidation of thiolate ions to disulfides [4, 177-180, 189, 194,
196]. They may also attract MM via weak acid-base interactions. To see this effect, the
density of surface groups was calculated taking into account the number of groups and
the specific surface areas reported in Table 4. Figure 19 shows the dependence of MM
adsorption capacity on the density of basic groups for the initial carbon samples [194]. It
is interesting that a good correlation is found for all the samples except PCB. Both BPL
and S208 samples are very active towards the adsorption of MM even though they are
less basic than PCB. This suggests a contribution of other factors, such as catalytically
active ash, to the adsorption/oxidation process.

The amounts of ash are reported in Table 3 [194]. Since the amount of ash in PCB
is similar to that found for the other carbon samples, the “crude” ash content analysis for
this carbon fails to explain its deviation from the general trend in Figure 19 [194]. The
more detailed analysis of ash by XRF showed the obvious lack of catalytically active
metals for PCB carbon (Figure 11). This led to the suggested earlier hypothesis about the

crucial role of catalytically active metals.
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Figure 19. Dependence of MM adsorption capacity on density of basic groups for the
initial carbon samples.

One of the metals, iron, seems to be especially important, since two carbons with
the highest iron content, BPL and Centaur® (Table 3), have the highest MM adsorption
capacities. To check this hypothesis, the PCB sample was impregnated with iron
chloride, which, as a result of treatment described in section 4./.5, was mainly converted
to oxides. The impregnation process was designed not to significantly affect the pore
sizes of the material. In fact, the main change after the modification process has occurred
in large micropores (Table 7). The iron content in PCB carbon after modification with
iron was considerably increased and according to XRF results became a little higher
(= 0.53 %) than that for BPL coal-based carbon (= 0.45 %) [194]. On the other hand, the

total ash content of the iron-modified PCB sample became lower than that in the initial
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PCB carbon (Table 7). This apparent inconsistency may be the result of dissolution of
some silica or alumina components in NaOH during the surface neutralization process.
An increase in the iron content positively affected the performance of PCB carbon for the
adsorption of MM. Its MM capacity increased 3.3 times and now follows the trend of
dependency on the surface basicity generally observed for the other carbons (Figure 19)
[194].

The extremely small capacity of the BAX carbon, despite the theoretical
prediction (Figure 17), may be primarily due to the acidic nature of this carbon. Even
though the pH of BAX is only slightly smaller than the pH of BPL and Centaur® carbons
it may be below the threshold value for dissociation of methyl mercaptan on activated
carbons [113, 191, 195]. In addition to this, the large amount of acidic oxygen-containing
groups on the surface and the lack of catalytically active metals may also contribute to
the small MM adsorption capacity on this carbon.

Although it is understandable that the surface chemistry has complex and
significant effects on the performance of activated carbons as MM adsorbents, the
process of adsorption/oxidation cannot be effective without a developed pore structure
where the products of surface reactions have to be stored. The predictable main product
of MM adsorption/oxidation on the activated carbon surface is DMDS [152, 177-180,
189, 192, 194, 196], the adsorbed amount of which was evaluated under saturation
conditions where only vapors of DMDS are present (section 4.2.2). It is plotted in Figure
20 against the volume of pores smaller than 50 A [195] to show the significance of the
pore volume for MM adsorption. A very good linear agreement with the slope equal to

0.997 and correlation coefficient equal to 0.89 is found.
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Figure 20. Dependence of the amount of DMDS adsorbed at saturation conditions on the
volume of pores smaller than 50 A.

While the structural parameters of the BAX carbon indicate that it has the
superior porous structure, its MM removal capacity is very small. Besides the
disadvantages of this carbon mentioned above, another reason for its poor performance
lies in its insignificant volume of pores smaller than 10 A and its large average micropore
size. On the other hand, in the case of BPL whose volume of small pores is not
exceptionally high as well, the most likely explanation for the high MM adsorption
capacity is in its surface chemistry and the presence of iron, which acts as a catalyst in the
oxidation process. As indicated above, a lack of chemically active centers on the PCB
carbon surface is an important factor suppressing the oxidation process and its high
microporosity is not able to compensate for that. After introduction of iron into this

carbon, no significant changes in the volume of very small pores were noticed (Table 7).
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However, its average micropore size was considerably decreased. This may somewhat
contribute, in addition to the catalytic participation of iron, to the increase in MM
adsorption capacity of this carbon.

Centaur” carbon is the only carbon with all the characteristics needed for the
efficient MM removal. This carbon has a catalytic nature, which includes nitrogen and
iron and is supported by a large relative volume of micropores and very small size of

micropores [42, 43].

Table 7. Surface and Structural Characteristics of PCB Carbon and its Iron Modified
Counterpart.

Sample pH Ash Basic Amount of MM
Content Groups Adsorbed
[%0] [mmol/g] [mg/g]
PCB 7.74 2.76 0.50 85.5
PCB-Fe 7.80 0.84 0.45 284.0
Sample SpET Viic Vi Vaoa L
[m’/g] [em%g] [emY/g] [em'/g] [A]
PCB 1018 0.43 0.55 0.25 10.6
PCB-Fe 907 0.35 0.45 0.24 9.4

MM breakthrough curves for the oxidized carbon samples are presented in Figure
18b [189]. Based on the breakthrough times, there are some differences in the
performance between the initial and the oxidized carbon samples. It is interesting that for

S208-0O an increase in the breakthrough time is found in comparison with the initial
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sample. The breakthrough times for BAX-O and PCB-O remain almost unchanged
compared to their initial counterparts whereas for BPL-O a decrease is found.

From Table 6 it is seen that after treatment with hydrogen peroxide the MM
breakthrough capacity of the S208 sample increased about 25 %, while for BPL-O the
capacity became 1.6 times smaller compared to the initial sample. As indicated above, a
small decrease in the MM breakthrough capacity is also found for PCB-O. These changes
in capacity are likely related to the changes in pH of the carbon surface. As it was found
for hydrogen sulfide, high pH facilitates the dissociation of H,S molecule as well as its
oxidation to elemental sulfur [191]. The same can be true in the case of MM, which at
high pH can dissociate and then be oxidized to DMDS [189, 194, 195]. Indeed the pH of
S208-0 increased compared to that of the initial sample, whereas the pH of BPL-O and
PCB-O decreased. More so, an increase in the number of carboxylic and lactonic groups
after oxidation was higher for BPL and PCB carbons than that for S208 carbon, which
also may have affected the surface pH. In case of the BAX carbon the most noticeable
changes in the surface chemistry occurred after oxidation and they resulted in a decrease
of more than 2 units in the pH value of the surface. Nevertheless, already negligible
capacity of the initial sample was only slightly reduced after oxidation.

Another important factor affected by oxidation is the amount of water adsorbed
during prehumidification, which increased for all the samples. This is due to an increase
in the degree of hydrophilicity of the carbon surface caused by formation of new oxygen-
containing groups [197].

From the point of view of porosity (Table 4), no significant changes were noticed

for the BPL carbon. Although the average micropore size of the BPL-O is the same as of
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the BPL, the energy of adsorption on the oxidized sample was reduced, which could be
the reason for the decrease in its MM adsorption. On the other hand, a large decrease in
Lmic and an increase in E,q4 for the S208 carbon may contribute to a significant rise in the
adsorption capacity of this carbon. Finally, despite even higher microporosity and energy
of adsorption for the BAX-O and PCB-O samples than those for their initial counterparts,
their MM capacities became smaller. This observation could be the result of the
increased acidity of both carbons after oxidation (Table 1).

