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were further enhanced by chemical modifications, of which nitration was the most beneficial for
adsorption properties. Investigation of nitrated asphaltenes interaction with VOCs molecules
revealed that the adsorption mechanism was driven by both physisorption and chemisorption. The
strength of interactions with VOCs exceeds values reported for standard adsorbents. Fixed-bed
adsorption studies revealed that facile coating of nitrated asphaltenes can significantly enhance
adsorption capacity of a support material. Multiple adsorption-desorption cycles confirmed the
durability of chemical modification and thermal resistance of asphaltene-based adsorbent. Utilization
of asphaltenes and low cost supports, easily available in the target destination (e.g. diatomaceous
earth or clays) can be an effective procedure for risk mitigation of hazardous VOCs, accompanied by
effective waste management and low-value materials valorization.
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Abstract

Adsorption-based gas separation and purification have found widespread application in various
industries, laboratories and environmental protection systems. Effectiveness of this techniques relies
on the adsorbents — solid materials that selectively interact with molecules in a gas phase.

This dissertation presents results of the experimental research on asphaltene-based adsorbents
for gas-solid adsorption systems, with special reference to volatile organic compounds (VOCs)
removal from waste gas streams. Adsorbents were prepared by coating of a porous support material
(surface area provider) with asphaltenes (adsorption active layer).

Thorough analysis of gas adsorption properties revealed that asphaltenes isolated from oxidized
bitumen have strong affinity toward VOCs. Interactions with target gas molecules, and selectivity
were further enhanced by chemical modifications. Out of numerous chemical modifications
examined, nitration was the most beneficial for adsorption properties (e.g. adsorption capacity).
Detailed analysis of nitrated asphaltenes interaction with VOCs molecules revealed that the
adsorption mechanism was driven by both physisorption and chemisorption. The strength of
interactions with VOCs exceeds values reported for standard adsorbents, e.g. activated carbons.

Fixed-bed adsorption studies revealed that facile coating of nitrated asphaltenes can significantly
enhance adsorption capacity of a support material. Multiple adsorption-desorption cycles confirmed
the durability of chemical modification and thermal resistance of asphaltene-based adsorbent.
Utilization of asphaltenes (considered a waste material in petroleum industry) and low-cost supports,
easily available in the target destination (e.g. diatomaceous earth or clays) can be an effective
procedure for risk mitigation of hazardous VOCs, accompanied by effective waste management and

low-value materials valorisation.
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l. Introduction

The industrial development and economic growth critically depends on processes that deliver
pure chemicals. Thus, gas separation and purification is indispensable, both in industrial and
laboratory practice, and it contributes to a significant part of capital and operating costs of a given
process and/or product [1,2].

Production of chemical compounds is the second largest sector of manufacturing, and estimates
predict that it will triple by the end of 2050, as compared to 2010 [3]. Currently there are ca. 350 000
chemicals on the market, with novel one being constantly produced - almost 70 000 was registered in
the last decade [4].

Mass production of targeted chemicals and their further processing has however a flipside. It
produces unintended by-products, impurities and wastes that are emitted as liquid or gases [5].
Recent analyses suggest that chemical pollution has passed safe limit for natural environment [6].
The anthropogenic pollution can be found from the summit of Himalayans [7] to the deepest oceans
[8]. Production and releases of hazardous chemicals are a threat to biological processes fundamental
for all life. For examples, common gaseous pollutants like volatile organic compounds (VOCs), ozone
or NOx can reduce by 80% the ability of insects to pollinate flowers and crops [9,10].

Growing public awareness of environmental pollution forced an introduction of stronger
regulation to timid and control emission of hazardous gases, as well as made the environment
preservation an imperative for authorities [11]. On the other hand, it was realized by companies that
pro-environmental approach can increase their profits [12—-14].

Unfortunately, current regulation system is good for tackling well-defined threats like
chlorofluorocarbons destroying ozone layer or CO, contributing to greenhouse effect. The galloping
increase in production of common and novel chemicals exceed the ability of authorities and science
to investigate and control their impact on natural environment and human health [15,16].

VOCs constitute a major group of hazardous chemicals and air pollutants emitted from industrial,
agricultural and municipal sources [17]. Compounds of this group are defined as organic compounds
having vapour pressure at least 0.01 kPa at standard conditions [18]. They can be present in the
environment as gaseous airborne or adsorbed on solid (indoor surfaces, airborne particular matter)
chemicals [19,20]. Noxious character of some VOCs is well-know and confirmed e.g. toxic effects, or
participation in atmospheric photochemical reactions [21,22]. Extended exposure to VOCs is
associated with increased risk of mutagenicity and carcinogenicity [23]. Apart from the adverse
health effects, VOCs are also responsible for excessive odour emission and odour nuisance for
residents, that affects directly the quality and comfort of life, even at very low concentrations - some

VOCs (e.g. dimethyl sulphide or methyl mercaptan) have extremely low odour threshold value (below
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ppb levels) [24,25]. The problem of VOCs emission is made even greater by the fact that many of
them are emerging pollutants with vague hazardousness and without proper long-term risk
assessment [15]. Additionally, even if toxic effect of individual VOC can be low, the aggregate effect
may be significant. Due to lack of scientific certainty in this regards, a fair amount of precaution is
required.

Measures undertaken to control emission of VOCs fall into two categories: process integrated
and end-of-pipe solution. Process integrated actions are connected with process improvement,
modernization and recycling aimed at preventing the production of hazardous wastes in the first
place. However, this approach is significantly limited by technology and cost - replacement of
traditional technologies is very difficult due to large-scale production. End-of-pipe solutions are
usually separate stages in relation to the industrial processes, and are focused on removal of
hazardous chemicals from waste streams [26-28].

End-of-pipe technologies used for reduction of VOCs emission can be based on their destruction
or recovery. First group typically include different oxidation techniques, which at the cost of high
energy consumption, decompose VOCs to CO; and H,0O. With destructive methods, problem of air
pollution is however only partially solved because CO; is produced, as well some other secondary
pollutants e.g. NOy, Oz or organic aerosols [29,30]. Second group, consist of methods used for
selective separation and recovery of VOCs e.g. absorption, condensation, membrane separation or
adsorption. These methods are generally viewed as more environmentally friendly, and more

economical [19,31]. Figure 1 compiles various techniques for control of VOCs emission.

VOCS EMISSION CONTROL
METHODS
Process integrated End-of-pipe
) Opt|m|zat.\0n Madification Substitution )
Recycling of operating . . Recovery Destruction
L of equipment of materials
conditions
. . . Membrane N - .
Absorption Adsorption Condensation . Oxidation Bio-filtration
separation
Thermal Catalytic Ozone Photocatalytic Plasma

Figure 1. Methods for emission control of VOCs.
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Among techniques presented in the Figure 1, adsorption has proved to be an effective method
for VOCs abatement [32]. Adsorption in based on solid materials known as adsorbents to selectively
interact with VOCs and separate them from gas streams. In typical gas purification applications,
targeted molecules are concentrated on the surface of adsorbent until its capacity will be exceeded,
or it will be recovered by thermal or vacuum methods. The possibility to reuse, both the adsorbent
and separated VOCs, make adsorption economically viable strategy for VOCs emission control [32—
34].

The key factor in adsorption technology are adsorbents. Adsorbent characteristic will determine
the separation efficiency, investment and operating cost, as well as safety. Thus, finding or designing
the material with optimal adsorption properties is crucial for successful commercial application
[33,35,36]. Recently, a growing interest in adsorbents derived from wastes or solid industrial by-
products is observed [37-39]. Such approach has a potential to tackle the problem of solid and
gaseous wastes at once, addressing the challenges of climate change, biodiversity loss, waste
production and pollution — it can be viewed as a combination of process integrated and end-of-pipe

strategies.
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II.  Aims and objectives

The aim of this dissertation was to develop asphaltene-based adsorbent for adsorption
separation processes, with special focus on waste gas treatment and removal of VOCs. Strictly
speaking, two aspects were investigated: interactions between VOCs molecules and asphaltenes in
the gas-solid systems, and adsorption equilibrium data (adsorption isotherms and breakthrough
curves) analysis for representative VOCs.

The objectives of this work are to:

e [solate high-purity asphaltenes from bitumen penetration grade 20/30.

e Modify isolated asphaltenes with different organic functionalities, investigate their effect
on adsorbate-adsorbent interactions, and select the most promising material for
comprehensive evaluation of adsorption potential.

e Characterize selected, modified asphaltenes surface properties and adsorption potential.

e Determine the VOCs uptake capabilities of modified asphaltene-based adsorbent.

11
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[Il.  Literature review

1. Adsorption

Adsorption is a phenomenon that occurs when molecules (adsorbate) present in a fluid are
concentrated on a surface of a solid (adsorbent). Opposite phenomenon is called desorption, i.e. the
adsorbate is released back to bulk phase. When the system is in equilibrium, adsorption and
desorption rates are equal. Adsorption takes place spontaneously and to some extent on virtually
any solid material - however, preferably on materials having molecular interactions with adsorbate
and porous structure that provides high surface area. If the adsorption is accompanied by
a dissolution in an adsorbent (absorption) the general term sorption is used [34]. The extent of
adsorption is dependent on the nature of adsorbent, adsorbate and bulk phase. Figure 2 presents

factors affecting adsorption in gas-solid systems.

Gas phase

* temperature

* pressure

s humidity

* competitive molecules

N /A

Adsorbate

 physicochemical
properties (e.g. boiling

Adsorbent

e surface area

® porosity

» surface chemistry point)

* concentration

Figure 2. Factors affecting the adsorption process.

1.1 Classification of adsorption

Adsorption process can be divided into a sequence of steps including: (1) diffusion of an
adsorbate from a bulk of a fluid to a vicinity of an interface with a solid surface, (2) diffusion of an

adsorbate through a stationary fluid film (boundary layer) surrounding an adsorbent’s surface, (3)

12
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diffusion through pores (intraparticle diffusion) to adsorption sites and (4) adsorption of an
adsorbate molecules on adsorption sites [40].

Two distinctive types of adsorption (fourth step) can be identified: physisorption and
chemisorption. Physisorption is based on relatively weak van der Waals forces. Its specificity is low,
but molecules can adsorb in multilayers. Enthalpy of adsorption accompanying physisorption is in the
range of 10-40 k] mol? — close to enthalpy of condensation. The advantage of weak adsorbat-
adsorbent interactions is full reversibility of the adsorption, and lower energy consumption required
for regeneration of adsorbent. The process is exothermic in nature, thus its magnitude is significant
at relatively low temperature — the increase of temperature negatively affects adsorption [40—42].

Chemisorption involves transfer of electrons between molecules of adsorbate and adsorbent.
Thus the strength of interaction close to the chemical bonding range, and enthalpy of adsorption
oscillates in the range of 20-400 kJ mol™?. Distinctive feature of chemisorption is that adsorbate
molecules can bind only to specific active centres on the surface of the adsorbent. High specificity
entails formation of maximum monolayer of adsorbate. The process can be both endothermic or
exothermic. Because substantial amount of energy is required to activate chemisorption,
temperature affects it positively (to some extent). Very strong adsorbate-adsorbent interactions
makes it an irreversible process — in the sense that desorbed molecules differ from the adsorbed

ones [34,43,44]. Table 1 compares both types of adsorption.

Table 1. Differences between physisorption and chemisorption.

Feature Physisorption Chemisorption
bonding forces van der Waals chemical bonding (transfer of
electrons)
heat effect exothermic endothermic or exothermic
effect of temperature * negative ¢ positive (to some extent —
e significant at relatively low | activated adsorption)
temperatures * possible over a wide range of
temperatures
change of enthalpy / kI mol? | 10 -40 20-400
reversibility reversible irreversible (desorbed

compound  different  from
adsorbed one)

surface coverage complete (up to multilayer) incomplete (up to monolayer)
specificity low high
activation energy small / none large

Chemisorption is favoured in catalytic processes, while physisorption everywhere where is

demand for high adsorption capacity, recovery of adsorbate and easy regeneration of adsorbent (e.g.

13


http://mostwiedzy.pl

A\ MOST

gas purification and/or storage, waste gas treatment, or analytical separations). Although the
distinction between both types of adsorption is quite clear it is possible for both to occur
simultaneously (to the benefit of overall process) [45].

Surface of macropores behaves similarly to flat surface and physisorption occurs with formation
of mono and multilayers. In mesopores adsorption proceed via multilayer formation, up to the point
where enhanced van der Waals interactions, between molecules in the confined space of mesopore
induce condensation, and filling of the mesopore volume. In micropores, with width close to
molecular dimension of adsorptive, the adsorption potential of pore walls overlap, which result in
instant micropore filling, without differentiation on mono and multilayer formation. Out of whole
porous network, filling of micropores occurs in the first place, at relatively low partial pressures.
Capacity of micropores depends on the experimental conditions i.e. molecular size of adsorptive
molecule and its accessibility to the pore (it can be negligible as in molecular sieves). More detailed
description of physisorption mechanism can be found in books [46—48], and citations therein.

Adsorption data are presented in form of adsorption isotherms, as the amount adsorbed per
gram of outgassed adsorbent (preferably in mol g), in relation to the equilibrium relative pressure
(p/p°), i.e. concentration of this substance in the gas phase, where p° is the saturation pressure at the

temperature of measurement.

1.2. Adsorbents

Adsorption is a general process and takes place whenever adsorptive molecule is in contact with
a surface —thus, virtually any solid is an adsorbent. However, to apply adsorption as a separation unit
operation in industry, adsorbent must have certain attributes.

Effective adsorbent is usually thought of as the one with high adsorption capacity, high
selectivity, good kinetics, stable physicochemical structure, that is easy to regenerate and reuse,
cheap and will generate minimal waste when disposed [40,47]. Moreover, every different application
will have its own prerequisites and constrains placed on the adsorbent.

High adsorption capacity (amount of adsorbate adsorbed per unit mass of adsorbent) is the most
important property of an adsorbent. It sets limits to the amount of adsorbent required, which in turn
dictates the volume of vessels — both are crucial for capital cost of an adsorption unit. Surface area,
pore size, and volume intuitively correlates with adsorption capacity, but the exact dependence may
be more subtle, e.g. not all pores may be accessible for adsorptive molecules. Nevertheless, solids

with extended porous network and developed surface area are sought after [49,50].
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Selectivity of an adsorbent can be driven by chemical structure (specific interactions with
adsorbate) or porous structure. To a great extent, pore size distribution of an adsorbent controls the
diffusion of particles and mass transfer kinetics. Dimension of pores set steric restriction on diffusion
of adsorptive molecules, limiting their access to them [51,52]. Importance of kinetics is most clearly
seen in separation of nitrogen from air using carbon molecular sieves — the effectiveness of this
separations is in the difference between diffusion rates of oxygen and nitrogen molecules [53].
Figure 3 presents pore width of some common adsorbents along with molecular size of selected

molecules.
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Figure 3. Pore size of typical adsorbents and effective sizes of common molecules.

Favourable kinetics is not only desirable for selectivity, but also for general efficiency of the
process. Good kinetics yields a sharp breakthrough curves in fixed bed adsorption system and leads
to efficient utilization of adsorbent, and short adsorption cycle time. Slow kinetic may be overcome
by extending contact time inside adsorption unit, but it reduces the throughput [54-56].

Economic feasibility of adsorption process rely greatly on regenerability, and possibility of

adsorbent operation in sequential cycles. Adsorbents can be regenerated by different methods e.g.

15
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temperature or pressure swing [57]. Regardless of method, regeneration decrease the available
adsorption capacity [57,58]. Moreover, adsorbent is subjected to other, chemical and physical,
factors that can reduce its life-time, e.g. moisture [59]. To operate adsorbent over hundreds of
cycles, with reproducible performance, it has to have robust and stable physicochemical structure
[60]. Nevertheless, sooner or later, the adsorbent will be depleted and it will have to be disposed.
Thus, ease and cost of waste adsorbent management and disposal have to be considered.

There is no single adsorbent that fulfils all requirements mentioned above, and very few that will
be optimal. Moreover, industrial development is expanding the number of possible adsorption
applications, each with its own priorities regarding adsorbent properties. To meet demands,
researchers are constantly investigating new materials with improved adsorption performance.

A brief description of available types of adsorbents is presented in the following part of the text.

Zeolites

Zeolites are microporous aluminosilicates with crystalline structure, found in natural deposits or
synthesized in laboratories. Reader interested in zeolite synthesis will find different publications
reviewing available methods, e.g. [61-67],but book [68] is especially recommended.

The zeolite framework is composed of SiOs* and AlO4> tetrahedra, arranged in a regular
three-dimensional crystalline framework [63,68]. Atomic ratio of Si/Al is always above 1, and can be
varied which affects the hydrophobicity/hydrophilicity of the material. Low silica zeolites very
strongly interacts with polar molecules, while high-silica zeolites are nonpolar adsorbents [69].

The zeolite framework has a regular structure of cages, interconnected by windows of definite
size — typically in the range of 3 —12 A. Presence of aluminium atoms produces a negative framework
charge, that is balanced by alkali and/or earth-alkali cations [70]. Due to their distinctive
characteristic, zeolites have found widespread application in industrial separation and catalysis [71]
for treatment of natural gas [72], gas production and purification (especially dehydration) [73,74], for
production of speciality and fine chemicals [75], as well as for gasoline production (catalytic cracking
of gas oil) [76]. Zeolites are also utilized in the field of environmental protection. The subject of
zeolites applications have been covered in numerous reviews and books [77].

Behind the excellent separation selectivity and adsorption capacity of zeolites are their high
surface area, large pore volume, and precisely defined pore size. Unimodal distribution of pores size
gives zeolites a molecular sieving properties, thus they are also called molecular sieves. Cages of
zeolites can host a large number of molecules, which are selected based on their shape and size with

respect to the size of window aperture [70,78]. It is worth mentioning, that molecular sieving
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mechanism is temperature dependent, i.e. for some molecules it occurs only at specific temperatures
[33,79].

Aperture size is controlled by the number, type and distribution of cations [68,70]. Because they
are loosely connected to the framework, they can be easily exchanged to other cations, yielding
molecular sieves with tuned selectivity. For example type 4A zeolite is synthesized in the sodium
form with effective aperture of 3.8 A, but after ion-exchange with K* a type 3A (aperture size 3.0 A) is
obtained. Type 3A zeolite is used for selective dehydration of gases and alcohols. It admits almost
exclusively water molecules, and excludes all hydrocarbons, and essentially all permanent gases
(except ammonia). Type 5A zeolite is produced by Na* exchange (in type 4A) to Ca?* or Mg?*. As a
result aperture size is increased to 4.3 A, because two Na* cations are exchanged to one divalent ion.
This type of zeolite is commercially used for separation of paraffins, iso-paraffins and cyclic
hydrocarbons — the cages of type 5A zeolite are accessible only to linear paraffins [33]. Apart from
molecular sieving, zeolites can separate molecules by kinetic mechanism (differences in diffusivities)
[80,81].

Recent example of tuning zeolites selectivity by cation exchange are so-called trapdoor zeolites.
The exchanged cation is large enough to block the access to cavities to any molecule, below a specific
critical temperature — above it the cation deviates from its original position in the aperture of
window, and the access to the cavity is not restricted by it [82,83]. Such zeolites have a remarkably
low BET surface area measured at cryogenic conditions. The optimal type of cations and composition
range of zeolite for trapdoor effect was discussed in [83].

Trapdoor zeolites can ensure exclusive admission of a specific molecules to the cavity of zeolite
based on a subtle difference in interaction with cation residing at window aperture. At a specific
temperature, a guest molecule can induce temporary and reversible cation deviation from aperture,
opening the access to the cavity. This new separation mechanism is independent of the molecule
size. For example on chabazite zeolite exchanged with Cs* a preferable admission of larger CO
molecule over smaller N, was observed [84]. Trapdoor zeolite was reported as efficient adsorbent for
other difficult separation, e.g. for separation of hydrogen isotopologues at mild temperature

conditions [85].

Activated carbons

Activated carbon (AC) is collect term for an amorphous, non-graphitized carbonaceous material,
with high porosity and surface area. BET surface areas of ACs can reach up to few thousand square
meters per gram [33]. Its excellent adsorption properties have been recognized since long time ago,

and ACs are widely used for adsorption, in both gas-solid and liquid-solid systems [86].
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Rapid development of modern society, and fast growing production caused increased pollution.
Stricter regulations about water and air control, or recovery of valued chemicals demanded a proper
separation and purification technologies. Adsorption with activated carbon turned out to be a robust
and efficient solution. To this day ACs are a gold standard adsorbent [87]. The summary of current
applications employing AC adsorbents can be found in [37,88,89].

AC is produced in two step process. Firstly, the precursor is carbonized to remove volatile matter,
and increase carbon content [90]. As precursor, carbonaceous materials are used e.g. wood, peat,
husks, fruit shells, bones, industrial biomass, petroleum coke [88]. Possibility of AC production from
agricultural and industrial wastes have significantly increased the scientific interest [91,92].

Carbonization alone, is not enough to develop satisfactory porosity. Additionally, pores are filled
with pyrolysis residues. Thus, as prepared char requires additional step i.e. activation — physical or
chemical. Physical activation involves gasification of the carbonized precursor with mild oxidizing
gases e.g. CO, or steam, at high temperatures (ca. 800-1000 °C). Chemical activation does not require
separate carbonization step - the precursor is mixed with activators and thermally treated at
temperatures ranging from 400 to 1000 °C. Comprehensive reviews about ACs production are
available elsewhere [88,93-96].

Porosity and pore size distribution are ultimate factors shaping the excellent adsorption capacity
of ACs. The structure is hierarchical with macro, meso and micropores present — smaller pores are
branching off from bigger ones. Most of the total pore volume is located within micro and
mesopores, which are responsible for outstanding capacity of ACs [33]. Nevertheless, macropores
are necessary for fast mass transfer of adsorptive, from bulk phase to the surface of AC [97]. The
fraction of given type of pores can be controlled by precursor, carbonization and activation
parameters, and tailored for specific applications [98,99].

Surface chemistry of activated carbons have been a subject of multiple studies [100-107].
Heteroatoms within AC network are typically oxygen and hydrogen, and are arranged in functional
groups with character similar to functional groups typical for aromatic compounds [108]. For as
synthesized AC their amount relatively small and set nonpolar (or slightly polar) character to the
surface. It has important practical implications. AC is one of the few adsorbents that does not require
moisture removal from feed stream. Although nonpolar molecules bind stronger and preferably to
the surface of AC, it cannot be viewed as hydrophobic adsorbent [109]. Additionally, nonpolar
surface is capable of only weak van der Waals interactions with adsorbate, which can be relatively
easily broken. This ensures facile regeneration and reuse of AC in cyclic processes [33,110].

Surface functional groups affects significantly only adsorption of polar molecules with strong,
and permanent dipole moments. To enhance specific interactions ACs are subjected to chemical

modifications. Oxidation is an example of chemical treatment used to tailor ACs adsorption
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properties. Incorporation of oxygen containing functional groups change the character of the surface
to hydrophilic, and enhance interactions with polar molecules — opposite effect can be achieved by
thermal desorption of oxygen containing groups. Another example are nitrogen-enriched ACs,
manufactured for the purpose of CO, adsorption. The modification of surface chemistry of ACs has
been a subject of long-standing scientific interest, and numerous reviews are available, e.g. [111-

114].

Carbon molecular sieves

Carbon molecular sieves (CMSs) are a subgroup of activated carbon, with purely microporous
structure [33,115]. Narrow pore size distribution enables a separation mechanism based primarily on
kinetics, rather than thermodynamic [116,117]. Similarly to zeolites, CMSs exhibit molecular sieving
effect, and can selectively separate molecules based on differences in shape, size or diffusion rate
[118]. The advantage over zeolites is that CMSs are less hydrophilic and can be used with wet-gas
streams. On the other hand, engineering desired pore size in CMS is more challenging and the
structure is less defined.

Due to its favourable selectivity of O,/N,, N2/CH4 or CO,/CH4, CMSs are used for production of
nitrogen [115], and are attracting attention for e.g. methane upgrading [117,119], or
propylene/propane separation [120,121]. The selectivity can be further enhanced by chemical
modifications e.g. impregnation [117,122].

CMSs are manufactured by a similar method as ACs. The precursor used in the process can be
biomass or coal [123]. Because carbonized precursor has a complex pore network and wide pore size
distribution, it lacks appropriate selectivity [116]. Pore size (and selectivity) can be tuned in two
ways: 1) controlled carbonization [124-126], and 2) chemical vapour deposition (CVD) [118].

In industrial practice, pore size of CMSs is controlled by CVD of hydrocarbons on the surface of
carbonized precursor, in order to modify the available porosity. The deposition of hydrocarbons
occurs at the entrance to pores, limiting their width to match the size of desired adsorbate. The
pyrolytic carbon is obtained by thermal cracking of deposited hydrocarbons under an inert

atmosphere [116,118,121]. A literature review on preparation of CMSs is presented in [123].

Metal-organic frameworks

Metal-organic frameworks (MOFs) are an emerging class of crystalline porous materials, with
ultrahigh porosity and very low density. Constructed with the use of coordination chemistry,

framework of MOF is composed of metal ion (or cluster of ions) and organic ligands (linkers). Final
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structures inherits properties of both, inorganic and organic, building blocks, yielding materials with
multifunctional characteristic. In combination with modular nature of MOFs, it produces a versatile
and tunable material (with over 1000 experimentally known types) that is considered in the context
of various applications. The interest in MOFs is further boosted by high crystallinity, which greatly
simplify structural characterization, and predicting (or explaining) their properties, as well as by
diverse functional groups on their frameworks that can be easily modified [127,128].

The most unique property of MOFs is exceptionally high porosity (up to 90 %) and surface area,
that can be finely tuned by appropriate selection of building blocks - generally MOFs pore size
distribution is within micropore range (from several angstroms to several nanometres) [129,130].
MOFs are among materials with the most developed surface area known. Samples with BET surface
area as high as 7000 m? g were successfully synthesized, and theoretically achievable values are
close to 15 000 m? g [131]. This naturally predestine MOFs for catalysis, gas storage and separation
[132]. Also, adsorptive removal of hazardous materials from the environment have received a great
deal of attention recently [133].

On the other hand, the biggest uniqueness of MOFs may be problematic in some applications -
very narrow pores limits mass transfer and diffusion of molecules. To ensure better accessibility to
pores, synthesis of mesoporous MOFs is under investigation [134]. Another practical limitation is
their fragileness. Functional groups on the organic ligands are susceptible to elevated temperature or
microwave radiation (often employed in synthesis), on the other hand MOFs synthesised at mild
conditions are rarely chemically and thermally stable [135,136]. Last but not least, satisfactory water
stability of MOFs is a major challenge - most of them are water-labile to some extent. It is probably
the most problematic characteristic of MOFs, in regard to their future applications [137-139].

MOFs are viewed as materials capable of revolutionizing almost any area of life, thus they are
extensively investigated. Comprehensive description is out of scope of this thesis, but more
information can be easily found in many review articles that have been published, e.g. [128,132—

139].

Alumina

Activated alumina is an adsorbent obtained by thermal dehydration of aluminium trihydrate or
gibbsite. The final structure is composed of Al* and O% ions bonded in tetrahedral or octahedral
coordination. Its physicochemical properties depends on the temperature, heating rate and
atmosphere during production. The most popular form of alumina, used for adsorption and catalysis,

is y-alumina. It is the best known for its ultimate water adsorption capacity, being higher than in
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zeolites, thus it is commonly applied as desiccant. Apart from that, it is used for removal of acidic
gases from hydrocarbons, or for adsorption of polar compounds [33,140].

As mentioned above, textural properties depend on synthesis parameters [47]. The surface area
is in the range ca. 200 — 500 m? g. Random grouping of alumina oxides and hydroxides within
alumina lattice creates a variety of micro and mesopores, with the pore size distribution in the range
ca. 2 -6 nm [33,141].

Surface of activated alumina contains both, basic and acidic sites. Besides, it can interact via
multiple types of interactions e.g hydrogen bonding, van der Waals or dipole-dipole. Moreover,
chemisorption was also observed. Acidity of alumina surface is its most distinctive property. Electron
acceptor properties are provided by aluminium atoms [141,142]. In case of hydrated surface,
Brgoensted acid sites are present, due to -OH groups. Acidity of the activated alumina surface can be

controlled by treatment with acids [143].

Silica gel and Mobile Composition Matter (MCM)

Silica gels are amorphous, mesoporous adsorbents with pores larger than 2 nm. Generally, they
are fabricated by polymerization of silicic acid, aggregation of colloidal silica, or sol-gel processing of
silicon alkoxides. Adsorbent with different properties can be prepared, depending on synthesis
parameters [33]. Silica gels are recognized as excellent desiccants [144]. They have the highest
capacity for water among industrially relevant adsorbents, and are easy to regenerate (at ca. 150 °C,
compared to 350 °C for zeolites), as they form relatively weak bonds with water [145,146].

Surface chemistry of silica gel is dominated by abundant hydroxyl groups, which participate in
adsorption of molecules — hydrogen bonding is the most important type of interaction [147,148].
Presence of hydroxyl groups make them especially susceptible to chemical modifications, e.g. by
reacting with organic ligands [149-152]. This feature is widely used for separation in liquid
chromatography [153,154].

A more recent and promising type of silica adsorbents are MCM-type materials. It is a type of
ordered mesoporous silicate prepared by hydrothermal process in presence of surfactant templates.
MCM adsorbents gained attention because of its simple structure, ease of synthesis and feasible
tailoring of its porosity and surface properties. The distinctive feature is its large uniform pore
structure and very large pore volume. The pore size can be controlled in the range of 2 — 10 nm. In
gas phase applications, MCM adsorbents are tested for adsorption of CO,, CHa, H,S, SO, Ha, or VOCs.
Recent progress in the adsorption of gas compounds was summarized in [155,156]. Different aspects

of MCM-type materials have been reviewed and discussed extensively in [33,157-159].
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Low-cost natural and waste-derived adsorbents

Increased production and consumption have emphasized issues of pollution and waste
management. The broadness of the chemical pollution problem, has made it difficult to tackle theses
global challenges with traditional or specialized (e.g. MOFs, CMSs) adsorbents, due to their
specificity, selectivity, availability and/or price.

As it was mentioned before, adsorption occurs on virtually any surface, thus almost anything can
be an adsorbent. Additionally, adsorption is versatile and robust technology, and there are “almost
no limitations” to what can be put inside the adsorption column. This is provoking scientist to seek
for low-cost alternatives of traditional adsorbents. As a low-cost alternative, a material that is readily
available, requires little processing, and/or is by-product or waste material from another industry or
agricultural activity, can be viewed. Apart from tackling problem of chemical pollution, such
approach fits to the concept of circular economy, through effective waste management and
valorisation. Natural materials that are cheap and abundant in nature can also be considered
low-cost adsorbents.

Two strategies are observed in the scientific literature: 1) synthesis of traditional adsorbents
e.g. ACs, zeolites, mesoporous silicas, from waste materials [160-167], 2) direct application of waste
or natural materials for adsorption [168—-172].

A considerable research interest is directed toward synthesis of ACs from alternative feedstocks,
because it has become a standard adsorbent for remediation of municipal and industrial waste
streams. Currently, ACs are obtained mostly by carbonization and activation of wood, anthracite and
bituminous coal, lignite, peat, coconut shell, olive stones and almond shells — the last three can be
considered a waste or by-product. Given the fact, that many industrial and agricultural wastes have a
high carbon content, they can undergo controlled carbonization and activation, yielding AC as well. It
may be especially interesting in the context of wastes that pose disposal problems due to their bulk
volume, toxicity, or physical nature (e.g. petroleum wastes, old tires, rice hulls). Other alternative
feedstocks include, e.g.: bark, sawdust, lignin, petroleum wastes, fly ash, chitosan, bagasse, seaweed,
dead biomass, and many more. Produced ACs usually matches their traditional counterparts, in
terms of adsorption properties. The literature on this subject has been discussed extensively in
review papers, e.g. [93,95,173-176]

“Low-cost” of ACs from alternative feedstocks is significantly inflated by processing. The
feedstock requires careful pre-treatment prior to carbonization and activation, that consumes
significant amounts of energy. Additionally, any alterations in physicochemical properties of the

feedstock, will require appropriate process parameters adjustment, to produce adsorbent with

22


http://mostwiedzy.pl

A\ MOST

reproducible characteristic. Thus, this strategy may be viewed more as a viable waste management,
rather than a low-cost production of ACs.

In recent developments, researchers have succeeded in synthesizing other types of adsorbents
from different types of waste materials, e.g. zeolites from fly ash [166,167], aluminium solid wastes
[164], municipal glass [163], or mesoporous silica from rice husk ash [162], banana peel ash [161], fly
ash [160]. Recent findings about zeolite synthesis from industrial and hazardous wastes were
summarized in [165,177]

Second mentioned strategy, provide that natural or waste materials are directly applied as
adsorbents — without significant transformation. For example fly ash was utilized as low-cost
adsorbent for adsorption of SO4, NOy, VOCs, or mercury removal from flue gases [172]. The problem
of greenhouse gas CO;, emission, was tackled by adsorption with CaO recovered from eggshell [178],
carbide slag [171], or paper mill wastes [170].

Similar effort are made toward application of low-cost materials that are abundant in nature.
Clay minerals are probably the most explored materials, due to their layered structure, high ratio of
surface to volume, and both, chemical and mechanical stability [179,180]. A comprehensive review
of clay minerals application in adsorption from gaseous phase was presented in [169]. Diatomite is an
example of naturally occurring mesoporous silica, used for adsorption of various hazardous
compounds from gas phase, either in natural form, after modification [168,181,182] or as a part of
composite adsorbent [183,184].

Low-cost adsorbents (natural or waste-derived) usually have lower adsorption capacity
compared to their “lab-engineered” equivalents (ACs, zeolite, etc.) [87,185]. However, even if inferior
in terms of adsorption capacity, they can potentially be feasible for adsorption, due to their
abundance and cost effectiveness. Moreover, a viable procedures of chemical and/or physical

modifications are available to help overcome this drawback (at least to some extent).

1.3. Modification of adsorbents

Application of a given adsorbent may be limited because of its lack of selectivity, low adsorption
capacity, and susceptibility to temperature, humidity or chemical factors [186-188]. Modification of
the surface properties is viewed as a valuable approach for overcoming shortcomings of the
adsorbent, and extending its applicability [189,190].

Surface modification is the process of tailoring physical and/or chemical characteristic of
adsorbent, in order to meet specific adsorption system requirements, and can be carried out by

different methods. As a result of modification, textural properties and/or surface chemistry of
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adsorbent is altered in order to enhance selective affinity to targeted molecules and/or increase
adsorbent adsorption capacity [111,191-193].

Modifications of adsorbents can be classified into physical and chemical. Physical modification
usually introduces alteration to textural characteristic of the adsorbent. The most typical example is
the activation of a char using oxidizing gases such as CO; [194], steam [195] or air [196], in
combination with high temperature. Such process creates new micropores and expands the existing
ones, by reaction of gas molecules with carbon atoms of the char. Enlarged surface area has a direct
reflection in increased adsorption capacity. Moreover, physical modification with oxidizing gases may
introduce new oxygen containing surface groups, that will increase polarity of the surface and favour
adsorption of e.g. polar VOCs [192].

By substituting oxidizing gas to inert, heat treatment can be used for selective removal of surface
acidic functionalities - majority of oxygen containing functional groups decompose at temperatures
up to 1000 °C. For carbonaceous adsorbents such process increase basicity and hydrophobicity of the
surface [197]. For zeolites, post-synthetic thermal modification may be used to tailor the transport
properties within pores [198].

Second type of modifications, i.e. chemical, change the type and quantity of surface functional
groups, enhancing the interaction between target molecules and adsorbents surface. Functional
groups of chemical agents can be attached to surface of adsorbent in two ways: 1) by grafting or
impregnation. Grafting involves formation of new bonds between chemical agent and adsorbent
surface, while impregnation deposits chemical agents on the surface via physical interactions [111].
Advantage of grafting is that it is more thermally stable, but the amount of chemical agent grafted on
the surface is limited, compared do impregnation [199]. However, impregnation is the simplest
method for adding new functionalities to the adsorbent surface (chemical agent dissolved in a
volatile solvent is contacted with adsorbent, followed by solvent evaporation) [199]. It should be
noted, that addition of functional groups can reduce the accessible pore volume of an adsorbent
[200].

Regardless of the method, chemical modification aims at introducing specific functional groups,
usually containing heteroatoms, that will interact selectively with targeted molecules. Typically,
these are oxygen and nitrogen, containing functional groups, metal/metal oxides, and hydrocarbon-
type functional groups (e.g. alkyl, alkene, arene).

Oxygen atoms are commonly introduced as phenol, carboxylic, quinone, lactone, carbonyl, ether,
ester and hydroxyl groups. Their presence on the surface of an adsorbent is determinant for its acid
nature and polarity. Moreover, they increase hydrophilicity of the adsorbent. Especially, presence of
surface hydroxyl and carboxylic groups enhance dispersibility in water [201]. Although, enhanced

affinity toward water is unfavourable for adsorption performance and limits applicability of an
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adsorbent in humid conditions, oxygen functional groups can improve sorption properties toward
polar VOCs [200], CO, [202], or heteroaromatic nitrogen compounds [203]. Ester groups were
reported to play an important role in mercury adsorption from flue gases [204,205].

Oxygen containing groups can be a source of various types of interactions with adsorptive
molecule. Carboxylic groups can enhance physisorption of molecules by an oxygen lone pair
donation, and by hydrogen bond interactions — carbonyl part can act as Lewis base, and hydroxy
group as a Lewis acid [206]. Similarly, unpaired electrons of oxygen in carbonyl and ether moieties
can enhance adsorption of polar and polarisable molecules, through electron acceptor-donor
interactions [207,208]. Polar hydroxyl group has a capability to interact via H-bonding, both as a H-
donor and H-acceptor [187]. Moreover hydroxyl groups can be responsible for dipole-induced dipole
interactions with VOCs molecules [209].

Doping adsorbents with nitrogen is a common practice for increasing their basicity. Nitrogen
atoms can donate a lone pair of electron, which can interact with adsorptive by Lewis acid-base
interactions [210]. Increased basicity is also related to enhanced dipole-dipole and hydrogen-bonding
interactions [211]. Similarly to O-containing functional groups, presence of nitrogen group increase
hydrophilicity of the adsorbent surface, and compromise performance under humid conditions [212].
Nitrogen on the surface of adsorbents is typically detected in the form of amine, nitro, imine, amide,
nitrile pyrrole, pyridine, and pyridone.

The most popular are amine functionalised adsorbents, because this type of modification is
known to promote selective adsorption of CO, via strong chemisorptive interactions [213]. The
flipside of enhanced interactions is the requirement of higher temperature for regeneration of such
adsorbent [214]. Amine functional groups are also effective in enhancing adsorption of VOCs [215]
and SO, [194].

Basic amide groups potentially introduce two adsorption sites to the surface of an adsorbent:
one acting as electron donor (-C=0), the second one as acceptor (-NHy). Additionally, amide groups is
able to establish hydrogen bonds and interacting with 1t electrons [216]. Contrary to amide group,
polar nitro groups have acidic character - two electron rich atoms of oxygen can interact with
electron deficient parts of adsorptive through electron donor-acceptor interactions [217]. Nitrile and
pyrrole are weak basic functional groups. With the latter, adsorptive can interact with hydrogen or
nitrogen atom, via Lewis acid/base interactions and hydrogen bonding [218]. Pyrrole groups exhibit
high thermal stability. For porous carbon, no significant decrease of their content was observed
below 700 °C [219].