Methyl mercaptan breakthrough curves for the urea-treated carbons are presented
in Figure 18c [192]. They indicate that after impregnation with urea and heat treatment
the adsorption capacities of the carbons studied increased from 1.4 to 10 times depending
on the carbonization temperature. From experimental data collected in Table 6 it is also
seen that the higher the heat treatment temperature after impregnation with urea the more
methyl mercaptan is adsorbed on the carbon surface. High capacities were found for
BPLU-950, BPLU-450, BAXU-950 and S208U-950 while the lowest capacity was
recorded for BAXU-450. The greatest effect of urea modification was observed for BAX
carbon carbonized at 950°C, whose adsorption capacity for MM increased ten-fold
compared to the initial sample. On the other hand, for the same carbon but carbonized at
450°C no effect of urea treatment was found and a very small amount of MM was
immobilized on the surface. As for the PCB carbon series, the capacity of PCBU-450 is
only slightly higher than that for PCBU-950 making PCB urea treated sample not very
sensitive to the carbonization temperature.

Although an increase in MM adsorption capacities of the carbons after urea

modification is strongly related to an increase in their surface basicity (Table 1 and
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Figure 10) the effect of nitrogen could also be significant for MM adsorption. Thus, for
example, the BPL-U950 carbon sample was found to have the same amount of nitrogen
as Centaur” carbon (=1.1 %), which could possibly explain their similar MM adsorption
capacities (Table 6). Therefore, in order to see the effect of nitrogen, the normalized MM
capacity (with respect to the surface area of materials) was plotted versus the ratio of

atomic content of nitrogen to carbon determined from elemental analysis (Figure 21)
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Figure 21. Dependence of the normalized MM breakthrough capacity on N/C atomic
ratio in carbon matrixes.
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For this analysis only initial carbons and those modified with urea at 950°C were
taken into consideration to ensure that nitrogen is in similar chemical form as a result of
high temperature heat treatment [47, 49, 105]. Data for polymeric based carbons (SCN
series) [49, 50, 192] is also included for the sake of comparison. The obtained
dependence presented in Figure 21 shows the maximum in the capacity at N/C content
about 0.02. It confirms the results obtained by Strelko and coworkers [53] who found,
using the quantum chemical calculations of model nitrogen containing carbon clusters
that at the atomic concentration of nitrogen within the carbon matrix between 2-3 % the
minimum in the band gap occurs. The lowest width of the band gap, AE, indicates the
highest catalytic activity in electron transfer reactions [53]. In the case of the carbons
studied the maximum specific capacity is related to the high catalytic activity and it
occurs for BPL carbon modified with urea at 950°C. As found by Strelko and coworkers
[53], AE further increases with an increase in the nitrogen content. Indeed, in this study
the decrease in catalytic activity is observed for such carbons as BAX-U950 and some of
the polymeric based carbons. Moreover, the results of quantum chemical calculations
showed that carbons with quaternary nitrogen-containing groups at the edges of carbons
layers have the highest charge mobility in a carbon matrix and the best donor-acceptor
properties [53].

The contribution of porosity to MM adsorption is also significant for some of the
carbons. Since the presence of small pores is critical for the effective MM removal, an
increase in the volume of these pores and a decrease in their size are desirable. Thus for
BAX-U950 a significant increase in the volume of pores smaller than 10 A is noticed.

Moreover its average micropore size is considerably smaller than that for the initial



82

sample and there is more than 3 units increase in the energy of adsorption. These factors,
in addition to the increased basicity of BAX-U950, could explain a much higher capacity
(10 times) of this carbon than that for its initial counterpart. On the other hand, although
for the BAX-U450 carbon a slight improvement in microporosity is found, its capacity
still remains very low. The main reason for this could be the low pH of BAX-U450
(Table 1), which was not increased much in comparison to the initial sample and it is
probably too low for the MM to dissociate and be oxidized to DMDS.

For both BPL-U450 and BPL-U950 samples the volume of pores less than 10 A
was reduced and L, stayed the same. It follows that for both of these samples the same
tendency exists as for their initial counterpart, which is the superiority of the surface
chemistry over the porosity in the MM adsorption process.

Even though the volume of pores smaller than 10 A decreased for both of the
S208 modified samples (Table 4), it is worth mentioning the significance of the pore size,
which can be directly related to an increase in MM adsorption capacity. Modification of
S208 carbon resulted in a visible decrease of L,;; and in an increase of E,.

In the case of the urea-treated PCB carbon samples, the higher volume of pores
smaller than 10 A as well as a smaller L. for the PCB-U450 sample than for the PCB-
U950 sample resulted in a slightly better performance of the former one for MM
adsorption. Nevertheless, as was mentioned earlier, the carbonization temperature does

not seem to significantly affect the MM adsorption capacity of PCB carbon.
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5.3.2. CH;SH Adsorption in Dry Conditions.

To throw some light on the process of methyl mercaptan adsorption/oxidation on
the surface of the carbons studied, the experiments were also performed in dry
conditions, either in air (-A) or nitrogen (-N). The measured capacities are shown in
Table 8 [196] in comparison to the capacities of the same carbons obtained in wet
conditions. The latter ones were as received carbons without washing with water. The
results are shown for four of the carbons and it is seen that for all the carbons, except
BAX, the capacities in dry conditions were at least twice smaller than those measured in
the presence of moisture. Moreover, except for Centaur®, the amounts of MM adsorbed
in dry air and in nitrogen do not differ significantly. However the results suggest that
water facilitates the adsorption process, it is not the case for BAX carbon, where
adsorption in dry conditions was higher than that in wet conditions. For this carbon the
amount of water adsorbed was the greatest (Table 6), which may suggest the competition
for adsorption sites between water and MM molecules and/or surface reaction products.
The unchanged amounts adsorbed in dry air and nitrogen indicates the lack of

participation of oxygen from air, not chemisorbed or bonded, to the surface reactions.
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Table 8. MM Breakthrough Capacities for the As Received Carbon Samples Obtained in
Wet and Dry Conditions.

Sample Amount of
MM adsorbed
[mg/g]

BAX 0
BAX-A 27.9
BAX-N 293
BPL 251
BPL-A 48.1
BPL-N 36.6
S208 349
S208-A 84.9
S208-N 74.6
Centaur® 230
Centaur®-A 99.5
Centaur®-N 57.7

5.4. The Products of CH3;SH Adsorption/Oxidation.

The species present on the carbon surface after adsorption can be characterized
using thermal analysis (section 4.2.5). Differential thermogravimetric (DTG) curves were
obtained in nitrogen and are presented in Figures 22-23, 28-30. On DTG curves a weight
loss is represented as a peak with area related to the amount of the species removed or

decomposed from the surface. This method was used before for the characterization of
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the products of hydrogen sulfide oxidation [43, 45, 191], sulfur dioxide adsorption [42],
and chemisorption of organosulfur compounds on gold [198]. It is assumed that the peak
at a temperature smaller than 100°C represents desorption of weakly adsorbed species,
likely water, and the peak between 100 and 300°C may represent desorption of disulfides
[192, 196, 198]. Due to its physicochemical properties (CH3SH is desorbed from the gold
surface between -83°C and -50°C [199]), the adsorption of CH3SH on the carbon surface
should be very weak and it is not expected to be present in the adsorbed phase.