Metals and metal oxides can be used to change the surface chemistry, as well as polarity of
adsorbent, and to increase selectivity of adsorbent [220]. The adsorption mechanism is very often

changed from physisorption to chemisorption [221]. Beneficial effect of metal/metal oxide doping for
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adsorption of VOCs was observed for different types of adsorbents e.g. mesoporous silica [222],
MOFs [223], and ACs [224]. Modification of ACs with metallic oxides have successfully increased
adsorption capacity for SO, removal from flue gas [225].

The most obvious example of hydrocarbon-type functional group modification is introduction of
alkyl chains in order to deactivate the surface of adsorbent and make it more hydrophobic.
Hydrophobic adsorbent are superior for adsorption of VOCs from humid environment [226]. Beside,
alkene groups were reported to positively contribute to adsorption of polarizable molecules, through
T-Tt interactions [227,228].

Modification of adsorbents properties to increase their adsorption performance has been a
subject of long-standing scientific interest. Methodology of surface functional groups introduction
depends on multiple factors: nature of the material being functionalized, reagents and targeted
adsorptive/application. Information presented above skims only the surface of available knowledge.
Reviewing all possible modification methods of different adsorbents goes beyond the scope of this
work. Comprehensive reviews dedicated to specific adsorbents and specific applications are available
in the literature — for example surface modification of activated carbons for adsorption of VOCs
[189], SO, and NOy [111] or modification methods of adsorbents for adsorption of elemental mercury

from flue gases [191].

1.4. Adsorbent characterization techniques

In practical context, information about equilibrium, kinetic and thermodynamic of adsorption
system are the most illustrative and useful for optimization of adsorption process. However, to
a great extent, these are derivatives of adsorbents physicochemical properties e.g. surface chemistry,
surface area, or porosity (the adsorbate and bulk phase properties are also relevant, but typically are
independent variables).

Advancement in the field of adsorption technique is centred around development of adsorbents.
Since adsorption occurs on virtually any solid surface, a multitude of materials are of interest to
researchers, not to mention numerous modified variants. Figure 4 shows the number of papers,
published over the span of last 20 years, including phrases “novel adsorbent” or “new adsorbent” in

the title.
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Figure 4. The number of papers about adsorbents, having “new” or “novel” in the title, published

over the span of last 20 (Source: PubMed, 2022).

Rational design of an adsorbent requires knowledge about its structure. Unfortunately, one
comprehensive tool for adsorbent properties characterization does not exist. Proper description
usually depend upon combination of several techniques. Additionally, selection of a suitable method
is dictated by the nature of the material under investigation, e.g. analysis of amorphous sample with
X-ray diffraction (XRD) will provide little insight, if not at all. It would be ideal to use a full range of
available characterization techniques, but very often available resources are limited, especially if the
material is not completely new, and ground-breaking.

Analysis of 144 papers from journals listed in Journal Citation Reports (JCR) gave an overview of
the most frequently used characterization techniques. The results are presented in the Figure 5.
Reviewed publications were published between 2008 — 2021 (75% after 2017), and were related to
adsorbents used for gas phase separations i.e. MOFs (19 % of publications), zeolites (20 %),

carbonaceous adsorbents (33 %), composites (17 %), and others (11%).
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Figure 5. Frequency of application of a given technique to adsorbents characterization.

It is impossible to select the perfect set of experimental techniques suitable for all adsorbents,
nor to use all known to science. Nevertheless there are few methods that are universal, easily
available, and can add up to a toolkit, which will provide maximum information, with as little effort
as possible, i.e. N, adsorption at cryogenic temperature (77 K), Fourier-transform infrared
spectroscopy (FTIR), elemental analysis, and inverse gas chromatography (IGC). Such selection should
give comprehensive outlook on adsorbent properties, with reasonable demand for technical
resources and workload - especially at the early stage of research, when multiple samples are
preliminary screened. This set of techniques was used in the research presented in this dissertation.

Nitrogen adsorption at cryogenic temperature is a must-have for adsorbent characterization. It
provides information about textural properties, i.e. surface area and porosity, which are closely
linked to adsorbate uptake.

Types of atoms within adsorbent structure are crucial for adsorbent physicochemical properties.
Unfortunately, there is no all-in-one tool for elemental analysis. The choice of technique will be

dictated by the elements to be analysed, and their location i.e. in the bulk or on the surface. For
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carbonaceous adsorbents it is typical to measure the content of carbon, hydrogen, nitrogen, sulphur
and oxygen with CHNS elemental analysers (so-called ultimate analysis).

FTIR technique allows to detect arrangement of atoms on the surface of the adsorbent.
Functional groups are responsible for specific interactions with adsorbate molecules, and act as
adsorption active centres. It is the most popular technique for analysis of surface chemistry.

Even though so far IGC is not routinely employed for adsorbent characterization, it direct
measures interactions between gas molecules and solid surface. Thus, it can be invaluable tool for
adsorbent characterization. It is a variant of gas chromatography — adsorbent under investigation is
placed inside chromatographic column and retention of a pure probe compounds, with known
properties, is monitored. Depending on experimental conditions, different properties of adsorbent
surface can derived from retention times of probes, e.g. dispersive and specific component of the
surface free energy, acid-base properties, surface roughness, enthalpy of adsoprtion, adsorption
isotherms, adsorption potential distribution, or specific surface area. The undisputable advantage of
this technique is that access to standard gas chromatograph is enough to conduct experiments —
although dedicated instruments are available.

Description of these methods can be found in the following chapters. Other techniques were
excluded due to reasons listed below:

Scanning electron microscopy (SEM) / transmission electron microscopy (TEM) — sophisticated

equipment; tedious sample preparation; information about single particles — results may be
susceptible to inhomogeneity of material,

X-ray diffraction (XRD) — sophisticated equipment; generally not useful for amorphous materials,

X-ray photoelectron spectroscopy (XPS) — sophisticated equipment; information similar to the one

provided by FTIR and elemental analysis; small area of a surface probed,

Temperature programmed desorption (TPD) — information only about thermally labile surface

functional groups (mainly oxygen containing),

Boehm titration — determination of only four types of oxygen containing surface functional groups;

limited to carbonaceous adsorbent,

Raman spectroscopy — sophisticated equipment; similar to FTIR,

Nuclear magnetic resonance (NMR) — sophisticated equipment.

1.4.1. Low temperature N; physisorption

Textural characterization of material is mandatory to evaluate its applicability as adsorbent.

Surface area, pore size distribution, and porosity translate directly into adsorption capacity
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[229,230]. Moreover, porous structure controls transport phenomena and diffusion of molecules,
and therefore also selectivity of separations [116,120].

The most popular, and generally accepted, method of texture characterization is physical
adsorption of gases. It determines the amount of gas adsorbed by an adsorbent at specific
temperature and pressure, and with the aid of appropriate computational methods provides
information about pore volume, pore size distribution, and specific surface area [41,231].

As a standard test method, gas physisorption has been extensively used by scientist over the
years. Implementation of this technique was recently boosted by development of nanoporous
materials with tailored porous structures [232]. Countless analysis of different materials revealed
strengths, weaknesses and existing challenges that needs to be solved. Numerous reviews have been
dedicated to physisorption characterization of porous materials (adsorbents in particular), where
detailed discussion about experimental and theoretical aspects of physisorption characterization can
be found [41,42,232-234]. For a reader interested in this subject, a IUPAC technical report
“Physisorption of gases, with special reference to the evaluation of surface area and pore size
distribution” is recommended as a first read [41]. Thus, the information presented below is by no
means meant to be comprehensive description of physisorption characterization of textural
properties of adsorbents.

Adsorbents surface area and features of the porous network are extracted from the shape of
adsorption isotherm of gas, measured in the pressure range from vacuum (P/Po = 0) to saturation
(P/Po = 1). Standard adsorptive for textural characterization is nitrogen, and its adsorption is
measured at a liquid nitrogen temperature (77 K). Because, nitrogen as adsorptive has some certain
limitations, e.g. nitrogen is not suitable for analysis of pores with size less than 0.7 nm, due to very
slow diffusion and equilibration, and quadrupolar moment of N, can result in enhanced interaction
with heterogenous surface. Thus other adsorptives, like argon (at 87 K) or carbon dioxide (at 273 K),
can be used. The choice of adsorptive for textural characterization was exhaustively discussed in
review papers [42,232,234]. Despite limitations, nitrogen is the first choice for economic reasons.

Physisorption isotherm can be generally divided into six types, which are closely related to
specific pore structures [41]. Classification proposed by the IUPAC is presented in the Figure 6. Type |
isotherm is characteristic for microporous solids, with mainly narrow micropores (< 2 nm), and small
external surfaces. The uptake is limited by micropore volume, and steep rise at low partial pressure is
due to micropore filling. Type |l isotherm is observed for adsorption of gases on non-porous or
macroporous materials. First knee of the isotherm corresponds to formation of monolayer coverage.
In Type lll isotherm monolayer formation cannot be distinguished, and adsorbent-adsorbate
interactions are relatively weak. Type IV is given by mesoporous adsorbent. Similarly to type Il, first

knee is related to monolayer coverage and beginning of multilayer formation. It is then followed by
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pore condensation (second knee), with final saturation plateau. Type V is similar to type Ill, but pore
filling is additionally observed. Type VI isotherm represent layer-by-layer adsorption on uniform

nonporous surfaces.
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Figure 6. Classification of adsorption isotherms according to IUPAC recommendations [41]. Red and

blue lines represent adsorption and desorption branch, respectively. Reprinted from [235].

For some systems (Type IV and Type V isotherms) capillary condensation may be
accompanied by hysteresis (adsorption isotherm does not coincide with desorption isotherm), in the
multilayer range of isotherm. Similarly to adsorption isotherm, hysteresis loops can be classified into
5 general types, which are closely correlated to a specific pore structure. Empirical classification of
hysteresis loops, along with explanation of particular pore features represented by them, was
presented in [IUPAC technical report [41].

Specific surface area is the most basic parameter derived from adsorption isotherm. It is
calculated from the monolayer capacity, using the BET (Brunauer, Emmett, and Teller) method,
despite well-known shortcomings of this method. BET theory is based on simplified model of
physisorption on homogenous surfaces. Applicability of this approach is always limited to a part of
isotherm, usually below p/p° of about 0.30, where monolayer is created and multilayer starts to
form. BET area of and adsorbent can be regarded as the area available for the adsorption only for
non-porous, macroporous, or mesoporous materials (with type Il or a type IV isotherm). For

microporous, the process of monolayer-multilayer formation and micropore filling cannot be
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distinguished, and the range of relative pressures where BET method should be applied is very low,
and hard to localize. Thus, the BET area derived for microporous adsorbents should be regarded as
apparent surface area, rather than probe accessible. Nevertheless, BET-area is a valuable tool for
characterization of materials, and can be regarded as “fingerprint” of the adsorbent. Critical
evaluation of the BET method can be found in [41,232]

Determination of pore volume and pore size is much more straightforward, regardless of the
pore size of adsorbent. The pore volume is derived from the amount of adsorptive adsorbed at
relative pressure close to unity - assuming that adsorbate in the pores is in liquid state. The pore size
distribution, and pore volume in relation to pore size can be determined by different methods e.g.
Kelvin equation based approaches, Dubinin-Radushkevitch method, standard and comparison
isotherm concepts, or density functional theory (DFT). DFT is currently considered superior to other

methods, providing more reliable results of pore size analysis [41,42,233].

1.4.2. Ultimate analysis

Textural properties of an adsorbent are deemed as dominant for adsorption performance,
especially in gas-solid systems. However the role of chemical structure is undeniable, although
somewhat covert due to complex interaction mechanism between adsorbate and surface atoms.

Chemical composition of an adsorbent is determined by elemental analysis. It is useful for
detecting changes in the composition of adsorbent samples, in regard to synthesis and modification
stages. For example, for optimization of synthesis procedure [236], or to determine optimum loading
of a dopant [237]. Unfortunately, there is no one-in-all tool that allow to study full range of elements
within sample.

For carbonaceous adsorbents it is typical to quantify carbon, hydrogen, nitrogen and sulphur
(determined from the gaseous products of its complete combustion) — oxygen content is calculated
by difference. It is so-called ultimate analysis [236,238,239]. If other atoms (e.g. metals) are of
concern, different techniques have to be used, e.g. emission spectroscopy combined with inductively
coupled plasma [240-242].

Atoms constituting adsorbent decides about: physicochemical properties [243], selectivity
[188,238,244], thermal stability [245,246], adsorption capacity [240,241], or hydrophobicity
[236,239]. For example it is a common practice to increase affinity toward CO, by doping with
nitrogen [237,247-249], or to manipulate hydrophobicity of the surface by introduction or removal
of oxygen atoms. Ratio of the O/C atoms provides information about polarity of an adsorbent [239],
and can be useful for predicting selectivity. It was observed that O-containing moieties favours

adsorption of polar VOCs, over hydrophobic ones [236]. Kim and co-workers have used the elemental
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analysis to calculate sulphur accumulation on the surface of an adsorbent, and determine its
resistance to SO, present in gas streams [188].

The disadvantage of elemental (ultimate) analysis by combustion, is that it analyses bulk of the
samples. For some samples, especially chemically modified, the dopant loading may be
non-homogenous, with a higher degree of doping on the surface, as compared to inner pores
[241,250].

Ultimate analysis is very frequently followed by other structural analysis techniques to determine
the arrangement of atoms on the surface, i.e. to detect specific functional groups that are

responsible for specific properties of adsorbent and interactions with molecules in gas phase.

1.4.3.  Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is an analytical technique used to study structural
properties of materials. Absorption of a given wavelength of the infrared radiation by a sample is
closely related to the type of chemical bond, and can be assigned to specific functional groups.
Hence, the position of absorption bands in spectrum can reveal the chemical structure of the
adsorbent surface [251]. This information can be further used to explain adsorbents performance, if
the adsorption process is controlled by specific interactions with surface functional groups [209,229]

Adsorbents are usually sampled as pellets prepared by mixing with IR non-absorbing salt e.g. KBr
[252]. Alternative sampling method, getting more attention recently, is ATR (attenuated total
reflectance) [228,253]. It allows for quick analysis without special sample preparation. The sample is
placed on a crystal of the ATR, and the only requirement is a firm contact between the sample and
the crystal. Solid adsorbents can be analysed as a powders or thin films. If adsorbent is soluble in a
volatile solvent, it can be dissolved, deposited in the surface of the crystal, and evaporated, leaving
an uniform film of the adsorbent [254,255].

The absorption bands position, and intensity are main diagnostic tools. Functional groups and
chemical bonds are identified based on experience, and previously published data for similar
materials [209,215,252]. If a material has a well-defined structure like e.g. MOFs, the spectrum can
be used to confirm the identity by comparing it to literature data [253], or even to propose the
structure of MOF-forming unit [256]. For composites it is possible to identify individual components
based on the characteristic vibration bands [257].

The shifts, appearance/disappearance of adsorption bands, and changes in their intensities are
useful in assessing effect of synthesis or modification procedure on the surface structure — the
evolution of surface functionalities can be followed [258,259]. Appearance of new absorption bands

can be considered as a proof of a successful modification by e.g. grafting [187], cross-linking [260],
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impregnation [215], or covalent anchoring [248]. On the other hand, lack of changes in the spectrum
can be also a useful information about adsorbent’s framework stability after incorporation of e.g.
metals [261].

While qualitative interpretation of spectra is quite straightforward, the quantitative analysis is
very difficult. Samples can be compared semi-quantitatively with specific indices - a ratio between a
peak area (or band intensity) of a given surface species and a peak of invariant peak, i.e. peak for a
structural feature that is not affected during modification or synthesis. For example, nitrile and C-O
indices were used to study functionalization of polyacrylonitrile nanofibers with B-cyclodextrin for
adsorption of formaldehyde [260]. Similar approach was applied to characterization of asphaltenes,
and gave information about carbonyl abundance index, aromaticity, average number of carbons per
alkyl side chain, alkyl side chain length, or degree of substitution on the peripheral carbon of
aromatic ring [262].

Beside structural characterization, FTIR technique can be used to investigate the adsorption
process itself. The involvement of a specific functional group in the adsorption process can be
assessed by shifts in wavenumber values and peaks intensity changes after adsorption [263,264]. Use
of a specific probe molecule can help in identification of acidic and basic adsorption centres
[265,266]. For example, pyridine is used to provide information about Lewis and Brgensted acid sites,
and information about strength of acid sites can be obtained by stepwise desorption at different
temperatures [267].

FTIR is an adequate technique to observe formation of hydrogen bonds between adsorbate and
adsorbent, because OH or NH; groups are clearly visible on the spectrum above 3000 cm"
! wavenumber [228,268] — however it may be difficult to distinguish them if both groups are present
[228]. Shift of their position after adsorption may indicate hydrogen bond formation [269,270].
Additionally, from absorption bands of OH or NH, group, the hydrophobicity of adsorbents can
compared, as their hydrophilic character is responsible for high water affinity (hydrophobicity can be
also evaluated based on signal from CH, and CHs; groups) [271,272].

The issue, with analysis in this part of spectrum, is related to the adsorbents tendency to bound
water molecules from gas phase (especially hydrophilic ones). The broad bands above 3000 cm™
which are usually ascribed to OH group vibrations can in fact be a signal from weakly bonded water

on the surface or within the pores of [230,261,273].
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1.4.4. Inverse gas chromatography

Adsorbent design requires a deep understanding of surface phenomena. Detailed picture about
solid surface properties can be obtained by “observation” of its interactions with gas molecules. An
inverse gas chromatography (IGC) technique turns out to be useful tool for this purpose.

Compared to analytical gas chromatography (GC), the role of the phases in the IGC is inverted.
The stationary phase is under investigation, while compounds in the mobile phase probes the surface
of the adsorbent. A great advantage of IGC is that experimental setup is similar to standard gas
chromatograph, and no special sample preparation is required. It allows to conduct fast and accurate
measurements over a wide range of temperatures, both at low and high pressures of test probes
vapours [274,275]. Moreover, solid adsorbent may be fibrous, crystalline or amorphous powders, or
even semi-solid [276].

Adsorbent is analysed by injection of a pure test probe, with well-known physicochemical
properties. Probes with different polarities, acidities, molecular areas, and electron donor/acceptor
properties are used to determine the respective properties of the adsorbent surface, based on the
analysis of the retention time, and peak elution profiles. Important properties of adsorbents such as
thermodynamic interaction parameters [275], specific surface area [277], surface energy
heterogeneity [278], acid-base properties [279], adsorption isotherms [280], surface free energy
[281] or polar functionalities [282] on the surface can be determined.

IGC experiments can be conducted in two different modes i.e. at infinite dilution (ID) or at finite
concentration (FC) [274]. In IGC-ID a very small quantity of test probe is introduced into the system.
Under such conditions the surface coverage is close to zero, the Henry’s law is obeyed and only
adsorbate-adsorbent interactions are observed. Because, the amount of probe is limited, it is
assumed that probe molecules interact mainly with high-energy adsorption sites on the surface
[283]. In some cases it may be a disadvantage, because the distribution of the active sites may be
more relevant than the nature of the high-energy ones. IGC-ID mode is typically used for
determination of thermodynamic parameters,, Henry’s constants, dispersive components of the
surface free energy, or acid-base properties of surface [276,284].

IGC-FC is a useful mode for measuring adsorption isotherms, surface energy heterogeneity,
surface area, porosity. The amount of injected probe is increased, so the less active adsorption sites
are involved in interactions with probe molecules [275,285]. A good overview of IGC approaches to
determination of surface heterogeneity can be found in [278]. In combination with thermal
desorption, IGC-FC can discriminate the contribution of micro and mesopores to the adsorption

[286].
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During the years, IGC has become an accurate, reliable and fast method for physicochemical
characterization of solid. It is extensively applied for characterization of various solid materials:
zeolites [277], silica [287], composite materials, polymers [288], cellulose [289], pharmaceutical
solids [290], alumina [286], clays [291], carbonaceous materials (coal, activated carbon, carbon
nanotubes, graphene, carbon black, graphite etc.) [284,292]. A search made on the Web of Science in
2022 provided over 2000 articles where IGC was applied for characterization of materials properties.

Physicochemical characterization of solid materials by IGC has been a subject of long-standing
scientific interest, and many reviews [275,276,278,283,284,293] and books [274] of the subject are
available where the theoretical, methodological and practical issues are discussed in details. Below

basic concepts of IGC are described briefly.

Rohrschneider-McReynolds constants

Rohrschneider-McReynolds constants are a systematic approach used in gas chromatography to
compare retention characteristic of stationary phases (sorbents) [294-296]. The retention of
a molecule on a given sorbent is a result of various intermolecular interactions, which were divided

by Rohrschneider into five types, represented by five test compounds:

RI =xX+yY +2zZ +uU +sS (1)

where RI is the retention index for a given compound. X, Y, Z, U, S, are the
Rohrschneider-McReynolds constants for a stationary phase, and x, y, z, u, s are test probe’s
empirical coefficients. For test compounds selected by Rohrschneider and McReynolds, probe’s
empirical coefficients are equal to 1. Meaning of the Rohrschneider-McReynolds constants is

presented in the Table 2.

Table 2. Meaning of the Rohrschneider-McReynolds constants.

Constant | Test probe Molecular interactions

X benzene weak dispersion forces, polarizability of the adsorbent

Y 1-butanol hydrogen bonding ability of the adsorbent

Z 2-pentanone polarizability, part of the dipolar character of the adsorbent

U 1-nitropropane | electron donor, electron acceptor, and dipolar character of the
adsorbent

S pyridine acidic (electron acceptor) character of the adsorbent

36


http://mostwiedzy.pl

A\ MOST

Constants represent contribution from various types of molecular interactions to the adsorption,
and are calculated as a difference in retention indices, of test compounds, for adsorbent of interest
and nonpolar reference adsorbent. For nonpolar adsorbent, by definition, the constants are equal to
0. As a standard nonpolar stationary phase squalane is typically used, however other nonpolar
adsorbents can be also used e.g. Carbopack B [297], DB1 (100% polydimethylsiloxane) [298], or
graphitized thermally carbon black [243,299]. The choice of reference column can lead to a negative
values of constant [298,300,301], which points to a lower activity of the adsorbent, with regard to a
given type of interaction.

Retention indices can be calculated by measuring retention time of a test probe in isothermal
conditions (Kovats retention index) or in programmed temperature (Linear Retention Index, LRI), in
reference to n-alkanes retention. Both n-alkanes, and test probes have to be analysed in the same
conditions. The method of calculation is graphically presented in the Figure 7. Although it is possible
to calculate them from linear regression equation, it is more accurate to calculate the retention index

with the following equation:

! !

try —t
RI =100 <u> +100n (2)

rn+1 -~ ‘rn

where t; , is the retention time of a compound of interest, t; , and t, .1 are the retention time of
n-alkanes eluting before and after the compound of interest, respectively, and z is the carbon atom
number in the n-alkane molecule eluting before compound of interest.

Constants measure the extent of polar attractive interactions of a given type between adsorbate
and adsorbent, and are used to estimate selectivity of an adsorbent. Although the whole sets of
constants should be considered to get a complete idea about adsorption characteristic, usually it is
represented by a single parameter called polarity - a sum or average value of 5 constants. Polarity is
a measure of the strength of interactions between test probe and stationary phase (sorbent)
[298,301-303]. The more polar is the adsorbent, the greater is the test probe retention.

The Rohrschneider-McReynolds constant are common in gas chromatography, where they
became a standard method used to describe selectivity of stationary phases [298,300,302].
Nevertheless, the can be easily applied to analysis of adsorbents’ adsorption performance toward
VOCs, using packed columns [297,301,304,305]. The Rohrschneider-McReynolds concept led to
development of Abraham’s model [306,307].
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Figure 7. Graphical representation of retention indices determination. Lines represents n-alkane

reference line for adsorbents.

Free surface energy

Surface activity is an important feature of the adsorbent surface. It can be described in terms of
surface energy, which is directly correlated with intermolecular interactions. Surface free energy (ys)

is a combination of dispersive and specific (or polar) interactions [281]:

Ys =ve +vsh (3)

where 2 and ySSP are dispersive and specific components of the surface free energy. The value of
the dispersive component is frequently used to compare different adsorbents activity, and to
evaluate effects of modifications [284].

Calculations of the yé) are based on the retention of n-alkanes probe at ID conditions, because
they are capable to interact only via dispersive interactions. The net retention volume (V) of the

probe is calculated by following equation:

Vy =J F-(tg — to) (4)

where j is the James-Martin mobile phase compressibility correction factor, F is the flow rate of

carrier gas, tp is the retention time of a probe compounds, and t, is the retention time of
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noninteracting probe (dead-time). To eliminate effects of temperature and solid, specific retention

volume (V) can be calculated:

_ Vy 273.15 (5)
T m T

g

where T is the measurement absolute temperature, and m is the mass of the solid in the column.
Surface free energy components are calculated with thermodynamic equations, i.e. with the

standard Gibbs free energy change of adsorption (AG,4):
AGyg=R-T-InVy+C (6)

where R is the gas constant and C is related to the reference state. Similarly to ys, AG,4 is the sum of

the dispersive (AGZ2;) and specific components (AG35):
AGyq = OGP, + AGSF (7)

If n-alkanes are used, no specific interactions are observed and AG,; = AGfd. Generally, two
methods are used to calculate 2, i.e. Schultz method and Dorris-Gray method. According to Schultz

method, it can be derived from the following relationship [308]:

8
AGgg=2-Ny-a- /ySD-yLD+C (8)

where N4 is the Avogadro’s number, a is the cross-sectional area of the probe molecule, and yf is
the dispersive component of the surface free energy of the liquid probe molecule. Plotting the AG,,4
as a function of a\/ﬁ produces a straight line, called the “alkane line”, with the slope being equal to
¥® of the solid under investigation.

In Dorris-Gray method, Y2 is related to the number of methylene groups in n-alkane molecule,

and can be calculated by the following equation [309]:

/P = (—=AGcyz)? (9)
5 T 4-N2-(acy2)? Yenz
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where acy, is the methylene group surface area and AG.y, is the free energy of adsorption per
methylene group. Value of the AG.y, is derived from the slope of the AG,,; versus the number of
carbon atoms in the n-alkane molecule. yy, is the surface energy of the polyethylene-type polymer
with finite molecular weight, which is approximately 35.6 mJ m2. More accurately it can be

calculated by following relationship [275]:

Yeuz = 35.6 + 0.058 - (293 — T) (10)

The graphical illustration of the Schultz and Dorris-Gray method is depicted in the Figure 8.
Comparison of both methods revealed that Dorris-Gray method produces greater values of yf, and
is more accurate, compared to values obtained through Schultz method. More in depth comparison

of both methods can be found in [308].

AG, 4

n-alkaneline

Schultz method: q ’yLD

Dorris-Gray method: Carbon number

Figure 8. The typical diagram for determining dispersive components of the surface free energy by

Schultz and Dorris-Gray methods.

A comprehensive insight in to specific surface interactions can provide better understanding of
adsorbents adsorption properties, and their ability to change after chemical modification. Specific

interactions of solid are probed with polar probes, with precisely known characteristic. Polar probe
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interactions with solid surfaces originate from both dispersive and specific interactions. To separate
and evaluate AG,fg, AG,4 of a polar compounds is subtracted from AG,,; of hypothetical n-alkane
having the same reference property, e.g. saturated vapour pressure, a\/y_D, or topological index
[280-282,284,310].

Specific interactions encompass different categories of interactions, but special attention was
devoted to acid-base properties i.e. electron donor/acceptor properties. Based on the Good-Van Oss
theory, ¥3¥ can be divided into electron acceptor y¢ and electron donor y5 components, that can be

calculated according to the following equation [311]:
4G =2-N-a((v] v ? +(v, vE) %) (11)
where yf and vy, are the electron donor and acceptor parameters of the probe molecules. If

monopolar acid (e.g. methylene chloride) and monopolar base (e.g. ethyl acetate) are used, the

Equation 1 reduces to the following two equations [312]:

2
y—=& (12)
S 4'N2'a2']/l+
AGSP 2
+_M (13)
VS - 2 2 —
4.N a .'yl

knowing this, the ¥3* is calculated as:

yst =2 /st Ys (14)

As it was mentioned before, IGC-ID probes only adsorption sites with the highest energy. To
overcome this problem, surface energy and its components can be calculated as a function of surface

coverage, if larger amount of probes are injected [279,292,313-316].
Adsorption isotherms

The method of IGC-FC was developed to readily obtain adsorption isotherms, in the range that
can be hard to analyse by classical volumetric or gravimetric methods. The general approach to

evaluate adsorbents performance, is to compare their maximum possible adsorption capacity. For
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this a high adsorbate pressures ( > 1000 Pa) are required, but it may be misleading for a prediction of
performance in practical applications. In real-world scenarios, the pollutants levels can be well below
1 Pa [317]. IGC is well suited for measuring adsorption isotherms at low partial pressures of
adsorbates. For calculations two methods can be used, i.e. peak maximum (PM) and elution
characteristic point (ECP) [274].

In the PM method, the retention volumes and partial pressures are obtained from the maxima of
chromatographic peaks recorder for different amounts of injected probes, whereas in ECP method
they are derived from the tailing of peak for high concentration of probe compound. The advantage
of the ECP method is that full isotherm can be determined from one peak. However, the linearity of
the detector must be established. It is ensured when tails of peaks from several injections, of
different concentrations, superimpose. Detailed descriptions of both measurement procedures are
given in [274].

IGC-FC was demonstrated to be a fast and accurate technique for determination of isotherms,
adsorption capacity or BET surface areas [276,280,318]. Thus, IGC can be used as an extremely fast
tool for BET surface measurements, especially in screening studies at the early stage of adsorbent

development.

Adsorption potential distribution

Adsorbents are porous materials with chemically and structurally heterogenous surfaces.
Chemical heterogeneity is generated by functional groups or impurities present on the surface.
Various functional groups, and their arrangement results in energetic heterogeneity of adsorption
centres. For practical reasons, adsorption energy distribution may be more important than the
existence, and type of high energy sites — as measured by IGC-FC [235,278,284].

The information about surface heterogeneity can be presented as adsorption energy distribution
or adsorption potential distribution, and is encoded in the pressure dependence of adsorption
Hence, it can be extracted from the adsorption isotherm. Both approaches assumes that adsorption
energy is continuously distributed, the surface is a collection of homogenous patches (isoenergetic
domains), and that the measured sorption isotherm is a sum of local sorption isotherms [283,319].

Determination of adsorption energy distribution is not a trivial task and requires quite
complicated mathematical calculations, as well as assumptions about local isotherm model
[319,320]. Detailed description of the method of adsorption energy distribution calculation from the
chromatographic signal can be found in [321].

Adsorption potential distribution is a less complicated method for surface heterogeneity

determination, and it generally gives the same information as the adsorption energy distribution
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[283,322]. Adsorption potential (A) is defined as the change in the Gibbs free energy, and is related

to the equilibrium pressure [322]:
P
A=RT (%’) (15)

The distribution of adsorption potential (@) is calculated from the following equation:

dn

d):_d_A

(16)

where n is the adsorbed amount of the probe.

Both adsorption potential and adsorption energy distribution depend on test probe used in
experiment. Thus, using different probes can reveal different interactions and evolution of surface
chemical and/or physical structure [323]. Surface energy site maps have reported for different
materials: carbon blacks [323], silicas [319], graphite [292], porous glass, alumina, activated carbons

[279], silica gels [313], natural fibres [314],
1.5. Modelling of adsorption

The best adsorbent for a given process is selected based on results of several experiments.
Adsorption isotherms and breakthrough curves are typically used to design adsorption process.
Experimental data is modelled with theoretical, semi-empirical or empirical models in order to

predict adsorption parameters and scale-up the adsorption system [324,325].
1.5.1. Isotherms

A fundamental tool for adsorbent selection is the equilibrium adsorption isotherm, measured for
constituents of the gas mixture, under conditions similar to operational. Analysis of adsorption
equilibrium involves experimental measurement and data representation by isotherm models
(equations), which are used to correlate adsorption data for adsorbent characterization, and to
design industrial gas adsorption process. By considering the equilibrium data, and both adsorbent
and adsorbate properties, the isotherm model can help to explain the adsorption mechanism [34,40].
Additionally, the adsorption isotherm can be useful in determination of the adsorbent regeneration

method [326].

43


http://mostwiedzy.pl

A\ MOST

Generally, single component adsorption isotherms are used as first approximation. Mixed gas
adsorption models are used when more accurate estimates for equilibrium adsorption are required
[327]. Numerous theoretical and semi-empirical models have been proposed to described sorption
equilibrium. Their extensive descriptions can be found in books and review papers
[33,34,40,328,329]. Here, two most common (and the most frequently used) models are briefly
presented i.e. Langmuir and Freundlich.

As to the methodology of gas adsorption measurement, various methods are available:
volumetric/manometric, gravimetric, their combinations, as well as gas flow methods. Their detailed
presentation is beyond the scope of the present dissertation, but comprehensive review of available
methodologies can be found in [47,329], and citations therein.

Langmuir model is based on assumptions that the surface of an adsorbent is energetically
homogenous, i.e. all adsorption centres have the same adsorption potential and can accommodate
exactly one adsorbate molecule per each. Thus, adsorption is restricted to monolayer formation.
Additionally, lateral interactions between adsorbed molecules are neglected [330]. The nonlinear

mathematical form of this model is as follows:

P
qOKLP_O
g=——% (17)
1+ KLP_
0

where q is the equilibrium adsorption capacity, P is the vapour pressure of adsorptive at equilibrium,
P, is the saturated vapour pressure adsorptive, g, is the maximum (monolayer) adsorption capacity,
and K; is the Langmuir constant.

To evaluate the favourability of adsorption process, separation factor R; can be calculated using

Langmuir constant K :

1
RL=—
18

1+KLPﬂ (18)
0

Adsorption is unfavourable when R; > 1, linear if R, =1, favourable when 0 < R; <1, and
irreversible at R; = 0 [331]. Langmuir isotherm model is typically used for quantifying and
comparing adsorption capacity of different adsorbents [332].

At low pressures Langmuir isotherm obeys the Henry’s law, and reduces to Henry’s isotherm:
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q = KyP (19)

Value of the Henry’s constant Ky is important for selectivity of separation, because it is exponentially
proportional to the heat of adsorption Q, which in turn is equal to the bond energy between the
adsorbate and adsorbent. Adsorption equilibrium selectivity a;, of compound 1 and 2 can be

calculated as a ratio of Henry’s constants [333]:
Q13 = 75— (20)

It should be noted however, that its predictive value is valid only at low gas pressure, and low
adsorption loading [334].

Freundlich isotherm is an empirical model describing adsorption on solids with heterogenous
surfaces (e.g. activated carbons [335]). However it can be theoretically derived. Freundlich model
assumes that the adsorption centres are patchwise distributed, i.e. adsorption centres with the same
adsorption energy are grouped together, and there is no interactions between these groups.
Similarly to Langmuir model, each adsorption centre can accommodate only one molecule [40]. The

equation takes the following form:

0= ke (7)' 1)

where K and n are temperature dependent Freundlich constants. Ky is correlated with adsorption
capacity, while n with intensity of adsorption. The Freundlich isotherm applicability is limited at low
and high pressures. At low, it does not have a proper Henry law behaviour, and at high it does not

have a finite limit of adsorption capacity [336].

1.5.2. Breakthrough curves

Most of the industrial and environmental adsorption processes are operated under dynamic
conditions — with constant flow of feed gas through a column with a fixed bed of an adsorbent. Thus
dynamic sorption analysis is fundamental from practical point of view. It allows to investigate
sorption kinetic and equilibria, co-adsorption, selectivity, and transfer of lab-scale process to

industrial scale. Moreover, dynamic sorption analysis is required because in technical flow process,
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for a certain type of purification or separation, adsorption capacity derived from adsorption isotherm
is not completely accessible [337,338].

Breakthrough curves are a record of an adsorptive concentration in the gas phase at the outlet of
an adsorption column as a function of time. They are used as a predictive simulation of industrial
scale gas adsorption and can be viewed as the final characterization of an adsorbent [339]. Figure 9

presents a typical shape of the breakthrough curve for a single adsorptive in the feed.
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Figure 9. Breaktrough curve for a single adsorptive in gas feed. Co — inlet adsorptive concentration, Cg

— outlet adsorptive concentration at breaktrough time (tg). MTZ — mass transfer zone.

At the beginning the gas with well-defined concentration of adsorptive is fed to a column with
fresh bed of the adsorbent and is completely withheld by adsorption on its surface. As the
measurement proceed, and the volume of treated gas increase, the part of the bed is eventually in
equilibrium and no more molecules can be adsorbed. The length of the adsorbent bed over which
the adsorbate concentration changes is called mass transfer zone. It progress along the column,
exhausting the adsorbent bed. Eventually, a traces of adsorptive are detected at the column outlet
followed by steep increase of the adsorptive concentration in the gas stream. Finally, the adsorbent
is exhausted and adsorptive molecules are simply passing through the column, without being
adsorbed (“gas breaks through”). In practice, the adsorption process is conducted until the
adsorptive concentration in outlet gas reaches specified, breakthrough concentration (Cg). After this

time (breakthrough time, tp) the adsorbent bed have to be regenerated [340,341].
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The shape of the breakthrough curves determines the extent to which the adsorption capacity
can be utilized. The more steep the curve, the smaller is the mass transfer zone, and consequently
the bigger part of the adsorbent bed is exhausted at the breakthrough time [258,272] — it is crucial
for determining the length of adsorption column required in final applications, and total costs of
adsorption unit.

Maximum adsorption capacity g Of the adsorbent, under dynamic conditions, can be

obtained from the following equation:

Amax = F (CO - Ct)dt (22)

where F is the gas flowrate, C, is the adsorptive concentration in the feed, C; is the adsorptive
concentration, at the outlet of the column, at given time, and ¢, is the adsorbent bed exhaustion
time. The adsorption capacity until the breakthrough can be obtained by changing the integral bound
t. to tg —it gives technically usable sorption capacity.

The length of the mass transfer zone can be evaluated according to the following equation:

MTZ =1L (t"’ t_ tB) (23)

e

where L is the length of the adsorbent bed. The value of MTZ will determine the performance of the
column and the length of unused bed (at breakthrough time).

The design of adsorption process requires establishment of mathematical model that adequately
describes adsorption in the fixed bed column and allow to predict the breakthrough [342].
Frequently used models are: Bohart-Adams, Thomas, Yoon-Nelson, Clark, and Dose-response models

[343,344].
2. Asphaltenes

Crude oil is constituted by countless types of hydrocarbon molecules - a single heavy-oil sample
can contain more than 20000 different chemical compounds [345]. Due to is complexity
determination of its composition on a molecular level is doomed to failure (at least for now). For
practical reasons a group type composition is determined. The most typical is so-called SARA analysis,

based on solubility of molecules in organic solvents, which separates crude oil into four fractions of
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increasing polarity, namely: saturates, aromatics, resins, and asphaltenes [346—348]. Figure 10

presents the general scheme of the SARA group type composition analysis of petroleum products.
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Figure 10. General scheme of the SARA group type composition of petroleum products.