For all the carbons after MM adsorption two of the above-mentioned peaks are
present. The second peak shows the heterogeneity of species displayed by the presence of
a shoulder around 300°C with a sharp decrease in the weight loss. This shoulder is
especially clearly pronounced for the microporous carbons (Figure 22b). It may represent

decomposition of a surface DMDS-oxygen complex, CH3;SSCH3'nO2. Oxygen, if present

in this form, does not contribute to a decrease in the pH value of the carbon surface after
exhaustion. Support for this assumption is the desorption temperature of oxygen
complex, which is close to the desorption temperature of weakly adsorbed SO, or SO; on
activated carbons [42, 199]. However, this shoulder may also represent some other
products of MM and/or DMDS oxidation by oxygen.

For the initial unmodified carbons (Figure 22), it is interesting that the Centaur®
the DTG curve shows the presence of some species that are not found for the other initial
carbons. These species could be some nitrogen-containing compounds commercially
introduced into this carbon’s matrix. Moreover, the intensity and the area of the second
peak of the Centaur® carbon is the greatest among the carbons studied, which is in

agreement with the breakthrough test results.
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Figure 22. DTG curves for the unmodified initial and exhausted a) BAX and BPL series
of samples and b) PCB, S208 and Centaur® series of samples.
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Figure 23. DTG curves for the oxidized initial and exhausted a) BAX and BPL series of
samples and b) PCB and S208 series of samples.
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The balance of the amount of sulfur species evaluated from TA and the
breakthrough test is demonstrated in Table 9 [189, 192] and shows good agreement for
all of the carbon samples. The last column in this table lists the amount desorbed
corrected for the initial weight of carbon. The validity of TA is also established from the
correlation between the adsorbed amounts of MM evaluated from TA and the

breakthrough test. This relationship is presented in Figure 24 [195].
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Figure 24. Relationship between the amounts of MM adsorbed estimated from the
breakthrough test and thermal analysis (Maxsorb carbon - mesophase pitch based from
Kansai and SCN polymer based synthetic carbon [49, 50] are added for the sake of
comparison).



Table 9. Balance of Sulfur Species from Breakthrough Tests and Thermal Analysis.

Sample MM ads AW 100-500°C
(o) (o)
BAX 2.8 1.3
BAX-O 2.6 0
BAX-U450 3.0 2.9
BAX-U950 29.9 27.8
BPL 21.7 22.6
BPL-O 10.4 13.3
BPL-U450 32.1 26.2
BPL-U950 44.1 38.5
S208 16.2 15.9
S208-0O 20.4 19.1
S208-U450 222 20.4
S208-U950 27.3 22.4
PCB 8.6 5.1
PCB-O 7.3 8.0
PCB-U450 20.4 18.4
PCB-U950 19.2 15.5
Centaur® 39.5 36.0

&9
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For the initial S208 and PCB carbons the position of the second DTG peak is
shifted to a higher temperature range than that for the BPL carbon (Figure 22). This is
due to the differences in porosity between these carbons. As was shown earlier, both
S208 and PCB are microporous carbons (Figure 15) with a small average micropore size
(Table 4). Therefore a higher temperature is needed to remove adsorbed DMDS from the
pores similar in size to the adsorbed molecule than from larger pores as those found in
BPL carbon. For Centaur® carbon, which is highly microporous, the desorption of
DMDS starts at lower temperatures and continues to higher temperatures, which is due to
a high amount of DMDS adsorbed on this carbon.

It is clear that after oxidation the intensity and the shape of the peaks on the DTG
curves of the carbons studied have changed (Figure 23). For the S208-O sample, for
example, intensities of both peaks increased compared to the initial sample. This is the
result of an increase in the degree of hydrophilicity of this carbon after oxidation and its
higher affinity for water adsorption.

As mentioned before, the shoulder centered at about 300°C may represent the
surface  DMDS-oxygen complex, CH3;SSCH;'nO,, or some other products of

CH;SH/CH;3SSCHj; oxidation, such as sulfonic or sulfinic acids [147, 149, 152]. After
oxidation the intensity of this peak increased for the PCB carbon and it became about the
same as the DMDS peak. Indeed, according to the results of the Boehm titration (Table
1), an increase in the amount of total groups after oxidation for this carbon is higher than
that for S208 and BPL carbons, meaning that more oxygen-containing groups on the

surface may facilitate further extent of oxidation.
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Looking at the DTG curves for BPL-O and PCB-O samples, it is obvious that the
intensity of the second peak is smaller after oxidation even though the amount of water is
increased. These results are also consistent with the breakthrough test results collected in
Table 6. The possible explanation of such phenomenon can be the competition between
water and DMDS for the adsorption sites. For the initial carbon samples (Figure 22) the
higher the intensity of the DMDS peak, the lower the intensity of the water peak. Thus,
Centaur® carbon is the one that preadsorbed enough water during prehumidification
(Table 6) but all of it was replaced by DMDS formed in a high amount on this carbon’s
surface (Figure 22b). On the other hand, both BAX and BAX-O have very high amounts
of water on their surface but almost no DMDS (no second peak) (Figures 22a, 23a).

By assuming that either H,O or DMDS is adsorbed only in pores smaller than 50
A, the adsorption data can be normalized based on that volume. The relationship between
the normalized amount of DMDS and water is shown in Figure 25 [195]. The correlation
coefficient and slope are equal to 0.89 and 0.99, respectively. The slope represents the
density of DMDS (1.06 g/cm?). The small discrepancy is likely related to the fact that
not all pores are filled by oxidation products owing to the existence of some physical
hindrances (blocked pore entrances). The thin line represents theoretical limit of
adsorption using the actual densities of DMDS and H,O. The fact that almost all points
are located below this line validates the hypothesis about the “active” pore volume. It is
important to mention here that all points represent equilibrium data. If equilibrium
conditions, for instance for adsorption of water, are not fulfilled the amount of DMDS is

usually small and the point “moves” from the established dependency line.
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Figure 25. Specific adsorption of DMDS versus specific adsorption of H,O.Capacities
were normalized to the volume of pores smaller than 50 A.
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In order to get closer look at the described phenomena, the data for one carbon,
S208 was plotted in Figure 26 [195]. For this carbon the correlation coefficient and slope
are equal to 0.97 and 1.08, respectively, which is in agreement with the expected values.

Another supporting factor for the possible competition between water and DMDS
for the adsorption sites is their predictable amounts adsorbed on two of the chosen
carbons, BAX and S208 (Figure 27) [195]. Prediction of water adsorption was done
following the approach of Lodewyckx and Vansant [200] based on application of the
Dubinin-Astakhov (DA) equation using an affinity coefficient equal to 0.063 for
activated carbons with low content of oxygen-containing groups on the surface. For both
carbons at relative pressure P/Pg equal to 0.8 (experimental conditions) the amount of
water which can be adsorbed is close to the adsorbed amounts of MM and DMDS. What
is even more interesting is that the amount of DMDS adsorbed at very low relative
pressure, P/Pg = 0.05, corresponding to inlet concentration of MM (3000 ppm) is
practically the same as the amount of water adsorbed at P/Ps = 0.8. This can be
considered as a favorable factor to promote competition for adsorption sites, which
results in replacement of water with much stronger adsorbed DMDS molecules.