Precipitated asphaltenes are a dark brown amorphous solid [349], without definite melting point
- they degrade at temperatures above 350 °C [350,351]. Similarly to its original source, it is
a heterogenous fraction of polyfunctional compounds, polydisperse in molecular weight, structure
and functionalities [46,352—-354]. According to the division presented in the Figure 10, asphaltenes
are defined as fraction of crude oil insoluble in light n-alkanes (e.g. n-heptane), and soluble in light
aromatic hydrocarbons (e.g. benzene or toluene). In crude oil and products of it processing they are
present in concentration up to tens of percents. As the most aromatic, polar, and heaviest fraction,
asphaltenes quantitatively remain in a residue from vacuum distillation [355-357]. Their content can
be increased by oxidation — air blowing process used for upgrading properties of vacuum residue in
bitumen production process [358].

Although asphaltenes are a class of compounds with complex structure, they are certain
common points in their structure. Asphaltenes are hosts for majority of heteroatoms present in
crude oil. Apart from C and H, their molecular structure contains N, O, S, and metals (mainy V, Fe,
and Ni). The H:C ratio is stable and close to 1 - nearly 90 % of hydrogen atoms are bonded to sp?
carbon. Higher variability is observed for N, O, S, and depends on the source of asphaltenes. Sulphur

atoms exist mainly as thiophene and sulphide, oxygen as carboxyl and hydroxyl groups, and most of
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the nitrogen is bonded in aromatic structures (pyrrolic and pyridinic). Metals are present at mg/g
level as metalloporphyrins [12,13,16-18].

Structurally, asphaltenes are polycyclic aromatic hydrocarbons (PAHs) with a single core
assembled from 4-10 aromatic rings [46,359], with peripheral aliphatic or naphthenic substituents —
so-called island or continental structure [362]. Aliphatic chains are formed mostly by short alkyl
groups (length of 1-4 carbons) [46]. Direct molecular imaging and analysis of UV-Vis spectra of
asphaltenes suggest that the diameter of average molecule is in the range of 10 — 30 A [359,363].
Molecular mass of compounds within this fraction varies between approx. 500 and 1000 g mol™, with
mean value at 750 g mol? [353,359]. Figure 11 presents chemical structures of asphaltenes. They
were proposed based on atomic force microscopy (AFM) measurements and scanning tunnelling
microscopy (STM) orbital images [364]. More detailed information regarding asphaltenes separations

methods and structure can be found in review papers [348,365] and books [346,347].

Figure 11. Chemical structures of asphaltenes proposed based on AFM and STM measurements. X
represents unknown part within carbon framework (e.g. CH, CH;, N, NH, O, or S). R indicates

unknown side group [364].

Complex structure and numerous functionalities within asphaltenes structure are a source of
numerous interactions e.g. vand der Waals, Coulombic, hydrogen bonding or m-mt stacking [366].
Acid-base surface characteristic is related to presence of heteroatoms. Acidic centres contains
oxygen and sulphur. Basic sites are due to N, O, or S in aromatic ring or on alkyl chain [360,367].
Asphaltenes are considered surface active molecules, as they tend to adsorb on both liquid/liquid
and liquid/solid interfaces. Analysis of adsorption on solid surfaces, revealed a physisorption

mechanism and multilayer formation [352].
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Asphaltenes, mostly considered as problematic, are named “the cholesterol of petroleum” [368].
This fraction is responsible for serious problems, both in downstream and upstream processes, that
can derail exploration and production. The precipitation and deposition can occur in the well-tubing,
and in the refinery equipment, which must be in consequence taken out of service for their removal
[369]. Moreover, asphaltenes can act as oil-water stabilizers, hindering separation of emulsified
water and oil. Present in heavy oil and residuum, asphaltenes affect hydroprocessing by acting as
coke precursor, deactivating catalyst, and in consequence limiting efficiency of conversion and
refining [369].

So far, asphaltenes are used only in asphalts and insulation as composite materials. The demand
for “pure” asphaltenes does not exist. Considering the large oil production worldwide, asphaltenes
can be an easily available by-product; currently without any real market value. Hence, there is
a potential economic and environmental benefit in finding innovative applications for this “valuable”
waste product of petroleum industry. Several new applications are currently under investigation, and

were reviewed by Kamkar et al. [370] — including the one presented in this dissertation.
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V. Results and discussion

1. Scalable isolation method of high purity asphaltene from bitumen (Paper 1)

Preliminary studies have demonstrated the applicability of asphaltenes in the field of separation
processes. Especially in gas-solid adsorption systems, asphaltenes as adsorbents revealed unique
selectivity and retention toward VOCs [304].

Development and commercialization of asphaltene-based adsorbents (or other functional
materials) requires considerable amounts of this fraction. Unfortunately, standard test methods of
asphaltene isolation were designed to work with small samples for technical analysis purposes. While
suitable for process control in petrochemical industry or small scale research, they are inadequate for
isolation of material to be used in separation processes. Research and development of asphaltene-
based adsorbents demand a reliable, reproducible and uncomplicated method of asphaltenes
precipitation, with high yield and purity.

Paper 1 presents results of work on improvement of asphaltenes isolation from bitumens.
Parameters of the precipitation were selected based on comprehensive review of literature.
Proposed procedure incorporates n-heptane as a solvent in 1:40 feedstock to solvent ratio (g mL?).
The mixture is heated for 1 h at boiling point of n-heptane and set aside for 1h before separation of
asphaltenes. As a reference procedure, a standard test method ASTM D4124 was used.

The most significant change in comparison to standard method is in separation and purification
steps. Precipitated asphaltenes are filtered through cellulosic thimble that is subsequently placed in
Soxhlet type extractor, where asphaltenes undergo extensive washing with boiling n-heptane.

Efficiency of separation and purity of isolated fraction was controlled by thin-layer
chromatography with flame ionization detection (TLC-FID) technique. The normal phase separation
mechanism was used, resulting in so-called SARA (Saturates, Aromatics, Resins, Asphaltenes)
analysis. Results revealed that washing (purification) step is crucial for purity of asphaltenes fraction.
A presence of noticeable amounts of resins and aromatic compounds was observed in samples
isolated by standard test method. It leads to a false positive error, i.e. higher content of asphaltenes
in bitumen samples, and may be relevant for technical analysis or researchers investigating
asphaltenes physicochemical properties. In respect to adsorption applications, presence of resins
may cause problems with thermal degradation of adsorbent and adsorptive properties

reproducibility.
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The issue of impurities in asphaltene fraction was corrected by extensive purification in Soxhlet
extractor. Results of analysis of the asphaltene fraction content in bitumen and purity are presented
in the Table 3. The improved procedure is characterized by increased purity (above 97 %), increased
reproducibility and precision, as well as reduced labour and solvent consumption. The simplicity of
the proposed procedure enable easier scale-up necessary for obtaining high quantities of pure

asphaltenes.

Table 3. Comparison of yield and purity of asphaltene fractions isolated with improved procedure

and standard test method.

ASTM D4124 Improved procedure
Mean STD cv Mean STD cv
Yield of asphaltenes [wt.%] 10.14 0.46 4.49 8.79 0.35 3.99
Purity [%] 95.80 0.30 0.31 97.39 0.76 0.78

Procedures used in the above-mentioned research, results and their discussion are presented in
detail in the paper published in the Journal of Petroleum Science and Engineering “An Improved
scalable method of isolating asphaltenes” (Paper 1). The paper presents also a thorough analysis of

scale-up potential of improved isolation method.

2. Chemical modification of asphaltenes, their characteristic and adsorption

properties (Papers 2 & 3)

Chemical structure of asphaltenes makes them a suitable platform for incorporation of different
chemical groups. Added functionalities, introduced during chemical modification, can create synergy
between their properties, and that of pristine asphaltenes, resulting in enhanced adsorptive
properties i.e. adsorption capacity and selectivity.

In the initial stage of asphaltene-based adsorbent development, a series of chemically modified
asphaltene fractions was produced. Successful introduction of new functional groups was proved by
FTIR, elemental and IGC analysis. Effects of modifications on asphaltenes adsorption performance
was evaluated by Rohrschneider-McReynolds constants. Their values revealed that adsorption
characteristic was influenced the most by nitration and cyanation. Thus, this samples were selected
for further research. Values of Rohrschneider-McReynolds constants for pristine, nitrated, and

cyanated asphaltenes are presented in the Table 4.
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For both samples a substantial increase of retention was observed, regardless the nature of test
probe. It indicates that chemical modifications enhance a wide range of interactions. Such outcome is
desired if the adsorbent is meant to target different types of molecules in waste gas. For nitrated
asphaltenes overall strength of interactions is more or less evenly distributed between all measured
types, while for cyanated asphaltenes electrondonor properties (S’) increased much more, compared
to other types of interactions. Cyanated asphaltenes should favourably adsorb basic compounds e.g.
nitrogen volatile organic compounds (NVOCs). The sum of Rohrschneider-McReynolds constants
indicate that both adsorbents fall into category of polar adsorbents. Apart from changing interactions
with chemical compounds, presence of functional groups on the surface of modified asphaltenes
affects also hydrophobicity. Contrary to pristine, modified asphaltenes are easily wetted with water.

It should be not without significance for adsorption of polar VOCs.

Table 4. Rohrschneider-McReynolds constants for asphaltene-based adsorbents.

Asphaltenes type X’ Y z U’ s’ Sum
Asphaltenes 88 97 172 182 171 710
Cyanated asphaltenes 102 293 276 325 785 1781
Nitrated asphaltenes 203 356 404 389 482 1834

X’ — benzene / weak dispersion forces and polarizability of adsorbent; Y’ — 1-butanol / hydrogen bonding ability of the
adsorbent; 2 — 2-pentanone / polarizability, part of the dipolar character of the adsorbent; U’ — 1-nitropropane /
electrondonor, electronacceptor and dipolar character of the adsorbent; S’ — pyridine / acidic (electronacceptor) character

of the adsorbent.

To present a more detailed description of asphaltene-based adsorbents surface properties,
samples were subjected to analysis with IGC technique. Results revealed that facile chemical
modifications significantly enhanced adsorbate-adsorbent interactions. Higher surface activity of
chemically modified asphaltenes originates from increased dispersive (y?) and specific (ysF)
components of free surface energy. The most noticeable increase was reported for nitrated
asphaltenes i.e. 380 mJ m2 at 30 °C (extrapolated), compared to 118 and 106 mJ m™ for cyanated
and pristine asphaltenes, respectively. The value of yé) of nitrated asphaltene is similar to values
observed for activated carbons, zeolites or alumina. Retention of polar test compounds
demonstrated that modification introduced a substantial amount of acidic and basic adsorption
centres on the adsorbents surface.

In case of nitrated asphaltenes, acidic centres originate from presence of oxygen containing

functional groups, while basic come from doped nitrogen (-NO; groups). Elemental analysis revealed
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that nitrogen and oxygen content increased after modification from 1.28 and 1.79 wt% to 6.25 and
18.81 wt%, respectively. It indicates that approx. 3.6 mmol of -NO, were introduced per gram of
nitrated asphaltenes, along with other oxygen-containing groups. It follows from the oxidative
properties of nitric acid used for modification.

Measured enthalpies of adsorption revealed that chemical modifications altered the adsorption
mechanism. On pristine asphaltenes adsorption is driven predominantly by physisorption, whereas
that of modified asphaltenes is driven by both physisorption and chemisorption. Presence of the
latter is caused by chemical reaction between surface functional groups and adsorbed gas molecules,
and indicates catalytic properties of asphaltenes.

Moreover, conducted analyses demonstrated that asphaltene-based adsorbents can withstand
multiple adsorption-desorption cycles without adsorption performance deterioration. Thus, it is
possible to use them in continuous processes where adsorbent is regenerated by temperature
and/or pressure swinging.

Comprehensive description of experimental procedures and abovementioned findings, about
surface and adsorption properties of chemically modified asphaltenes, was presented in Paper 2 and
Paper 3, as well as in corresponding Supporting Informations. Paper 2, published in the journal
Separation and Purification Technology, was dedicated to nitrated asphaltenes, whereas research
about cyanated asphaltenes was presented on the 46" International Conference of the Slovak Society

of Chemical Engineering and published in the journal Chemical Papers (Paper 2).

3. Removal of VOCs from gas phase in fixed bed columns with nitrated

asphaltenes (Paper 4)

During the process of adsorbent development the natural order of things is to test its
applicability under dynamic conditions — in fixed-bed system, as it is preferred technique in industrial
applications.

For tests, the adsorbent was prepared by coating a porous support with 10 wt.-% of nitrated
asphaltenes. As asphaltenes itself have low surface area, there was a demand to use a proper porous
support material. On the other hand, it gives the opportunity to utilize natural or waste materials
that are easily available on site, e.g. natural clays or diatomaceous earth. This part of the studies
revealed that nitrated asphaltenes are solely responsible for interactions with adsorbate, while the
support provides only the surface area and porosity required for efficient adsorption. As such, the

adsorption capacity will depend to some extent on the type of support used. This approach can be
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used for effective removal of hazardous chemical compounds from gas streams, accompanied by
waste management and valorisation of low value or waste materials.

As a support, the diatomaceous earth was used, because of its low-cost, abundance, highly
developed porosity in the range of macro and mesopores, high mechanical and chemical resistance,
and rigid structure. Effective deposition of nitrated asphaltenes was confirmed by FTIR analysis.

Adsorbents performance in fixed-bed system was evaluated by measuring breakthrough curves
for pyridine, benzene, and 1-nitropropane. Measurements were done at 30 °C and two relative
humidity levels (5 and 80 %). For comparison, adsorption column with uncoated diatomaceous earth
was prepared and tested as well.

Results revealed a noticeable increase of maximum adsorption capacity for all test compound, in
favour of nitrated asphaltene-based adsorbent. For pyridine, benzene, and 1-nitropropane it changed
more than 11, 7, 3 times, respectively. Higher adsorption capacity is advantageous as it increase
service life of a column bed, and decrease the required adsorbent mass.

The shape of breakthrough curves indicated that deposition of nitrated asphaltenes improved
adsorption efficiency and effective bed usage. The length of mass transfer zone was reduced by more
than 1.5, 2, and 3 times for benzene, 1-nitropropane, and pyridine, respectively. The performance
gains are highlighted better by the change of the effective adsorption capacity i.e. the part of
adsorption capacity consumed at the breakthrough. It changed from 33.4 to 84.0 % for 1-
nitropropane, from 29.4 to 68.7 % for benzene, and from 58.8 to 92.3 for pyridine.

The breakthrough capacity was compared with values reported in the literature [87] for different
adsorbents. Because the adsorbent was designed in a way that nitrated asphaltenes can be used as
active component coated on the surface of a porous support, the breakthrough capacity was
normalized against the specific surface area of adsorbents — adsorption capacity at breakthrough per
square meter of surface. For nitrated asphaltene-based adsorbent this value is much higher than for
other adsorbents in the comparison, e.g. it is over two times higher than for Carbotrap or Tenax TA.

Breakthrough data were modelled by three models: Bohart-Adams, Thomas, and Yoon-Nelson. It
revealed that coating of diatomaceous earth with asphaltenes did not change significantly the
kinetics of the adsorption process, except adsorption of benzene. However the drop in the
adsorption rate was compensated by increased adsorption capacity.

In real-case scenarios, process streams frequently are humid, and molecules of target gas
compete with water molecules to access adsorption centres. As a result, a decrease of adsorption
capacity is observed — it is common phenomenon for majority of adsorbents used in practice, also
observed in the case of nitrated-asphaltene based adsorbent. During measurements under humid

conditions, the adsorbent bed was depleted by benzene and 1-nitropropane about 6, and 2 times
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faster, respectively, compared to dry conditions. Nevertheless, it partially retains its favourable
adsorption properties. Similar drop of adsorption capacity was observed for activated carbon [371].

Reusability of the adsorbent was evaluated by 10 cycles benzene adsorption-desorption
measurements - the desorption was performed by temperature swing up to 250 °C. No significant
changes in adsorption capacity were observed for subsequent adsorption cycles, indicating
satisfactory reusability. Moreover, it confirms durability of chemical modification with —NO; groups,
and good thermal stability of the adsorbent.

Since the nitrated asphaltene-based adsorbent and uncoated support have similar porosity and
surface area, the differences in the adsorption performance, observed during breakthrough
experiments, have to be a result of increased strength of adsorbate-adsorbent interactions,
originating from the chemical structure of the surface and presence of the specific sorption sites.
These properties, underlying the exceptional adsorption characteristic, were revealed by IGC
analysis.

High adsorption capacity of nitrated asphaltene-based adsorbent is explained by increased
dispersive and specific components of the surface free energy. The role of dispersive forces is
highlighted by good correlation of adsorption capacity and polarizability of test probes. In the area of
specific interactions, the electrondonor character of the surface was especially noticeable. The
strength of interactions with test compounds was comparable to the ones observed for graphene or
metal organic frameworks, while leaving behind activated carbons, as demonstrated by enthalpies of
adsorption. Their values revealed the contribution of chemisorption to adsorption mechanism, and
confirmed the potential catalytic properties of asphaltene reported in the previous work.

The mechanism of adsorbate interactions with adsorbents surface was investigated with FTIR
measurements before and after adsorption. In the spectrum, a characteristic shifts of absorption
bands were observed, indicating specific interactions between adsorbate molecules and functional
groups of the adsorbent.

The research about use of asphaltenes for removal of VOCs in fixed-bed adsorption systems is
presented completely in the paper published in the Chemical Engineering Journal “Characterization
of diatomaceous earth coated with nitrated asphaltenes as superior adsorbent for removal of VOCs

from gas phase in fixed bed column” (Paper 4).
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V.

Dissertation summary

The aim of the research, presented in this dissertation, was to evaluate adsorption potential of

asphaltenes and develop asphaltene-based adsorbent for gas-solid separations. The steps in the

research work included isolation of asphaltene fraction from bitumen, chemical modification of

asphaltenes, evaluation of their surface adsorption characteristic, and analysis of asphaltene-based

adsorbent potential for VOCs removal from gas phase in fixed bed columns. The main conclusions of

this dissertation are as follows:

1)

6)

Asphaltenes isolated by standard test methods, used in petroleum industry for technical
analysis, contain significant amounts of resins that can deteriorate asphaltene adsorbents
quality e.g. thermal stability or reproducibility of adsorption characteristic.

Purification of precipitated asphaltenes is the indispensable step to obtain high purity
asphaltene fraction. Extended washing with boiling n-heptane in Soxhlet type extractor is
sufficient to yield fraction with over 97 % content of asphaltenes. Moreover, cellulosic
thimble used for Soxhlet extractor is an efficient filtrating material for precipitation step.

In the light of the above, an improved procedure of asphaltenes isolation was proposed. It is
characterized by increased reproducibility and precision, as well as reduced labour and
materials consumption. The simplicity of the proposed procedure enable easier scale-up
necessary for obtaining high quantities of pure asphaltenes, necessary for research and
development of asphaltene-based adsorbents.

As isolated asphaltenes, applied as adsorbent in gas-solid systems, have interesting
selectivity and retention toward VOCs. However, their competitiveness and scope of
application can be broaden by chemical modifications of the surface. Studies demonstrated
that facile chemical modification of asphaltenes surface improve interaction with target gas
molecules, resulting in higher adsorption capacity and efficiency. Out of numerous chemical
modifications examined, nitrated asphaltenes present the most valuable change of
adsorption characteristic.

Chemical modifications of asphaltenes alters the adsorption mechanism. Values of enthalpies
of adsorption revealed that on pristine asphaltenes adsorption is driven predominantly by
physisorption, whereas that of modified asphaltenes is driven by both physisorption and
chemisorption. The strength of interactions with VOCs exceeds values reported for standard
adsorbents, e.g. activated carbons, reported in the literature.

Presence of chemisorption indicates potential for catalytic activity of modified asphaltenes

and creates new opportunities to apply asphaltenes in heterogenous catalysis.
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7) Asphaltenes (nonporous in nature) can be easily coated on a surface of a porous material
(support), acting as a adsorption active layer responsible for interactions with target gas
molecules, while the support acts as surface are provider. Utilization of asphaltenes
(considered a waste material in petroleum industry) and low-cost supports easily available in
the target destination (e.g. diatomaceous earth or clays) can be an effective procedure for
risk mitigation of hazardous VOCs, accompanied by effective waste management and low-
value materials valorisation.

8) Facile coating of nitrated asphaltenes can significantly enhance adsorption capacity of a
support material, as demonstrated by dynamic, fixed-bed adsorption studies with nitrated-
asphaltenes based adsorbent (diatomaceous earth coated with 10 wt.-% of nitrated
asphaltenes). The breakthrough capacity for benzene, normalized against the specific surface
area of adsorbents (adsorption capacity at breakthrough per meter square of surface), for
nitrated asphaltene-based adsorbent was superior compared to values reported for standard
adsorbents.

9) Multiple adsorption tests demonstrated durability of chemical modification and thermal
resistance of asphaltene-based adsorbent. It can withstand multiple adsorption-desorption
cycles without performance deterioration. Hence, it is possible to use it in continuous
processes, where adsorbent is regenerated by temperature and/or pressure swinging.

Presented results demonstrate the applicability of asphaltene-based adsorbents in adsorption

processes, especially in waste gas purification. Asphaltenes as such present advantageous adsorption
properties, but adding new functionalities to their structure via facile chemical modifications, give
new and unique quality to asphaltene-based adsorbents. When applied as a layer deposited on a
surface of a porous support, goals of hazardous VOCs removal from gas streams, and low-value

materials valorisation can be achieved at the same time.
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ABSTRACT

A new, improved and scalable procedure of asphaltene fraction isolation is presented and compared to standard
test methods. The new procedure uses 1:40 feedstock to solvent (n-heptane) ratio (g/mL), filtration through a
cellulosic thimble and extensive washing in a Soxhlet type extractor. The group type composition and purity of
the asphaltene fractions have been examined using thin-layer chromatography with flame-ionization detection.
This study revealed that the new procedure provides a higher purity of asphaltene fraction resulting in a more
accurate determination of its content in bitumens when comparing to the standard test method. Moreover, an
attempt of evaluation of the scale-up possibility of the proposed and standard test methods was made, revealing
that new procedure is more scalable than standard test methods. It is possible to obtain large quantities of a high
purity asphaltene fraction even on a process scale. This feature is crucial for technical analytics, for researchers
studying asphaltenes characteristic as well as for other novel applications of asphaltenes such as its use as

sorbents in separation techniques.

1. Introduction

Asphaltenes are the most aromatic group of chemical compounds
present in the crude oil and the heaviest products of its processing; they
quantitatively remain in a residue from vacuum distillation. Due to
their complex composition, asphaltenes are a class of compounds de-
fined on the basis of solubility (Linton, 1894; Marcusson, 1911; Parr
et al., 1909) rather than molecular structure. They are insoluble in n-
alkanes e.g. n-heptane, and soluble in toluene or benzene (Ferris et al.,
1967; Hubbard and Stanfield, 1948; Kleinschmidt, 1955; Mitchell and
Speight, 1973; O'Donnell et al., 1951; Strieter, 1941). In terms of mo-
lecular structure, asphaltenes are polycyclic aromatic compounds
(PACs) comprised of 4-10 fused aromatic rings, peripherally attached
alkyl chains and polar functional groups e.g carboxylic acids, phenol,
and pyridines (Groenzin and Mullins, 2000; Mullins, 2011, 2010). They
consist mostly of hydrogen and carbon, with H:C ratio of about 1-1.2,
and additionally heteroatoms such as oxygen, sulfur, nitrogen and trace
amounts of vanadium and nickel can be found in their backbone (Leyva
et al., 2013; Trejo et al., 2004). Typical asphaltene molecules have an
average molecular weight of 750 g/mole (Badre et al., 2006; Groenzin
and Mullins, 2000; Pomerantz et al., 2015) and are arranged into planar
type structures with a tendency to form nanoaggregates (about six as-
phaltene molecules) and clusters (about eight nanoaggregates)
(Mullins, 2010; Pomerantz et al., 2015; Schuler et al., 2015).

Asphaltenes exhibit wide range of interactions e.g. van der Waals,

Coulombic, hydrogen bonding, and m-m stacking (Murgich, 2002). Be-
cause of their physicochemical similarity to resins, asphaltenes exhibit
strong sorption interactions with them. In solution, asphaltene-resin
interactions can be favoured over asphaltene-asphaltene interactions
(Speight, 2004). Resins can adsorb in the form of multilayers on the
surface of the asphaltenes and penetrate their microporous structure
(Ledn et al., 2002; Liao et al., 2005). This is beneficial when considering
stability of refinery process streams, as resins stabilize asphaltenes in
colloidal form (Aguiar and Mansur, 2015; Andersen and Speight, 2001;
Koots and Speight, 1975), but can be a drawback if the purpose is to
isolate pure asphaltenes.

Asphaltenes are of crucial importance in the petroleum industry,
mainly due to the several technological issues created by them in crude
oil processing i.e. formation of emulsions, fouling, well-bore and pipe-
lines clogging, coke formation, and catalyst deactivation in conversion
processes (Akbarzadeh et al., 2007; Almehaideb, 2004; Idris and Okoro,
2013; Kokal and Sayegh, 1995; Ramirez-Jaramillo et al., 2006). Cur-
rently, asphaltenes are utilized only in the production of bitumens,
bitumen mixtures and mineral rubber (Rostler and Sternberg, 1949).
Their content in bitumen is increased by oxidation (air blowing process)
(Moschopedis and Speight, 1975) for upgrading of primary properties
of vacuum residue, measured by penetration, softening point and
breaking point parameters. They describe the stiffness and behavior of
bitumen in high and low temperatures of its usage.

Recently, Boczkaj et al. (2016) showed that asphaltenes present the
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possibility of being applied as a sorbent in separation techniques. Their
unique selectivity, high thermal stability and low production cost
makes it an interesting material for stationary phases for gas chroma-
tography, as well as for preparative and process separations (Boczkaj
et al., 2016, 2015). However, current methods of isolation are not
sufficient for providing large scale quantities of this material. Therefore
a new method is required.

Traditionally, asphaltenes are isolated by means of precipitation
with saturated hydrocarbons, such as n-pentane and n-heptane (ASTM
D2007; 2003; ASTM D3279; 2001; ASTM D4124; 2001; ASTM D6560;
2000). Precipitation conditions ie. type of solvent type, solvent to
feedstock ratio, standing time and temperature have a significant im-
pact on the yield of obtained asphaltenes and co-precipitated resins
(Andersen and Birdi, 1990; H. Alboudwarej et al., 2002; Mitchell and
Speight, 1973; Speight et al., 1984). Thus, asphaltene fractions isolated
under different conditions are not identical and consequently have
different properties. Although some groups indicate that the mechanism
of precipitation is independent of the isolation method, but rather that
the quantity of isolated asphaltenes is of the same magnitude, their
characteristic should also be the same (Andersen and Birdi, 1990).

The type of solvent and its amount have the most evident effect on
the precipitate. The yield of asphaltenes increases with increasing
number of carbons in an n-alkane and reaches a plateau using n-hep-
tane. The usage of n-heptane as a solvent is favoured when asphaltenes
are the subject of research, because their properties are virtually stable
for n-alkanes above n-hexane (Andersen and Birdi, 1990;Alboudwarej
et al., 2002; Mitchell and Speight, 1973; Speight et al., 1984). Studies
revealed that to provide efficient separation of asphaltenes, at least
30 mL of solvent to each gram of feedstock is necessary (Alboudwarej
et al., 2002; Speight et al., 1984). Although settling time can have a
significant impact on the obtained asphaltene fraction purity, it varies
considerably in standard test methods; from 30 min (ASTM D2007;
2003) up to 16 h (ASTM D4124; 2001). Studies revealed that to ensure
stable yields of asphaltenes, standing time of about 8-10h is needed.
Extending this time above 16h may lead to the adsorption of resins from
the liquid on the asphaltenes surface (Speight et al., 1984).

A number of studies investigated the effect of temperature on as-
phaltenes precipitation. However in this case, conflicting information
emerges, with some report a decrease in asphaltenes yield with in-
creasing temperature (Ali and Al-Ghannam, 1981; Mitchell and Speight,
1973) and the possibility of enhanced co-precipitation of resins
(Speight et al., 1984), while others indicate increased yield in higher
temperatures (Andersen, 1994; Andersen and Birdi, 1990; Hu and Guo,
2001). Andersen and Birdi (1990) observed an increased yield of pre-
cipitate followed by decrease after reaching maximum at 25°C. He
ascribed it to enhanced adsorption of smaller molecules and further
rupture of those interactions (desorption of molecules) as the tem-
perature increases further. However, the most recent studies seem to
confirm a decrease in yield of asphaltenes with increasing temperature
(Andersen, 1995, 1994; Andersen et al., 1998, 1997; Andersen and
Stenby, 1996; Hu and Guo, 2001; Magbool et al., 2011) and a lower
content of resins when precipitation is carried out at higher tempera-
tures (Pineda et al., 2007). UV fluorescence studies revealed that when
temperature decreases more compounds with smaller fused rings pre-
cipitate. Conversely, when the precipitation temperature increases, the
isolated fraction is dominated by larger aromatic structures (Andersen
and Birdi, 1990). This result is supported by molecular weight studies,
as molecular mass increase when asphaltenes are precipitated at ele-
vated temperatures. Another consequence of increased precipitation
temperature is higher aromaticity (i.e. lower H/C ratio) and polarity of
isolated fraction (Andersen, 1995, 1994; Andersen et al., 1997; Pineda
et al., 2007). In the scope of the definition and up-to-date structural
information about asphaltenes, as well as being insoluble in n-alkanes
and consisting of aromatic core of 4-10 fused rings, the variation of
temperature affects the precipitate yield due to the co-precipitation of
smaller molecules (e.g. resins). Although, one need to remember that

609

Journal of Petroleum Science and Engineering 167 (2018) 608-614

there is no distinct border between asphaltenes and resins.

The last step of almost all precipitation procedures include washing
of the isolated asphaltenes to remove adsorbed resins as well as other
components of the primary material (ASTM D2007; 2003; ASTM
D3279; 2001; ASTM D4124; 2001; ASTM D6560; 2000). If asphaltenes-
resins interactions are adsorptive, then it should be possible to remove
resins with re-precipitations and/or intensive washing with the correct
solvent. The second phenomenon that can hinder the isolation of pure
asphaltenes is to block access of the solvent by occlusion, thus retaining
resins (or generally other than asphaltene fractions) by asphaltenes
(Derakhshesh et al., 2013; Liao et al., 2006, 2005; Strausz et al., 2006).
Although, the importance of the washing step is recognised intuitively,
it is the most imprecise and ambiguous step. Usually it is performed on
a filter with the solvent used for the precipitation. A common criterion
is to continue washing until the effluent is colourless (ASTM D4124;
2001). This implies arbitrariness and leads to different extents of
washing. Another popular method of washing is to use a reflux ex-
tractor (ASTM D6560; 2000). Results presented in (Alboudwarej et al.,
2002) revealed that using Soxhlet's extractor led to removal of 22% w/
w of maltenes from filter-washed asphaltenes.

As we have shown, a number of methods and refinements exist to
isolate asphaltenes, but none allow for large scale production of a
consistently pure product. Therefore, the aim of this paper was to
propose simplified, reproducible, easy to scale — up procedure of as-
phaltenes isolation, which will give at least similar results as the stan-
dard test method. It would be of great importance, not only for studies
in our research group (Boczkaj et al., 2016), but for researchers
studying asphaltenes characteristic and technical analysis of petroleum
products as well. Usually asphaltenes are characterized by their average
properties e.g elemental composition and molar mass. In this paper,
thin-layer chromatography with flame ionization detection (TLC-FID)
was used to compare group type composition of asphaltene fractions
obtained by studied methods. Moreover operation effectiveness, scale-
up possibility as well as economic aspects of this methods were eval-
uated.

2. Experimental
2.1. Materials

Bitumen 20/30 SDA (Lotos Group, Gdansk, Poland) and n-heptane
EMPLURA® (Merck, Germany) were used to isolate the asphaltene
fraction. Depending on the isolation method used, mixture was filtered
through a 0.45pum PTFE membrane filter (Achrom, Belgium) or a
standard single thickness 33 X 100 mm cellulose thimble (VWR, United
States). During hydrocarbon group type analysis of the isolated frac-
tions, the following analytical grade chemicals were used: di-
chloromethane (POCH, Poland), methanol (POCH, Poland), toluene
(POCH, Poland) and hexane (Merck, Germany). To filter samples prior
to analysis, 0.45 pm PTFE syringe filters (Achrom, Belgium) were used.

2.2. Apparatus

To perform filtration a vacuum glass set (Glassco, India) was used.
Isolated samples were washed in a Soxhlet type extractor. Weight
measurements were performed with a WLC 6/A2 (readability 0.1 g) and
WPA 180/C (readability 0.1 mg) balances (RADWAG, Poland).

To analyze the group type composition of the isolated fractions by
means of TLC-FID technique an Iatroscan Mk. V (Iatron Lab., Japan),
silica gel Chromarods S5 (Iatron Lab., Japan), 3200/1S-01 semiauto-
matic sampler (SES, Germany), 7102 KH 2 pL syringe (Hamilton, USA),
TLC TK-8 Chromarods dryer (Iatron Lab., Japan), chromatographic
chambers, AD converter, and corresponding software (Chomik, Poland)
were used.
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2.3. Procedures

2.3.1. Asphaltene fractions isolation

2.3.1.1. Procedure ASTM D4124. The reference samples of asphaltene
fraction were isolated using the conditions described in ASTM D4124
(ASTM D4124; 2001). As a reference standard method of isolation
ASTM D4124 was selected, because it exploits high solvent to feedstock
ratio (100 mL: 1 g), long contact time (ca.16 h) and extensive washing
of isolated asphaltenes (till effluent is colorless). This should ensure
high purity (low content of resins) of the asphaltene fraction. Bitumen
was heated in an oven at 70 °C for 1 h and 6 g (weighed to the nearest
0.1 g) were placed in 1L flask, which was gently heated to disperse
bitumen on the bottom and lower sides of the flask. Next, the n-heptane
was added in the ratio of 100 mL per 1 g of bitumen. The mixture was
heated to boiling and refluxed for 1 h with occasionally stirring. After
the mixture was allowed to cool for 16h, it was filtered through
0.45 pym PTFE membrane filter under the vacuum. The precipitate was
washed with hot n-heptane until a colorless filtrate was obtained. The
filtrate was consequently washed with 80 mL of fresh n-heptane, and
heated for 30 min with occasional stirring and filtered again through a
fresh tared PTFE membrane filter. The asphaltene cake was washed
with hot n-heptane till the filtrate was colorless, dried (1 h at 100 °C)
and weighed.

2.3.1.2. Procedure B1 and B16. The novel procedure of isolation
proposed and tested in this paper is as follows: bitumen is heated in
an oven at 70°C for 1h and 15g of it is placed in 1L round-bottom
flask. The flask is gently heated to disperse bitumen on the bottom and
lower sides of the flask. Next, the n-heptane is added in the ratio of
40mL per 1g of the bitumen. The mixture is brought to a boil and
refluxed for 1h with occasional stirring. Then it is set aside for 1h
(procedure B1) and 16h (procedure B16) to cool and the content of the
flask is filtered through a tared cellulose thimble. In procedure B1 the
filtration started at temperature of the mixture being 55 °C, and in B16
procedure at 20 °C. The thimble is placed in a Soxhlet extractor and
washed with n-heptane for 24 h. Next, it is dried at 100 °C for 1h and
weighed.

Figs. 1 and 2 present steps of standard and proposed procedures for
isolation of asphaltene fraction and experimental glassware setup, re-
spectively.

2.3.2. Hydrocarbon group type analysis of isolated fractions

The group type composition of bitumen and the isolated fractions
was investigated by TLC-FID technique which allows a relatively fast
analysis. A normal phase separation mechanism is used, resulting in a
so-called SARA (Saturates, Aromatics, Resins, Asphaltenes) analysis. In
this conditions asphaltenes are defined as a group of compounds having
the highest retention.

Samples were prepared by dissolving the samples in di-
chloromethane to yield concentration of 2mg/mL. This prevents
overloading of the stationary phase and leads to a better separation of
asphaltenes and resins. To remove any undissolved particles, the sam-
ples were filtered through 0.45 um PTFE syringe filters. Before spotting
the samples, the Chromarods were activated in the flame of FID de-
tector: once in time of 35 s and twice in 50 s. Then, they were placed in
desiccator for 10 min to cool down.

1 uL of the samples were spotted in a small aliquots on the three
Chromarods each, to obtain quantitative results. Next, the Chromarods
with the spotted samples were placed in the dryer (set to 70 °C) for
3min. A three-step elution sequence was used, with eluents in the
following order:

1. Dichloromethane:methanol (95:5 v/v) elution up to 45% of a sta-
tionary phase height

2. Toluene elution up to 80% of a stationary phase height

3. n-hexane (95% water saturated) elution up to 100% of a stationary
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‘ Precipitation 1g : 100mL ‘

l i

Setting aside for overnight . .
‘ (ca.16h) ‘ Setting aside for 1h or 16h ‘

l l

‘ Precipitation 1g : 40mL ‘

‘ Filtration ‘ ‘ Filtration ‘
‘ Washing on filter ‘ ‘ Washing in Soxhlet ‘
In prop procedures
l l those steps take place
in thimble - there is no
Redissolving in n-heptane ) need for transfering
‘ with heating Drying solide.
‘ Filtration ‘ ‘ Weighing ‘

Washing on filter

Weighing

Fig. 1. Scheme of studied procedures for isolation of asphaltene fraction. A)
standard test method ASTM D4124. B) Proposed procedures. For two tested
variants B1 and B16 the scheme is the same, only time of setting aside changes
(1hvs16h).

Fig. 2. Experimental glassware setup. From left: precipitation set, filtration set,
washing (Soxhlet) set.

phase height
The set of solvents used in this work is a typical set used for hy-
drocarbons group type analysis of petroleum heavy fractions using TLC-
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FID technique (Sharma et al., 1998). However, atypical is the sequence
of the elution, which is contrary to what can be typically found in lit-
erature (Jiang et al., 2008; Sharma et al., 1998). In our work we de-
veloped the Chromarods beginning with the solvent ensuring the elu-
tion of asphaltene fraction. It follows from the high amount of
asphaltene in the sample which are not solubilized and eluted by n-
hexane (which is used as the first solvent in typical procedures). In our
opinion fractions other than asphaltenes (i.e. saturates and aromatics)
can be trapped under asphaltenes and shielded/covered by them, hence
not eluted by the n-hexane. First solvent (dichloromethane:methanol)
eluted all components of the spotted sample and increased accessibility
of two other solvents to the whole amount of the sample. This approach
was validated in our lab during a series of quality control analysis of
bitumen, performed for a local refinery in Gdansk.

Each TLC chamber was lined with chromatographic paper, filled
with eluent and left for saturation for 15 min. The Chromarods were
placed in the chamber and eluted accordingly. Before elution with to-
luene and n-hexane the frame with rods was held in headspace of eluent
for 5min to saturate the stationary phase with vapors of the eluent.
After each elution step the rods were dried for 3 min (or longer if a scent
of a solvent was noticeable) and left in desiccator for 10 min to cool
down.

Detection was carried out in a TLC-FID analyzer. Rod scanning time
was set to 35s, hydrogen and air flow were 150 mL/min and 1800 mL/
min respectively. Chromatograms were integrated with a normalization
method. Obtained results were used comparatively for evaluation of
purity of asphaltene fraction obtained by means of studied in this paper
methods of isolation.

2.4. Quality assurance of data

The average results for isolation of asphaltene fraction, by each
procedure, are the mean values of three separate isolations. The
average yield is a mass ratio of asphaltene fraction and feedstock (bi-
tumen). For TLC-FID analysis, each sample was spotted on three rods to
provide quantitative data. The average of asphaltenes content was
calculated as a mean of the means for individual samples isolated with
given procedure. The relative standard deviation (RSD%), which ex-
presses the precision and repeatability was calculated as a ratio of
standard deviation to the mean value of asphaltenes content, multiplied
by one hundred.