The DTG curves for the urea-treated carbons are presented on Figures 28 and 29
[192]. An interesting fact is noticed for the BPL carbon treated with urea and carbonized
at 950 °C. Its DTG curve slightly resembles the DTG curve for the Centaur® carbon
(Figure 22b), which, just like BPL has a high MM capacity value (Table 6). Besides, both
BPL and Centaur® carbons have no peaks corresponding to water desorption, which
suggests the competition between water and DMDS for the adsorption sites and complete

replacement of water by DMDS.
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Moreover, following the fact that the largest amount of MM was adsorbed on the
BPLU-950 carbon sample, the intensity of the peak between 80 and 300°C is the highest
for this sample compared to other urea treated samples.

There is also a common tendency noticed for the urea-treated samples. The
second peak on their DTG curves is shifted to the lower temperatures of desorption,
suggesting weaker adsorption forces. This can be due either to the changes in surface
chemistry or to the decrease in the volume of micropores observed for most of the
samples (Table 4). Besides, for BAX and BPL urea-treated carbons, which have a
significant contribution of larger micropores and mesopores to their structure, DMDS
desorption occurs at much lower temperatures than for microporous carbons. In spite of
similarities in the PSDs between BAX and BPL carbons, the DMDS seems to be
adsorbed stronger on the latter carbon as a result of stronger surface basicity.

The shoulder of the second peak at about 300-350°C varies in intensity after urea
modification. While for the S208 sample it became more pronounced, for PCB carbon it
almost disappeared and for BPL it remained about the same. This can be related to the
formation of some strongly adsorbed compounds or chemisorbed MM. Another high
temperature peak, especially noticeable for the BPL series of carbons is centered at about
400 °C and may represent the formation of elemental sulfur [43].

To see the differences in the products of MM adsorption/oxidation, comparison
was done between the exhausted carbons obtained in dry and wet conditions. Figure 30

shows the DTG curves for the as received S208 carbons run at various conditions [196].
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Figure 28. DTG curves for the urea-treated initial and exhausted a) BAX series of

samples and b) BPL series of samples.
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Figure 29. DTG curves for the urea-treated initial and exhausted a) S208 series of

samples and b) PCB series of samples.
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In the case of running the breakthrough test in dry conditions, the DTG curve
indicates the presence of a small peak starting at about 200°C. When the moisture is
absent, the species, which decompose between 100 and 200°C, are not present. The
absence of oxygen results in the presence of more homogeneous surface chemistry (the
weight loss occurs in a narrow temperature range) than that when oxygen is in the system
(the peak expands to 350°C). The broadening of the peak at higher temperatures overlaps
with the observed shoulder at 270°C and is likely related to the oxygen bonded to the
adsorbed disulfide molecules or to some products of MM/DMDS oxidation by oxygen

[147, 149, 152]. It is interesting that when oxygen is in the system, another peak at about
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440°C appears. This peak likely represents elemental sulfur [43, 191], which, as well
might be formed as a result of oxidation of disulfides by oxygen.

For a more accurate product evaluation GC/MS analysis was used. The products
of MM adsorption/oxidation were extracted from the carbon surface with methanol and
subjected to the GC/MS analysis. Chromatograms of all the carbon samples studied were
obtained, revealing two peaks for the majority of the samples. The retention times of the
peaks were 7.8 minutes for the first one and 18.8 minutes for the second one. These peaks
were identified as dimethyl disulfide, which is the main product of the surface reaction
and methyl methane thiosulfonate (MMTS), which was detected only for the carbons
with a significant MM adsorption. Thus, for the initial and oxidized carbons, the highest
intensities of the second peak were found for the Centaur®, BPL, S208-O and S208
carbon samples and no peak was detected for the BAX carbon series. For the urea-treated
samples, BPLU-950 is the only carbon for which the second peak is well pronounced and
its intensity is only twice smaller than of the first peak. Other urea modified carbon
samples, for which the second peak was noticed but has a very small intensity, are BPLU-
450, BAXU-950, S208U-950 and PCBU-950. The example of the mass spectra for the

S208 carbon is shown in Figure 31 [189].
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5.5. Energetic Characteristics of the Carbon Surface.
5.5.1. Theoretical Concept.

At very low pressure (Henry’s range), the tendency of different adsorbates to
adsorb on the carbon surface can be estimated from the heat of adsorption and the
equilibrium constant Ky at infinite dilution [195, 201, 202]. For simplicity, it can be
assumed that the species under investigation (water, MM and DMDS) are simple one-
center Lennard-Jones molecules, which can interact with uniform flat carbon surface via
Van der Waals forces.

For the classical approximation of Henry’s constant the following equation can be
applied [195, 201]:

o0
Ky =lexp [(-®/k*T) -1] dz (5.2)
0
where @ is the potential energy of molecular interaction with the adsorbent, £ is
Boltzmann’s constant, and z is the distance from the surface in perpendicular direction to
it. Detailed calculation methods for the interaction potential of a molecule with the
carbon surface are described in literature [86-88, 201-203]. Here the most common
approach is used [195, 203], where the adsorbent is modeled as having slit-like pores
with two infinite parallel walls separated by a distance H in the z direction. The potential
of interaction between a fluid molecule and a pore is given in this case as a sum of

potentials, Us, of fluid-solid interactions with a single wall:

D) =Us (z) + Us (H-z) (5.3)
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where z is now defined as a distance between the molecule and the center of the carbon
atom on one of the pore walls.
The fluid-carbon wall interactions are described below by the Steele potential

[203], which is widely used for modeling interactions of simple molecules with graphite:

Us (z) = 2m%p Fecf* o *A* {2/5% [00/2] 1 — [0e/2] ¥ — [(0) T / (3¥A*(z + (0.61*A)) )]}

(5.4)
where the density of the carbon is p. =114 nm™, the separation of the graphite planes is A
= 0.335 nm, and ¢, and o, are the LJ parameters for interaction between carbon atoms
and fluid molecule. The carbon-carbon potential parameters are taken as ¢../k = 28 K and
0cc = 0.340 nm [85-88, 203].

Fluid-solid cross parameters are calculated using the Lorentz-Berthelot rules:

gcf: (gcc*gﬂ) # (55)

Oy = (0 T o) /2 (5.6)

The LJ parameters of fluid-fluid interactions in formulas (5.2) and (5.3) were
determined from the critical parameters of gases under investigation by the method of
“corresponding” states [204]. For the polar molecules without hydrogen bonding (methyl

mercaptan and dimethyl disulfide):

oy =36.9%V,,) "? (5.7)

gg/k = 0.897* T, (5.8)
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and with hydrogen bonding (water):
oy =36.9%V.,)"? * (Z.,)*7 (5.9)
eg/k = 0.00331* T.p/ (Zer) (5.10)

where Z., = P.,*V../ R*T,, and V,,, T, are the critical volume and critical temperature of
studied gases.
The critical parameters of fluid-fluid interactions calculated by equations (5.7)-

(5.10) and are given in Table 10.