To compare the accuracy of investigated procedures, mean results
(which were obtained by the same analyst) were evaluated by means of
F-Snedecor test, to confirm the homogeneity of variances and next with
t-Student test. t-Student test is used for determining whether the ob-
served difference between obtained means is statistically significant or
not. F-Snedecor test is performed to check whether the variances of the
two samples are equal and if t-Student test without correction can be
used.

3. Results and discussion

Fig. 3 shows exemplary TLC-FID chromatograms (SARA analysis) of
analyzed sample isolated by B1 (B) procedure and feedstock bitumen
(A). A baseline separation between resins and asphaltenes is obtained,
allowing to control the precipitation.

Table 1 presents results of TLC-FID analysis of obtained asphaltene
fractions. Table 2 presents differences between values of parameters
given in Table 1 for the tested procedures.

Isolated asphaltene fractions were dark brown, black mat solids.
Quantitative analysis revealed some differences which are consistent
with obtained yields of asphaltene fractions. It is clear from data in
Table 1 that ASTM standard test method has a false positive error i.e. it
reports higher content of asphaltenes in bitumen due to the presence of
impurities of resins fraction co-precipitating or adsorbing on asphal-
tenes. The studied alternative procedures exhibit an improved purity of
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obtained asphaltene fraction. It is possible, that in the case of bitumens
having lower content of asphaltenes and higher of resins, this error for
ASTM methods would be higher.

The average result of asphaltene fraction yield was 10.14% w/w
from the ASTM D4124 procedure and 8.79% w/w from the new B1
procedure. This difference is mainly the result of lower resins content
when proposed B1 procedure is used. These conclusions are supported
by the TLC-FID data, which revealed that the asphaltenes content in
isolated fraction is higher by 1.59% for B1 procedure.

The lowest yield of asphaltene fraction was obtained for our pro-
cedure with B1 contact time. At the same time this procedure gave the
highest purity of asphaltenes. This indicates that B1 procedure, invol-
ving the washing in the Soxhlet, washed out more maltenes than the
ASTM D4124, in which washing of the filter cake is performed manu-
ally. Additionally, the developed procedures have improved reprodu-
cibility, as the RSD% value is lower, comparing with ASTM method.

The second variant of the procedure, in which contact time was the
same as in ASTM D4124 method, gave the results between standard and
B1 procedures. The yield of asphaltene fraction was higher and purity
of asphaltenes lower than in B1 procedure. Probably, it is due to a lower
temperature of a mixture at the beginning of filtration and resulting
higher adsorption of resins in B16 procedure. Still, this method pro-
vided higher purity of asphaltenes than ASTM method. This result
clearly indicates the problem of the presence of resins fractions in
precipitated asphaltenes fraction, which is almost completely solved in
the developed method for optimized conditions of settling the solution,
filtration and Soxhlet extraction stages.

The precision and repeatability of each procedure was sufficient and
comparable, as the RSD% value was below 5% (Table 1). Table 3 pre-
sents values of calculated and critical parameters for the t-Student and
F-Snedecor test. The t-Student test revealed statistical difference be-
tween mean results for ASTM D4124 and proposed B1 procedure. No
statistical difference was observed for B16 and ASTM D4124 method.
Between B16 and Bl procedures difference in purity of asphaltene
fraction was insignificant, while difference in yield of asphaltene frac-
tion was slightly significant. Comparison of standard deviations re-
vealed that both proposed methods were slightly more precise than the
standard test method.

As abovementioned, the goal of this research was to develop simple,
cost-effective and easy to scale-up procedure of asphaltenes isolation
which will give at least similar results, in terms of asphaltene purity, as
standard test method. This has been achieved by lowering the feedstock
to solvent ratio from 1g per 100 mL to 1g per 40 mL (this ratio is re-
ported in some of ASTM methods as allowable) along with modification
of purification step. As shown in Table 4 solvent consumption in Bl
procedure was calculated as three times lower than in ASTM D4124.
For ASTM D4124 calculation has been made on the basis of the amount
of the solvent used in abovementioned experiment, while for the other
two standard test methods quantities of solvent and feedstock specified
in standard test method were used.

The studies revealed, that washing step is crucial for final asphal-
tenes purity. Lower solvent consumption allowed the use of bigger
quantities of feedstock without fall-off in asphaltene fraction purity (in
fact, a higher purity was obtained). This may be not only important for
process scale isolation, but also in terms of asphaltenes research. Due to
the high complexity of petroleum and its subfractions, asphaltenes are
still relatively unknown and poorly studied group of chemical com-
pounds. One of the difficulties associated with the correct character-
ization of asphaltenes is the lack of one universal and standardized
method of isolation. Different research teams isolate asphaltenes by
means of different ASTM or other standard methods described in the
literature or perform isolation by means of their own developed pro-
cedures. This affects strongly the purity of asphaltenes and reproduci-
bility of results, thus making comparisons limited. Proposed simple,
reproducible procedure giving high quantities of asphaltene fraction
with very low resins content is an important contribution to this issue.
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Fig. 3. Exemplary TLC-FID chromatograms of SARA fractionation. A) feedstock — bitumen 20/30 SDA and B) the asphaltene fraction isolated with tested Bl

procedure.

Table 4 compares selected parameters of investigated procedures
and two additional standard test methods.

3.1. Time consumption

B1 procedure is the most time consuming but it is caused by the
most extensive washing among compared procedures. This extended
purification is a must to obtain pure asphaltenes fraction and accurate
results of determination.

In the case of standard test methods the isolation procedure time
can be extended by problems with filtration rate. When isolating as-
phaltene fraction according to ASTM D4124-01, 0.45 um PTFE filters
were used and especially in the case of higher amounts of asphaltene
fraction, the filters have tendency to clog, thus decreasing the rate of
filtration and significantly increasing the time of the filtration stage.
The same issue may be observed in ASTM D3297 and D6560 procedures
which utilize glass filter pads and cellulose quantitative filters, re-
spectively. In Bl procedure filtration under vacuum with sub micro-
meter filter was replaced with simple filtration through cellulose
thimble, in which the washing step is carried out later. No issues with
filtration were observed when filtering through thimble and filtrations
were completed in time under 15 min. To check if no asphaltenes are
going through thimble during filtration, effluent was filtered through
0.45 pym PTFE membrane filter and no solid particles were retained.

Table 1
Comparison of asphaltenes isolation results obtained with tested procedures.

Table 2
Differences between results for tested procedures.
ASTM D4124 - ASTM D4124 - B16 - B1
B16 Bl
Yield of asphaltene 0.55 = 0.14 1.35 = 0.11 0.80 = 0.03
fraction [% m/m]
Asphaltenes content [%)] 0.69 = 0.17 1.59 = 0.46 0.90 = 0.29

3.2. Solvent consumption, washing and purity of asphaltene fraction

The B1 procedure has the lowest solvent consumption yet the most
extensive washing of the isolated fraction, giving the highest purity of
asphaltene fraction. ASTM D3279 procedure consumes almost three
times more solvent than B1 procedure and washing step is very limited.
Although there is no data available about purity of asphaltene fraction
isolated with ASTM D3279, because it is similar to ASTM D4124, the
purity probably will not exceed the one obtained with ASTM D4124.

ASTM D6560 uses similar amount of n-heptane but incorporates
dissolution/re-precipitation with toluene. It also involves washing in
reflux extractor. However, contrary to Soxhlet extractor used in Bl
procedure, it is constructed in a way that the solvent is constantly
drained from sample. In Soxhlet extractor a chamber is flooded with hot
solvent and periodically emptied by siphon. This ensures longer contact
time and in case of bigger sample the whole asphaltene fraction should
be evenly washed. ASTM D6560 procedure is somewhat alike to Bl in

Method ASTM D4124 Bl16 Bl

Mean STD RSD% Mean STD RSD% Mean STD RSD%
Yield of asphaltene fraction [% m/m] 10.14 0.46 4.49 9.59 0.32 3.34 8.79 0.35 3.99
Asphaltene fraction purity [%] 95.80 0.30 0.31 96.49 0.47 0.49 97.39 0.76 0.78

612
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Table 3
Comparison of variances and means for two sets of results.
ASTM D4124 - ASTM D4124 - B16 - Bl
B16 Bl
F-Snedecor

Fer (@ = 0.05, f; = f, = 2) = 19.00

F
Yield of asphaltene fraction [%  2.07 1.73 1.20
m/m]
Asphaltenes content [%] 2.45 6.42 2.61
t-Student
ter (@ = 0.05, f = n; +ny-2 = 4) = 2.776
t
Yield of asphaltene fraction [% 1.70 4.04 2.92
m/m]
Asphaltenes content [%] 2.14 3.37 1.74

terms of solvent consumption and washing and can yield asphaltene
fractions of similar purity.

3.3. Arbitrariness and laboriousness

Filtration in thimble and further Soxhlet washing allowed to omit a
part of ASTM D4124 test method in which filter cake is transferred to
beaker for extra washing and avoid manual washing of filter cake,
which lowered the labor consumption and reduced arbitrariness.

Washing of asphaltene fraction in Soxhlet for a fixed amount of time
eliminates the necessity of setting arbitrary end time of washing.
Arbitrariness was evaluated on the basis of the precision of end points.
In case of B1 and ASTM D3279 procedures end points are quantitative
whereas in ASTM D4124 it is qualitative (color of effluent). In ASTM
D6560 the washing step end point is measured in hours, however it is
not fixed and only minimal time of washing is given.

3.4. Scaling up/automation

Table 5 presents the results of scaling up possibility evaluation. To
estimate scaling up difficulty, the isolation process was divided into
three parts: precipitation, filtration and washing. To every stage two
numbers were ascribed: one representing its significance (wage) and
second one describing difficulty of scaling up this stage. Difficulty was
multiplied by significance of considered step and sum of those multi-
plications was treated as scaling up possibility parameter. Table 6
presents scale which was used to determine overall scale up possibility
of the procedure.

Precipitation step was considered as having the lowest significance
for the differentiation of the procedures because in every procedure it is

Table 4
Comparison of procedures for isolation of asphaltene fraction.

Journal of Petroleum Science and Engineering 167 (2018) 608-614

conducted in the same way and only volume of a solvent differs. This
difference was used to determine difficulty of scaling up. The bigger the
feedstock to solvent ratio the bigger the vessel needed for precipitation
step.

When evaluating filtration step, time and power consumption were
taken under consideration. In case of ASTM D4124 significant problems
with filtration resulting in extended filtration time were discussed
above. Additionally in ASTM D4124 and D3279 procedures vacuum is
used for filtration which increases power consumption. Those remarks
are also true for washing step.

Due to the availability of wide range of Soxhlet dimensions, pro-
posed procedure can be easily scaled up, from laboratory scale to au-
tomated. Continuous washing with hot solvent is also easier to imple-
ment on a process scale, than filtration through sub micrometer filters.
Moreover, in Bl procedure after filtration asphaltenes remain in
thimble in which they are washed and it should be easy to make it “one-
pot” process. Additionally in Bl procedure asphaltenes are not dis-
solved in toluene after washing with n-heptane as in ASTM D6560 and
there is no need for evaporation to reprecipitate asphaltenes.

3.5. Safety

Conducting purification step in Soxhlet extractor reduces risk to
safety and health. In ASTM D4124 procedure washing with hot solvent
is done manually and redissolving of asphaltene fraction in hot n-hep-
tane takes place in an open beaker. The lack of proper attention can
lead to overheating of the mixture, which may result in bumping, thus
representing a hazard.

4. Conclusion

The procedures of asphaltene fraction isolation developed and
tested in this paper provided higher purity of isolated fractions (con-
taining less resins) and are characterized by improved reproducibility
and precision comparing to standard test method, which is corrobo-
rated by the RSD% values.

Implementation of filtration through cellulose thimble and washing
off isolated fraction in Soxhlet extractor is less laborious, less arbi-
trariness and easy to scale-up. This simplicity makes the scale-up easier
which in connection with smaller solvent consumption per 1g of feed-
stock can lead to obtaining higher quantities of asphaltene fraction,
which may be especially interesting for researchers working on char-
acterization of asphaltenes e.g structural analysis and further if kilo-
grams of asphaltenes are needed for different studies. In this field
particularly important are studies on bitumen properties related to as-
phaltene content and their physico-chemical character.

As abovementioned, asphaltenes are currently under investigation
in terms of their sorption properties and employing them in separation
techniques (Boczkaj et al., 2016, 2015). Such sorbents can be used in
process scale separations or as a stationary phase for gas chromato-
graphy. In this case further scaling-up will be needed and previously
mentioned advantages of proposed procedures can be crucial for iso-
lating large quantities of this material. Furthermore, in process scale

Bl ASTM D4124-01 ASTM D3279-07 ASTM D6560-00 (IP 143/01)
Time consumption ca. 28h ca. 20h ca. 3h ca. 10h
Solvent consumption 50mL/g ca. 150 mL/g ca. 130mL/g heptane: ca. 50 mL/g toluene: ca. 10 mL/g
Washing 24h Soxhlet on filter washing, until filtrate is colorless on filter, 3 X 10 mL min. 1h reflux extractor
Laboriousness + - + --
Purity of asphaltene fraction 97.39 = 0.76 95.80 = 0.30 NA NA
Scaling up/automation easy difficult moderate moderate
Safety safe hazardous steps safe safe
Arbitrariness ++ - ++ +
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Table 5
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Collation of grades ascribed to isolation process stages describing its importance and difficulty of scaling up.

Stage Wage Bl ASTM D4124-01 ASTM D3279-07 ASTM D6560-00
Difficulty Mult. Difficulty Mult. Difficulty Mult. Difficulty Mult.
Precipitation 1 2 2 4 4 4 4 2 2
Filtration 2 2 4 5 10 3 6 3 6
Washing 3 2 6 4 12 3 9 4 12
Scaling up parameter 12 26 19 20
Table 6 Ferris, S.W., Black, E.P., Clelland, J.B., 1967. Aromatic structure in asphalt fractions. Ind.

Scale used to determine the possibility of process scale up.

Scaling up parameter Scaling-up difficulty

<15 easy
15-20 moderate
> 20 difficult

isolation, washing step can be based on the same principle as in Soxhlet
extractor (recirculation of the hot solvent) and in turn will result in cost
reduction of this step.
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ARTICLE INFO ABSTRACT

Keywords: A novel nitrated asphaltene-derived adsorbent (Asf-Nitro) was prepared using facile isolation and modification
Asphaltenes procedures. The successful modification was confirmed by Fourier-transform infrared spectroscopy (FTIR). The
Adsorption nitrated adsorbent was evaluated in terms of dispersive and specific interactions, Lewis acid-base properties and
voc adsorption isotherms by means of inverse gas chromatography (IGC). Nitration was found to be extremely ef-
y & 8! y y
Waste gases . : . . . . . .
Treatment fective in enhancing adsorption properties of asphaltenes towards variety of chemical compounds. Asf-Nitro

adsorbent exhibits superior dispersive interactions (197.50 = 1.12mJm~ 2 at 423K), as compared to un-
modified asphaltenes, which are comparable with activated carbons, zeolites or alumina. Examination of the
specific interactions revealed a shift from basic to acidic character of the surface, what will be beneficial for
adsorption of alkaline gases. Additionally, adsorption isotherms revealed that developed surface properties of
the Asf-Nitro results in more than doubled monolayer adsorption capacity. Obtained results demonstrates the
applicability of the asphaltene-derived materials in adsorption processes as highly effective and low cost ad-
sorbents. This studies revealed a highly effective adsorption of environmentally important VOCs, e.g. n-butanol

Adsorption isotherms
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(odorous compound), trichloromethane (chlorinated hydrocarbon) and benzene (carcinogenic).

1. Introduction

Volatile organic compounds (VOCs) are a large group of organic
chemical compounds having vapor pressure of at least 0.01 kPa at
standard conditions [1]. They are present as gaseous airborne chemicals
and as chemicals adsorbed on solids (indoor surfaces, airborne parti-
cular matter) [2,3]. The effects of some groups of VOCs on human
health as well as ecosystems [4] relate to number of acute or chronic
hazards e.g.: cancer, allergies, respiratory and immune effects, central
nervous systems dysfunctions, formation of tropospheric ozone and
photochemical smog [5-7].

Apart from increased health risk and ecosystems deterioration,
VOCs can be problematic even if their toxicity is not confirmed.
Odorous compounds emitted from industries and landfills can decrease
the quality of life and pose a problem for a company’s image, since
odors are commonly perceived as an indicator of harmful and toxic
activity [8,9]. This issue is gaining particular importance due to de-
velopment of both industrial and residential areas [10,11].

The issue of VOCs emission from anthropogenic sources is ac-
knowledged and demand for VOCs emission control is increasing an

enforcement of environmental legislations, e.g. European Union obliged
member states to cut the emission of VOCs by 40% till 2030 [12].
Development of separation techniques is a part of remedial measures to
reduce emission of VOCs.

Among the available technologies for removal of VOCs, adsorption-
based processes proved their usefulness and effectiveness in purification
and separation of gaseous streams [13,14]. Since the key parameter in
adsorption processes is a type of adsorbent, the main developments in
this field are focused on new adsorbents [15]. To replace commonly
used activated carbon, zeolites, silica or polymers, new adsorbent must
exhibit unique adsorption properties or/and its application must be
economically feasible. Three main trends in the research on new ad-
sorbents can be observed:

(1) synthesis of new types of adsorbents e.g. carbon nanotubes, gra-
phene [16], molecular organic frameworks [17],

(2) development of low-cost activated carbon prepared from waste
materials [18-20]

(3) direct application of natural materials as bio-adsorbents [21,22]
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An interesting alternative for traditional sorbents can be asphal-
tenes. They are carbonaceous material with high C:H ratio of about
1-1.2 and the most aromatic fraction of the crude oil and the heaviest
products of its processing, quantitatively remaining in residue from
vacuum distillation. Asphaltenes are numerous group of polycyclic
aromatic hydrocarbons (PACs) defined on the basis of solubility - as a
fraction insoluble in n-alkanes and soluble in toluene or benzene. They
are comprised of 4-10 fused aromatic rings, peripherally attached alkyl
chains and polar functional groups, with tendency to stacking and
formation of graphite-like structure. Besides carbon and hydrogen,
heteroatoms such as oxygen, sulfur, nitrogen and trace amount of me-
tals can be found in their backbone [23-28].

Asphaltenes structure i.e. aromatic ring, alkyl chains, polar func-
tional groups (carboxylic, phenol, pyridine) is a source of a vast variety
of interactions e.g. van der Waals, coulombic, hydrogen bonding and -
7 stacking [29].

In petroleum industry uncontrolled asphaltene precipitation is a
source of severe technological issues during crude oil processing eg.
well-bore and pipeline clogging, catalyst deactivation, fouling, coke and
emulsion formation [30,31]. The only practical application of asphal-
tenes is production of bitumen and bitumen mixtures. In petroleum
industry there is significant interest in separating asphaltene fraction
from process streams. Due to this reasons, asphaltenes can be treated as
a undesired by product or waste.

Recently it was shown that asphaltenes can be applied as sorbents in
separation techniques, due to their unique selectivity and thermal sta-
bility [32] and simplified isolation procedure of asphaltenes using re-
sidue from vacuum distillation of crude oil was proposed [33]. Their
application as sorbents would lead to valorization of the by-product,
reduction of the costs and would enhance company’s competitiveness.

Modification of the surface chemistry can be a feasible direction
toward novel applications [34]. Surface modifications that can improve
or extend adsorption properties of adsorbents are widely investigated
[34-39]. Heteroatoms present on a surface of an adsorbent affects the
adsorption capacity and selectivity. In the literature studies on the
sulfonation [39], amination [38], methylation [37], nitration [36],
ammonia [35] or ozone treatment effects on the adsorption properties
can be found. The diverse structure of asphaltene molecules make them
especially prone to chemical modifications, thus opening many routes
toward tuning their properties for particular adsorption applications
[34].