Table 10. Heats of Adsorption and Henry’s Constants for the Molecules Studied.

Species Qst Ky
(kJ/mol)

H,0 19.8 3.83x 10°

MM 33.1 7.81x 10*

DMDS 59.9 4.61x 10"

The plots for the interaction potential profiles of H;O, MM and DMDS molecules
with a 7 A width graphitic slit micropore, calculated by equations (5.2) — (5.3), are shown

in Figure 32.
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Figure 32. The calculated interaction potential profiles for adsorption of MM, DMDS,
and water in a model 7 A pore.

The effective pore width, L, is defined as the distance between the centers of

surface atoms corrected for the diameter of a carbon atom in the graphite lattice:
L=H-3454 (5.11)

It is clearly seen in Figure 32 that MM and especially DMDS molecules interact
much stronger than water with a single carbon pore wall. The overlapping effect of the
molecule-pore wall interactions in the center of a 7 A micropore is the strongest for
DMDS, which should lead to a higher value of the heat of adsorption for DMDS
molecule than for MM and water molecules. The heat of adsorption was calculated from

the minimum of the potential well depth, @ (zy), by expression:
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Oy = -R*® (z) (5.12)

The calculated values of Q are collected in Table 10 and, as expected, the highest value
was obtained for DMDS. The heat of adsorption of water is in agreement with the value
reported by Kiselev obtained for a flat carbon surface based on chromatographic
experiments [201].

The Henry’s constants determined by numerical integration of equation (5.4) for a
model 7A pore are also collected in Table 10. The K value for MM is 20 times larger
than for water, while for DMDS and H,O they differ by about seven orders of magnitude.
The data received from statistical-molecular calculations also confirms that in an
activated carbon — water — DMDS system in an equilibrium state, DMDS tends to
substitute water in the adsorbed state. Moreover, if carbon porosity drives the adsorption
process then the highest capacity for DMDS adsorption will be found for microporous

carbons.

5.5.2. Experimental Approach.

Isosteric heats of MM adsorption can also be determined experimentally from
IGC. Using this technique it is possible to better understand the effect of surface
functionality (presence of surface oxygen) on the adsorption process and the effect of the
small pores on the enhancement of the energetics of the process. Only those pores can
play a significant role when the IGC at infinite dilution is carried out [185].

In the absence of water and air mainly physical forces are expected to play a role
in the immobilization process. All the chromatograms obtained by IGC (section 4.2.6)

contained only one peak likely arising from the physically adsorbed MM. As expected,
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retention volume increased with a decrease in temperature. For different carbons different
retention volumes were obtained depending on the strength of asorbate-asorbent
interactions.

From the slope of the dependence of /n (Vy /T) on 1/T (Figure 33) the heats of
adsorption were calculated (Table 11). The correlation coefficients were in all cases
higher than 0.99. The heat of MM adsorption in the case of all carbons used in this study
was higher than 60 kJ/mol. Average values from several measurements are reported with
a percentage error less than 5 %. It is interesting that these values are 1.9 to 2.3 times
higher than the theoretically predicted Q,, value for MM (Table 10). This increase in the
Oy value could be the result of the presence of pore shapes other than slits. Besides,
experimental Qy, values received for MM can be compared to those received for H,S on
the similar carbon samples [205]. These values were from 38 to 47 kJ/mol, and taking
into consideration additional methyl group, which contributes about 9 kJ/mol on a
nonporous carbon black [201] and twice more on a porous carbon, the values for MM
should be in the range of 60 kJ/mol. The highest value was found for the Centaur”
carbon, which reflects strong adsorption of MM molecule on this carbon’s surface. On
the other hand, BAX carbon exhibited the smallest value of the heat of adsorption

indicating that weak adsorption forces are taking place.
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Figure 33. Dependence of the retention volume on temperature.

Table 11. Isosteric Heats of Adsorption for the Carbons Studied.

Sample Qst
[kJ/mol]
BAX 63.7
BPL 70.7
S208 69.5
PCB 70.0

Centaur® 75.8
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To find out which carbon features determine the magnitude of the heat of
adsorption, the relationship between the heat of adsorption and the surface and structural

characteristics of the carbons studied was explored.
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Figure 34. Dependence of the isosteric heat of adsorption on the density of basic groups.

To understand the impact of surface chemistry on the heats of MM adsorption in
the temperature range studied, isosteric heats of adsorption were plotted versus the
density of basic groups and the results are shown in Figure 34. The correlation coefficient
of 0.9379 indicates that oxygen from surface basic groups is the contributor to MM
adsorption. Since oxygen-containing pyrone-type structures are possibly the ones
responsible for the overall basicity of the carbon surface, the interactions of these groups

with MM in dry conditions can be Lewis type acid-base interaction, considering MM as a
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weak acid. No dependency was found on the oxygen-containing acidic groups, indicating
their minor role in the process of MM adsorption.

Analysis of the thermodynamic functions obtained under the conditions of infinite
dilution provides information about the interactions with the surface only, since
interactions between adsorbed molecules are neglected. It is known that the characteristic
energy of adsorption calculated using Dubinin-Radushkevich approach is related to the
average size of micropores [54, 186] (Table 4). It was also demonstrated that the initial
heat of adsorption evaluated from IGC experiments is linked to the adsorption energy in
micropores [110]. Theoretical calculations of the dependence of energetic parameters of
adsorption on pore sizes at low surface coverage showed a significant enhancement in the
adsorption energy and heat of adsorption due to the overlapping of the adsorption
potentials in pores of molecular size [111].

Since physical adsorption in very small pores is the most likely a mechanism of
the adsorption process at infinite dilution, the dependence of Oy, on the characteristic
energy of adsorption is plotted in Figure 35. Although linear correlation between the heat
of adsorption and carbon microporosity was found in the case of H,S adsorption (R* =
0.943) [43, 205], only a general trend is noticed for CH3SH adsorption (Figure 35).
Probably, wider range of Oy, and E,4s values could have given some better understanding

of this relationship.
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5.6. The Role of Surface pH and the Proposed Mechanism of CHSH
Adsorption/Oxidation.

As was found in the case of H,S [191], pH of the carbon surface plays a
significant role in the adsorption process. The same effect is expected for the adsorption
of MM. Due to the presence of water, CH3SH is expected to dissociate to CH3S™ and H
ions. The pK, for this process is reported to be 10.3 [147, 149, 150], which may suggest
that dissociative adsorption of CH3SH may occur only on a very basic carbon surface. As
seen from Table 6, the capacity of Centaur® is large despite its almost neutral pH (Table
1). On the other hand, the capacity of BAX is close to nil, although its average pH is very
close to that of Centaur®. Moreover, the large capacity is reported for BPL carbon whose
pH is not much higher than that of BAX. In discussing these data it should be taken into
consideration that the pH reported in Table 1 is the average pH of the carbon surface,
which could be different from the “local” pH inside the carbon pores, especially when
these pores are small and they have functional groups present at their entrances [43, 113].
Besides, manufacturing technology should also be taken into consideration. Thus, the pH
of BAX carbon is likely the result of surface neutralization with base after activation with
phosphoric acid, which usually results in carbons with acidic pH [190, 191].

From the above it follows that the higher the pH the higher should be the amount
of MM adsorbed. This is reflected in Figure 36 [195] by the increased intensity of the
second peak. It is also seen from the DTG curves that by increasing the pH of the carbon
surface the amount of DMDS increases, while the amount of water adsorbed decreases.
The possible reason for this behavior is the above-mentioned (Figure 22) incompatibility

of these two species and the differences in their driving forces for adsorption.
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Figure 37. Dependence of the amount of MM adsorbed on surface pH of the carbons

studied.
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The dependence of the amount of MM adsorbed (normalized to the pore volume
of the carbons studied) on the surface pH was also found and is presented in Figure 37
[195]. To broaden the spectrum of pH, some carbons were acidified with HCI [190, 191]
and impregnated with NaOH [206]. In the case of microporous carbons the volume of
micropores was used, whereas for carbons with a large contribution of mesopores the
volume of pores smaller than 50 A was chosen. It was assumed that only those pores are
active in the adsorption process. This choice was justified knowing that: 1) at a small
concentration of adsorbent in a gas mixture it is likely that only micropores and small
mesopores are active in the adsorption process [2]; 2) molecular simulation studies of
water adsorption suggested that at 80% humidity (our conditions) 50 A and smaller pores
are filled with water molecules [207]; 3) if the normalization is done using only the
volume of micropores the density of adsorbed species is higher than liquid density of
DMDS. Moreover, pore volume has to be a limiting factor for the adsorption capacity
since the products of adsorption/oxidation should be stored inside the pores [113, 208].
Although the data is scattered due to the complexity of the system the maximum
boundary of the adsorption capacity can be determined. A similar phenomenon was
described for adsorption of hydrogen sulfide on activated carbons [113, 208].

Normalized capacity dependence on the surface pH is also shown as an example
on the S208 carbon series (Figure 38) [195]. Samples were acidified to broaden the pH
spectrum [113, 190]. As indicated in the legend, the points were obtained under various
conditions. The circles represent data for the samples run in moist air and squares - data
for the samples run in moist nitrogen. For the samples run in moist air the dependence on
the pH is apparent, which supports the hypothesis about the importance of the

dissociation step. On the other hand, all samples run in wet nitrogen have more or less
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similar capacity. These results clearly indicate the existence of two regions related to two
different phenomena. When oxygen is not present, only small amount of DMDS is
adsorbed. DMDS is likely the product of oxidation of MM with chemisorbed oxygen.
Since that oxygen is a limiting factor, the amount of DMDS formed is the same for all the
samples, in spite of their various pH. When oxygen from air is present in the system it
facilitates the oxidation process and much more DMDS is formed, consuming MM. This

ensures high efficiency of MM removal.
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Figure 38. Dependence of the specific adsorption of DMDS on surface pH of the S208
carbon series.
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To explain the apparent dependence of MM breakthrough capacity on the surface
pH, two different mechanisms of adsorption/oxidation process are taken into
consideration. In both cases it is supposed that adsorbed MM reacts with oxygen and than
it is stored in the pore system in the form of DMDS. Taking into account the chemical
nature of MM, the removal mechanism should be different in dry conditions (“dry”
mechanism) and in wet conditions [195].

In the “dry” mechanism it is assumed that MM and oxygen are adsorbed from a
gas phase on the dry carbon surface, where reaction takes place. Water and DMDS are
the reaction products [195]. The latter species is adsorbed on the carbon surface while the

former one is desorbed (Figure 39).
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Figure 39. “Dry” mechanism of MM adsorption/oxidation on activated carbon surface.

Based on the proposed mechanism the following reactions are likely to take place [195]:

CH,SH, > CHSH ,, K, (5.13)
02 ads9 2 O ads KH() (5‘14)
2CHSH,, +0, > CHSSCH,, +H,0, K, (5.15)
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where Kpy, Kpo and Kg; are equilibrium constants for MM adsorption, oxygen
adsorption and surface reaction respectively.

In wet conditions water adsorbed on the carbon surface is able to create water
clusters or small water islands. The adsorption of MM may occur either on the dry carbon
surface or in the water clusters (“island” mechanism) [195]. The schematics of the
“island” mechanism are shown in Figure 40. Methyl mercaptan and oxygen are first
dissolved in the molecular form in these water clusters and later, depending on the pH,
MM can dissociate to thiolate ions. Oxidation occurs due to the surface reaction between
adsorbed thiolate ions and dissociatively adsorbed oxygen in water "islands" and/or
between adsorbed MM and oxygen on a dry part of the carbon surface. The product of

reaction, DMDS, is adsorbed in a molecular form on the carbon surface.
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Figure 40. “Island” mechanism of MM adsorption/oxidation on activated carbon surface.
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The following reaction pathways can describe the proposed mechanism [195]:

HZOg 9 Hzoads (5.16)

029 OZ ads (5.17)

0,,220 (5.18)
Then on the dry part of the surface:

CH,SH , - CH,SH K,, (5.19)

2CHSH ,+0, > CHSSCH,  + H,0, K., (5.20)
While on water islands:

0,20,, (5.21)

0,220, (5.22)

CH,SH , - CH,SH | K, (5.23)
AtpH > pK,

CHSH, > CH,S | +H' K, (5.24)

CH,SS', > CHS ., K, (5.25)

2CHS ,,+0O ., 2 CHSSCH, , + o K., (5.26)

O "+2H > H,O (5.27)
At pH < pK|

CH,SH, > CHSSH K, (5.28)

2CHSH ,,+0O ,, 2 CHSSCH,, A +HO K., (5.29)
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where subscripts g, ads, and ads-L are concentrations of species in gas, adsorbed, and
liquid phases, respectively, Ky, Ki, Ks, K4, K1, Kz; and Kg, are equilibrium constants for
related processes (adsorption from a gas phase on the dry surface, adsorption of the ionic
form, gas solubility, dissociation, adsorption of the liquid form and surface reaction
constants), and O ,q4 1s dissociatively adsorbed oxygen.
The formation of MMTS (C,H¢O,S,) detected by GC/MS could take place
through the oxidation of DMDS:
CH3SSCH3 +2 O, > CH3SOSCH;

+0_, > CH;S0,SCH; (5.30)

ads ads

Another possible scenario for the formation of MMTS is through the

disproportionation of sulfinic acid [147]:

3 CH3SO,H = C,HeS,0, + CH3SOsH + H,0 (5.31)

Although sulfonic acid was not detected on the surface of the carbons by GC/MS,
if it is formed it can be stored deep inside the carbon pores, thus explaining a noticeable
decrease in pH for all carbons after MM adsorption (Table 1). Sulfonic acid is a strong
acid and its effect on pH should be greater than a decrease of 3 or 4 pH units.

Since water is present in the system and the carbon surface is able to produce and
sustain active oxygen radicals and hydroxyl radicals [149, 152] further oxidation of
disulfides to a-sulfinic acid, CH3SO,H, and formation of methane sulfonic acid is

possible (Figure 41):
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CH3SSCH ags + 2 O as + H'> CH3SO0>H a4 + CH3S ™ aas (5.32)

CH;3S ads + 3 O ags + H > CH3SO3H 44 (5.33)

e
oo "ot -5
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Figure 41. Oxidation mechanism of DMDS to a-sulfinic acid (CH3SO,H) and methane
sulfonic acid (CH3SOsH).

To find the total concentration of MM in the adsorbed state (in molecular and

ionic forms) the following relationship can be applied [195]:

[CH3SHags] + [CH3S wis-1] = Ko * [CH3SHy] * (1- Oy) + Ks*K,*K;*0*[CH3SH]/[H']

(5.34)

where 6y is the surface coverage by water.

From the equation (5.13) the concentration of MM in the adsorbed state would be

determined in the following way:

[CH,SH,,] = K,,,* [CH,SH,] (5.35)
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where [CH,SH ] is the concentration of MM in a gas phase.

From the examination of equations (5.13) — (5.15) and (5.35) it is clear that for the
dry mechanism one cannot expect any pH dependence for the adsorption capacity due to
the lack of water on the surface.

The “island” mechanism proposes two scenarios, which can coexist. While the
first one, on the dry part of the surface, is similar to the “dry” mechanism, the second
scenario is definitely pH-dependent due to the presence of a dissociation step. It follows
that in the case of MM adsorption on activated carbons, though the pH dependence is
expected due to the chemistry of adsorbate it cannot be so clearly seen as in the case of
hydrogen sulfide removal [113, 190]. In fact this explains the “scattering” of the
experimental points seen in Figure 37.

The precise expression for MM capacity dependence on the carbon surface pH
can be obtained by solution of the set of equations, describing adsorption-oxidation of
MM from wet air in dynamic conditions. Another goal is an estimation of the pH
threshold value where the sharp change in capacity can occur [113, 190]. From equation
(5.34), the dependence of the predicted capacity on the pH has a step-like shape, which is
in agreement with the experimental data trend. To find a pH range where transition in

capacity may occur, the second term in equation (5.34) has to be analyzed [195].

[CH3S was] = Ks*Ko*K*6y* [CH3SH]/[H'] (5.36)

log ([CH3S as-L]) = log (Ks) + log (K; )+ pK, + log (0w ) + pH + log ((CH3SH])  (5.37)
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Solubility of pure CH3;SH at 25°C in water is 0.813 mol/L [147, 209], which corresponds
to Kg = 9.9 [209]. The distribution coefficient for the ionic form, K; depends on the
interaction of CH3S™ with carbon and should be determined independently as a ratio of
[CH;3S a4s.L] to [CH3S "L]. For the evaluation it was assumed that [CH3S ,45] is not higher
than static anion-exchange capacity of activated carbon, which is determined by the
amount of basic groups on the carbon surface. The amount of basic groups measured by
Boehm method for the carbons studied is in the range of 0.1 to 0.5 mmol/g [43, 113,
191]. For 3,000 ppm of CH3;SH in the gas phase, taking into account solubility constant
and condition for complete dissociation, it follows that [CH3S "] will be not larger than
1.2 mmol/L. Then K; will be in the range from 42 to 208, with average value equal to
125. The constant for MM dissociation in water, K, 1s equal to 5.0%107" [147]. The water
surface coverage was estimated from the amount of water preadsorbed and its cross-
sectional area (10.5 A?). The values of 8y are varied from 0.26 to 0.69 depending on the
type of carbon and the average value is equal to 0.43. Substitution of Ky, K;, K, and Gy

values in equation (5.37) gives:

log ([CH3S ags-1)] =-7.6 + pH + log ([CH3SH,]) (5.38)

By plugging in the above-mentioned constants and the value for [CH3SH,] into
expression (5.37), predicted dependencies between the amount of MM adsorbed and
surface pH were calculated and are presented in Figure 42 [195]. The thick line
represents the process on activated carbon (dissolution, dissociation and adsorption) and

the thin line - the process of oxidation in the volume of water (dissolution, dissociation).
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However the comparison of experimental and calculated results (Figures 37 and 42)

reveals similar trends, there are samples, which have small normalized capacities in spite

of their high pH. This may be related to coexistence of both mechanisms of MM removal,

pH-dependent and pH-independent.
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Figure 42. Predicted dependencies of the amounts of MM adsorbed on the surface pH of
the carbons studied (thick line — dissolution, dissociation, adsorption; thin line —

dissolution, dissociation).

This simplified expression (5.38) suggests that for all carbons with the average

surface pH greater than 7.6, concentration of CH3S™ in the adsorbed state will be equal to

CH3SH in a gas phase (100% dissociation + adsorption), which is required for effective

CH3SH removal. It is about 2.7 pH units less than for simple dissociation in water. These

results support the significance of the activated carbon surface and its effect on

physicochemical processes taking place in the pore system.

Although for most of the carbons studied the pH of the surface is below 7.6
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(Table 1), they still exhibit significant MM capacity values. In this case it should be taken
into consideration that the pH values reported in Table 1 are the ones that are
characteristic for the carbon surface (section 4.2./2) and can deviate from the ones found
inside the carbon pores. Nonetheless, the pH of the BAX carbon is the lowest among the
initial carbons studied and may be just below the threshold value for the effective MM
removal. This could be one of the reasons for the poor performance of this carbon
towards the adsorption of MM.

To explain the influence of iron on the adsorption of CH3SH, its catalytic abilities
have to be explored. It is possible that besides the mechanism described above, the

following reactions promoted by Fe’ occur in the presence of moisture and oxygen form

air [194]:

2 CH;SH > 2 CH;S +2 H' (5.39)
Fe*" + 2CH;S > Fe*" + 2CH;S (5.40)
Fe +0, > Fe + 0, (5.41)
0, +2H" > H,0, (5.42)
2 CH;S - CH;SSCH; (5.43)
2 CH;SH + H,0, > 2 CH;S +2 H,0 (5.44)

As seen from the above reactions, the role of iron is to promote the formation of
very active thiolate radicals and superoxide species. The formation of these species is

likely to occur through the electron transfer mechanism, taking into account the
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conductivity of activated carbons [52, 53]. In such a mechanism the electron is first
transferred from sulfur to iron to form thiolate radicals and then from iron to oxygen to
form superoxide species. As a result the iron sites are reduced from Fe’” to Fe® but are
regenerated after further reexposure to oxygen. Furthermore, very active superoxide
species could participate in the formation of other radicals either in wet or dry
conditions. More so, the formation of hydrogen peroxide is also possible, which can
further react with CH3;SH to form more thiolate radicals.

The schematic representation of this mechanism is shown below.

0, CHSH, CH,SH,

e g

CH;SH, CH;SH,

| oas

H,O H"' ¢ H"’v CH3;SSCH; CH3SSCH;
20; i ) o
CH;S  CH;S H,0 H,0 liquid
Fe’ Fe'* solid

Figure 43. The mechanism of catalytic participation of iron in the process of MM
adsorption/oxidation.

Another element found to catalytically enhance the process of MM
adsorption/oxidation on the activated carbons is nitrogen [192]. Taking into account this
fact and the ability of CH3SH to dissociate the mechanism for MM adsorption/oxidation

on the nitrogen containing carbons is proposed (Figure 44) [192]. Since after high
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temperature treatment the majority of nitrogen is in pyridinic and quaternary
configurations the following mechanism will involve these types of nitrogen. The role of
nitrogen in this mechanism is similar to that of iron and infers the formation of thiolate
radicals and superoxide species. MM is first adsorbed from the gas phase on the carbon
surface, where, due to the presence of the water film, it is dissolved and then, depending
on the pH it can dissociate with the formation of thiolate ions and protons; 2) since the
positively charged quaternary nitrogen enhances the ion-exchange properties of activated
carbons, thiolate ion is adsorbed in the vicinity of the nitrogen center; 3) then nitrogen
accepts an electron from sulfur and transfers it to the oxygen adsorbed on the surface; 4)
as a result, thiolate radicals and superoxides ions O, can be formed with the latter
triggering the formation of hydroxyl radicals; 5) the final step of the oxidation process is
the formation of DMDS and water. All of this should gradually happen in a confined pore
space where the reaction products are stored. The reaction will proceed until all the pores
with positively charged nitrogen centers are filled with the reaction products, and then

only physical adsorption of MM takes place.
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Figure 44. The mechanism of catalytic adsorption/oxidation of MM on nitrogen-
containing carbons [192].
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6. CONCLUSIONS

Results of the present work show the complexity of the MM adsorption/oxidation
process on activated carbons. Each individual activated carbon is unique and has its own
versatile nature that determines its ability to adsorb MM. The driving forces found
responsible for the adsorption/oxidation of MM include: surface chemistry, composition
of inorganic phase, presence of water, pH of the carbon surface, and structural
characteristics.

The chemistry of the carbon surface is very complicated and was found to play a
major role in the process of MM adsorption. Thus, both acidic and basic oxygen-
containing groups are present on the carbon surface but only those of basic nature
(pyrone-type) were found to increase the adsorption of MM. Such basic oxygen-
containing groups affect the dissociation of MM and oxidation of thiolate ions to
disulfides in wet conditions. They may also attract MM via weak acid-base interactions,
which is likely the case in dry conditions.

Besides oxygen, nitrogen is another element present in the form of different
functional groups on the carbon surface. Even though nitrogen is a natural component in
bituminous coal-based carbons, for most of the carbons studied it was introduced by urea
modification and heat treatment. As a result, it is incorporated into the carbon matrix in
pyridine-like and “quaternary” configurations, which raises the basicity of the carbon
surface and elevates its pH. Although this appears to be a very important factor in the
process of MM adsorption/oxidation, the highest catalytic activity is noticed when N/C

ratio for the carbons is equal to 0.02 and the minimum in the band gap occurs.
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The complexity of surface chemistry is also determined by the presence of
inorganic matter, which includes different metals that participate in the adsorption
process. One of these metals, iron, is especially active and catalytically enhances the
adsorption of MM. A good proof for this is a 3.3-fold increase in the MM removal
capacity of the PCB carbon upon introduction of iron into its matrix.

This follows that both nitrogen and iron can play the role of a catalyst in the MM
adsorption process. They will increase the adsorption of MM through the electron
transfer mechanism and the formation of active thiolate radicals and superoxide species.

Another important feature of the carbon surface is the presence of water, which
appears to have a dual role in the process of MM removal. It was found that DMDS,
which is the main product of MM adsorption/oxidation, has to compete with water for the
active adsorption sites on the surface. This phenomenon seems to be especially
reasonable if taking into account the lack of disulfide solubility in water. However, in
competition, DMDS is always the “winner” owing to its stronger adsorption forces. On
the other hand, the formation of significant amount of DMDS is not possible without the
presence of water in the system. Water facilitates dissociation of MM, leading to its
oxidation by oxygen either from air, being chemisorbed on the carbon surface, or as a
part of surface oxygen-containing groups. When water is not in the system, MM
adsorption capacities for the carbons studied were at least twice smaller than those
obtained in wet conditions. More so, the amounts of MM adsorbed are the same when the
tests are run in dry air and dry nitrogen, indicating the lack of participation of oxygen

from air, not chemisorbed or bonded to the surface.
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Despite the importance of the surface chemistry, the process of adsorption cannot
be effective without a developed pore structure where the products of
adsorption/oxidation have to be stored. It was found that the pore volume and pore size
are the critical parameters for the effective adsorption process. The pores of molecular
size are most likely to enhance the amount adsorbed. In such pores the adsorption forces
are stronger and energetic parameters of adsorption, such as characteristic energy of
adsorption and heat of adsorption, are strongly enhanced due to overlapping of the
adsorption potentials. Statistical-molecular calculations confirmed that in an activated
carbon — water — DMDS system under equilibrium conditions, DMDS tends to substitute
for water in the adsorbed state and the highest capacity for DMDS adsorption is found for
microporous carbons.

Due to the presence of water, MM 1is expected to dissociate to thiolate ions and
protons but this process will take place only if the pH of the carbon surface is higher than
pK, of MM. The latter value is reported to be 10.3 suggesting that the dissociative
adsorption of MM may occur only on the very basic carbon surface. To explain the
apparent dependence of MM adsorption capacity on the surface pH, two different
mechanisms of adsorption/oxidation are proposed. In both cases it is assumed that
adsorbed MM reacts with oxygen and is stored as DMDS in the carbon pore system. For
the “dry” mechanism no pH dependence is found due to the lack of water on the surface.
For the “island” mechanism, hyperbolic dependence is found due to coexistence of two
scenarios, one on the dry part of the carbon surface, another inside the water islands. The
pH threshold estimated from the set of equations describing adsorption/oxidation from

wet air in dynamic conditions is found to be 7.6. Even though the surface pH of some of
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the carbons studied is below 7.6, they still exhibit the significant MM capacity values.
This could be explained by different pH values found on the surface and inside the
carbon pores. Still for one carbon, BAX, the pH value is the lowest among the carbons
studied and it might be just below the threshold value needed for the efficient MM
removal.

It was also noticed that after adsorption of MM, the pH of carbon surface
decreases and becomes more acidic. For some carbons the change in pH is 3-5 units,
which could not have resulted just from the formation of DMDS. Even though the only
other product of MM adsorption/oxidation detected by GC/MS is MMTS, the formation
of sulfinic and methane sulfonic acid is also possible. The former one is not stable and is
easily oxidized to sulfonic acid. The latter one is a very strong acid and its effect on the
pH value could be a decrease of more than 3-5 units. However, if sulfonic acid is formed,
it is likely to be adsorbed deep inside the carbon pores from where it is not easily
extractable.

To conclude, it is clear that the adsorption process of MM on activated carbons is
rather complicated and is governed by many carbon features. It is indeed the combination
of surface basicity, oxygen, catalytically active metals, water, and developed

microporosity that leads to the effective adsorption process.
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8. APPLIED IMPACT

The description of the mechanism of MM adsorption/oxidation on activated
carbons along with identifying the important features of carbon adsorbents will find the
direct application in controlling natural and industrial processes where sulfur derivatives
are present.

Some of the possible applications include:

e Pulp mills

e Food processing plants
e Livestock feedlots

e Municipal landfills

e Petroleum refineries

o Sewage treatment plants
o Plastics industry.

Nowadays much research is done in the area of fuel cells, which are expected to
play a major role in the nation's energy future. One of the energy sources used in fuel
cells for power generation is natural gas. It is clean, safe, and the most useful of all
energy sources. However, it contains naturally occurring reduced sulfur compounds such
as hydrogen sulfide, mercaptans and thiophenes, which due to their ability to poison the
catalyst are detrimental to subsystems within the fuel processor and to the fuel cell stacks.
Therefore, this research appears to be very useful in trying to remove these sulfur

compounds prior to the fuel reforming operation.
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