The objective of this study was to evaluate the possibility of utilizing
asphaltene fraction in adsorption-based processes. To enhance the
surface and adsorption properties of the asphaltene fraction, its prop-
erties were tuned by a chemical modification. To evaluate the effect of
the chemical modification on the performance of the asphaltene-based
sorbents in adsorption processes, inverse gas chromatography (IGC)
technique was used. It is a variant of gas chromatography in which a
material to be investigated is placed inside a column and characterized
by monitoring of the retention of probe molecules with known prop-
erties under dynamic conditions. IGC measurements can be carried out
at infinite dilution and finite concentration. At infinite dilution ad-
sorbate-adsorbent interactions are the leading cause of adsorption ef-
fects and the retention data can be converted into e.g. dispersive and
specific components of the free energy of adsorption. At finite con-
centration, for example, adsorption isotherms can be obtained. Among
test probes were environmentally important VOCs, e.g. n-butanol
(odorous compound), trichloromethane (chlorinated hydrocarbon) and
benzene (carcinogenic).

2. Experimental
Informations about the origin of bitumen samples and the asphal-

tene isolation method and purity control procedure can be found in
Text S1.
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2.1. Chemical modification (nitration) of the asphaltene fraction

Nitrated asphaltenes were modified as follows: HNO3; (65%,
6.4 cm®, 91 mmol) was added to a stirred solution of asphaltene (1.59 g)
in CH,Cl, (50 ml). The mixture was refluxed and stirred for 16 h. After
this time, solvent was removed under reduced pressure (ca. 10 mmHg).
Residue was suspended in methanol (50 ml) and filtered off. The pre-
cipitate was washed with methanol (20 ml) and dried under vacuum at
80 °C for 8h. Successful modification was confirmed by the Fourier-
transform infrared spectroscopy (FTIR). Details of the FTIR analysis
procedure are described in Text S2.

2.2. Adsorbent preparation

Asphaltene-derived adsorbents (raw asphaltenes — Asf and nitrated
asphaltenes — Asf-Nitro) were prepared by coating the Chromosorb W
AW DMCS 80/100 mesh (Johns-Manville, USA) with asphaltenes (ad-
sorbent). Chromosorb W (further denoted as Ch-W) is a hydrophobic
support with large irregular pores and has BET surface area of
0.6-1.3m? g~ 1. Textural properties (i.e. low surface area values, ab-
sence of micropores) of the support ensures that only surface’s char-
acteristic influences the adsorption experiments. Moreover it eliminates
issues with diffusion into pores and on a surface of an adsorbent.

Detailed description of the coating procedure can be found in [32].
The content of the adsorbent on the support was 10% by mass. It is
worth to mention that during the immobilization of asphaltenes on the
Ch-W a total coverage is obtained, thus support characteristics in terms
of molecular interactions with solutes is negligible.

2.3. Inverse gas chromatography measurements

IGC measurements were carried out using Clarus 500 gas chroma-
tograph equipped with flame ionization detector (Perkin Elmer, USA).
Preliminary studies revealed that sorption properties of asphaltenes
strongly depend on the temperature and that there is nonlinear change
in asphaltene’s surface properties at about 453 K. To observe that
change in detail, measurements were carried out in the 423-473K
temperature range with 5K increments. Since retention on Ch-W was
insufficient at that temperatures, it was lowered to the 313-333 K range
with 5K increments. Temperature of both the injection port and the
detector were 573 K. The carrier gas was nitrogen (N5.0, Linde Gas,
Poland) and a flow rate of 20 ml min~! was used. The FID detector was
supplied by N5.5 hydrogen from the PGXH2 500 generator (Perkin
Elmer, USA) and air from the GC 3000 zero air generator (Perkin Elmer,
USA).

To perform IGC experiments at infinite dilution (near zero surface
coverage), when adsorption is described by Henry’s law, repeatedly
smaller samples of vapors from the headspace of the probe compounds
were injected by a gas-tight syringe into the GC injector operated in
splitless mode. Each probe was injected separately. Retention time was
calculated from the peak maximum when there was no change in re-
tention time for three consequent injections. To determine dead (void)
time, methane was used as a non-interacting, with a stationary phase,
compound at conditions used in this study. Test probes used in IGC
experiments are listed in Table S1. n-Alkanes were used as standard
compounds to evaluate dispersive interactions. Selected polar test
probes represents various chemical groups of compounds with different
chemical and physical properties. It allows to precisely characterize
surface’s adsorption properties.

Main parameter calculated in IGC experiments is the net retention
volume [40] or specific retention volume (per gram of adsorbent)
[41-43]. Here it was calculated according to Eq. (1):

= Jdp. -
W = mF(tR to) )

where tg (min) is the retention time of given probe, ty (min) is the void
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Fig. 1. Normalized FTIR spectra of the asphaltene samples.

time measured with a non-interacting probe (methane), F (mL min~ 1)
is the flow rate measured at the temperature of experiment, j (-) is the
James-Martin correction factor taking into account the compressibility
of the gas [44] and m (g) is the mas of the adsorbent coated onto
support.

Based on Vy value, the molar free energy of adsorption AGx
(Jmol ™ 1) can be calculated by Eq. (2):

(2)

where R (J K™ ! mol™}) is the gas constant, T (K) is the absolute tem-
perature and C is a constant.

The differential heat of adsorption AH4 (J mol ™ 1) and the standard
entropy of adsorption AS, (Jmol™ ') can be derived from the well-
known van’t Hoff equation.

The free surface energy of a solid is a sum of dispersive (y0) and
specific components (ySSP ). For non-polar probes, such as alkanes, only
dispersive interactions occurs with the surface of the solid. Hence, the
value of ySD can be obtained from the AG, values calculated for the
series of n-alkanes [45]. To obtain the value of the ySD , the Dorris-Gray
method was used [46] in which it is calculated from Eq. (3). Fig. S1
summarize the method of ySD determination.

yD — (_ AGCH2 )2
$ 4N2(aCH2)2}’CH2

AG, = —RTInVy + C

3)

where N is the Avogadro’s number (mol ~!), AGcy, (Jmol ™ ?) is the free
energy of adsorption per methylene group. It can be obtained from the
slope of the AG, versus the number of carbon atoms in the n-alkane
molecule. acy, (m?) is the surface area of methylene group. In this work
the most common value of 6 A2 was used, although other values can be
found in the literature [45]. Yem (Jmol ™) is the surface energy of the
polyethylene-type polymer with finite molecular weight and is calcu-
lated according to Eq. (4) [45]:

Yorz = (35.6 + 0.058(293 — T))-1073 @

By injecting polar probes into the column, specific interactions be-
tween polar probes and an adsorbent can be observed. Extent of that
interactions can be measured with different methods [45] all based on
the same assumption that:

AG, = AGY + AGY (5)

where AGST (Jmol ™) refers to specific interactions (the specific free
energy of adsorption) of a polar molecule adsorbed on a solid.
Specific free energies of adsorption were calculated using Papirer’s
method [47,48]. Plotting values of AG,4 for series of n-alkanes against
the logarithm of the vapor pressure (P°) of the probe at the experi-
mental temperature, will result in a straight line. AG5” can be calculated

as a difference between AG,4 obtained for the polar probe and AG, of a
hypothetical alkane with the same vapor pressure. The principle of the
measurement is presented in Fig. S2. The advantage of the Papirer’s
method are easily accessible P° values for test probes in wide tem-
perature ranges.

Knowing the extent of the specific interactions, the acidic (electro-
nacceptor) and basic (electrondonor) properties of a solid can be de-
termined. Calculations of specific interactions revealed nonlinear de-
pendence of AGS/T versus 1/T (R*> = 0.7-0.95), thus AHSY could not
be determined, at least without enormous uncertainty. It prevent usage
of donor (DN) and acceptor (AN) numbers that are commonly used to
assess acidic and basic properties of a solid, when specific interactions
varies linearly with temperature. Instead, Good and van Oss equation
[49] was used to obtain the acidic (ys+ ) and basic (y;) parameters of the
asphaltene adsorbents. Based on the values of aforementioned para-
meters, the specific component of the surface free energy can be de-
termined (ySSP ). Details of the calculation procedure are presented in
Text S3.

Adsorption isotherms were determined according to the peak
maximum method at finite concentration as described elsewhere
[50,51]. Adsorption isotherms were measured at three temperatures i.e.
423, 448 and 473K for selected noxious VOCs i.e. TCM (chlorinated
hydrocarbon), benzene (carcinogenic) and n-butanol (odorous). The
isotherm calculation method is described in more depth in Text S4 and
in Fig. S3.

Experimental data were fitted by non-linear regression to BET iso-
therm model. Computations were performed in R [52] using mini-
pack.ln package which utilizes Levenberg-Marquardt nonlinear least-
squares algorithm [53]. Based on the maximum monolayer adsorption
capacity, surface areas occupied by the adsorbate were calculated.
Details are provided in Text S5.

2.4. Quality assurance of data

All data points obtained by GC measurements and presented in this
paper are an average of three injections. The values reported in the
following section are given with 95% confidence interval.

3. Results and discussion

Fig. 1 presents infrared absorption spectra of raw (Asf) and modified
(Asf-Nitro) asphaltenes. FTIR-ATR spectroscopy was used to determine
functional group types in tested samples. FTIR spectra of both samples
revealed intensive bands near 2920, 2850 and 1455 cm ™! because of
the CH, and CHj groups. For that groups peak at 1375cm ™! is also
characteristic [54]. It is clearly visible in the spectrum for Asf, while on
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Asf-Nitro spectrum it is overlaid by stronger absorption band at
1337 cm ', Bands at 2920, 2850, 1450 and 1375 cm ™~ ! corresponds to
vibrations of the methyl group in aliphatic chains. Interestingly, no
absorption above 3100cm™! was observed, indicating lack of OH
groups. Small band visible in both spectra, at around 700 cm ~* can be
related to alkyl chains longer than 4 methylene units [55]. The absor-
bance bands observed between 730 and 870 cm ™' can be assigned to
the aromatic C—H out-of-plane bending vibrations [56]. Cleary visible
band close to 1030 cm ™! can be related to sulfoxide functional group
[57] or to ester linkages [58]. Absorption bands at 1262 (Asf) and 1274
(Asf-Nitro) cm ~ ! can be attributed to groups containing singly bonded
oxygen eg. esters or ethers [59]. Distinct band observed at the
1600cm ™! in the Asf spectrum is related to the aromatic C=C
stretching vibration [55]. In the Asf-Nitro spectrum that band is over-
laid by the strong absorption at 1337 cm ™ 1. Three new intensive bands,
that can be observed in the Asf-Nitro spectrum, at 1529, 1337 and
1272cm ™! are a clear confirmation of successful nitration of the as-
phaltenes, as they can be related to the asymmetrical and symmetrical
aromatic C-NO, and N=O0 stretching, respectively [60]. Additional new
peak in the Asf-Nitro spectrum at 1715cm ™' corresponds to the car-
bonyl functionality [61], what may be a result of the oxidation and
together with the increased absorption at 1274cm ™' indicates in-
creased presence of ester functionalities.

Quantitative assessment of the structural features and the effect of
the chemical modification on the structure of asphaltenes can be de-
termined based on an approach that can be found e.g. in [62,63]. It is
based on the absorption intensity ratios of characteristic bands and the
results are presented in Text S6 and Table S2.

Table 1 presents values of the enthalpy and entropy of adsorption of
test probes on the investigated materials. Obtained values of enthalpies
confirmed that the process is exothermic and negative values of AS,
implies that the degree of freedom decreased at the gas-solid interface,
what is expected in adsorption process. Compared to AHj, (see Table
S1), AH, have much lower values (higher absolute values) on Asf and
Asf-Nitro, which indicate that measured enthalpies of adsorption are
not only due to condensation but also due to physic-chemical interac-
tions between adsorbate and adsorbent. As a result of nitration the
value of enthalpy of adsorption increased about one and a half times
compared to unmodified asphaltenes. The biggest change was observed
for n-butanol (1.81 times higher) and the smallest for TCM (1.30 times
higher). Similar change in the value of AH, for both the alkanes and
polar probes indicates that the most significant difference is in disper-
sion forces, since alkanes are not capable of specific interaction. The
change in the value of entropies followed the same trend as in case of
enthalpies.

For Chromosorb W adsorption experiments at temperatures suitable

Table 1

Separation and Purification Technology 224 (2019) 315-321

Table 2
Values of the dispersive component of the surface free energy for the Asf and
Asf-Nitro adsorbents.

T [K] VsD (mJm~?) Asf-Nitro/Asf
Asf R? Asf-Nitro R?
423 57.72 + 0.01 1.000 197.50 + 1.12  0.997  3.42 + 0.02
428 55.32 = 0.00  1.000 186.04 + 0.69  0.998  3.36 + 0.01
433 52.00 = 0.03  1.000 175.64 + 0.06  1.000  3.38 + 0.00
438 49.79 + 0.02  1.000 165.35 + 0.29  0.999  3.32 + 0.01
443 48.14 = 0.06  0.999 146.80 + 0.52  0.998  3.05 * 0.01
448 44.17 = 0.06  0.999 159.30 + 0.42  0.998  3.36 + 0.01
453 42,68 + 0.04  0.999 155.87 + 1.67  0.993  3.65 + 0.04
458 36.07 = 0.28  0.995 14450 + 1.13  0.995  4.01 = 0.06
463 37.39 = 0.09  0.998 130.24 + 1.03  0.995  3.48 + 0.04
468 37.58 = 0.03  0.999 118.85 + 0.74  0.996  3.16 = 0.02
473 40.97 + 0.33  0.999 113.09 + 0.41 0.997 276 * 0.03

for asphaltene sorbents were infeasible, thus measurements were con-
ducted at 40-60 °C interval with 5 °C increments. It means that for Ch-
W lower number of data points (5 instead of 9) were obtained, what
resulted in smaller number of the degrees of freedom. As a result, the
confidence intervals had extended. Although direct comparison be-
tween the results for asphaltene based sorbents and Ch-W is difficult,
nevertheless it can be seen that the affinity (indicated by the value of
AH,) of probe molecules is stronger for the surface of Asf and Asf-Nitro
sorbents, as compared to Ch-W, despite the three times higher tem-
perature during experiments with asphaltene sorbents.

The forces responsible for the adsorption (intermolecular adsorbent-
adsorbate interactions) can be generally divided into dispersive (ySD)
and specific (ySSP ) components of the surface free energy, corresponding
to the dispersion and specific interactions, respectively. The dispersive
component is unspecific for all molecules and is caused by London
forces. In the Table 2 values of the y? for asphaltene sorbents are given
along with the value comparing the difference (Asf-Nitro/Asf) that arise
after chemical modification. The plot for the data in Table 2 can be
found in Fig. S4.

Determination coefficient values for alkane reference lines were
above 0.995 at almost all experimental temperatures. Obtained values
of the ySD indicate that asphaltene sorbents are very active and exhibit
strong  dispersive  interaction, as compared to Ch-W
(64.90 + 0.16 mJm~2 at 313K) despite that measurements for as-
phaltene sorbents were carried out at temperatures 3—4 times higher. It
is clearly visible that the nitration promoted the dispersive interactions
Asf-Nitro adsorbent have ySD values 2.7-4 times higher than Asf ad-
sorbent. The difference is the most substantial at lower temperatures
and is diminishing as the experimental temperature increases. The

Values of enthalpies and entropies of adsorption. TCM — chloroform, THF — tetrahudrofuran, EtOAc — ethyl acetate, nBuOH - n-butanol. NA — not applicable; at the

experimental conditions the retention was insufficient or excessive.

Ch-w Asf Asf-Nitro
T [K] 313-333 423-473 423-473
Probe AH, (kJ/mol) ASa (J/mol) AH, (kJ/mol) ASA (J/mol) AHp (kJ/mol) ASa (J/mol)
C5 NA NA NA NA —52.06 + 8.44 -98 + 19
C6 —34.12 + 8.34 -112 + 26 —43.89 + 8.13 -90 + 18 —71.82 + 17.60 -133 + 39
c7 —59.83 + 18.62 —182 + 58 —59.24 + 4.89 -119 = 11 —94.28 + 8.09 -173 = 18
Cc8 —70.05 = 22.83 —-203 £ 71 —69.47 + 2.70 —-136 = 6 —111.91 * 8.21 —202 + 18
Cc9 -77.76 = 9.30 -217 + 29 —80.36 + 3.39 -155 + 8 —124.81 + 12.32 —-220 * 27
C10 —93.77 + 14.59 —259 + 45 —88.15 + 4.21 —-167 = 9 NA NA
TCM —33.92 * 7.30 —-112 * 23 —50.40 + 9.38 —-101 = 21 —66.48 = 5.32 —-117 * 12
THF —-43.11 + 2.76 -113 £ 9 —-54.12 + 2.33 -106 + 5 —81.70 * 6.40 —-144 + 14
EtOAc —53.09 = 10.99 —144 + 34 —61.54 = 5.27 -123 + 12 —-97.74 + 8.81 -174 = 20
nBuOH —44.04 = 9.53 —-109 += 30 —55.32 = 3.50 —-101 = 8 —100.97 + 6.78 —-175 £ 15
acetone —38.70 + 5.59 -102 + 17 —48.96 + 5.88 -96 + 13 —83.18 + 4.76 —148 + 11
benzene —34.01 + 8.03 -110 = 25 —51.49 + 2.43 -100 = 5 —76.64 + 5.06 -133 + 11
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increase in the ySD value for the Asf-Nitro can be connected with the
shortening of the side chains (see the FTIR analysis results), which can
lower the steric hindrance and increase the access of the adsorbate
molecules to the cores of the asphaltenes, which consists mostly of poly-
condensed aromatic rings.

Values of the y” obtained for Asf-Nitro adsorbent are similar to
those obtained for zeolite 13X and higher than those for alumina.
Compared to values of y found in the literature for activated carbon,
Asf-Nitro exhibits slightly weaker dispersive interactions [64].

Analysis of the 2 values obtained for tested sorbents at different
temperatures revealed a temporary increase of the ysD value at around
448 K. It could be explained with changes in the adsorption mechanism.
As at the elevated temperatures the asphaltenes could swell and partial
absorption phenomena could occur. In the previous GC studies an in-
creased efficiency (narrower peaks) were observed for compounds
eluting at higher temperatures during analyses with temperature pro-
gramming, what is characteristic for gas-liquid chromatography.
However similar trend should be observed for Asf adsorbent and while
there are fluctuations of the ySD value at around 448 K, but they are not
statistically significant. Another possible explanation is that the men-
tioned increase in the dispersive interactions can be attributed to the
surface modification and relaxation/deactivation of some surface
groups leading to stronger interaction with the aromatic rings present
in the core of the asphaltene structure.

For all adsorbents the value of y; is gradually decreasing with the
temperature. The decrease in the ySD value is the most evident for the
Asf-Nitro. It is lowering at a rate of about —3.0mJm ™ 2K~ ' up to
448K and —1.9mJm 2K~ ! above 448K, while for Asf and Ch-W
adsorbents it is about —0.5 and —1.0mJm 2K~ !, respectively. While
this is tangential for adsorption step, during desorption it can be ad-
vantageous. 2-3 times higher decrease rate of dispersive interactions
with increased temperature for Asf-Nitro, compared to Asf, means in-
creased performance during regeneration process and higher economic
feasibility.

Table S2 presents values of specific free energy change (AG5’) for
different polar molecules adsorbed on the investigated adsorbents at
different temperatures. Both asphaltene adsorbents demonstrate fairly
stable specific interactions in the range of experimental temperatures.
Relative standard deviation (RSD%) of AG5 for probe compounds is at
the level of 10-15%. Examining changes of the AGS’ value for Asf-Nitro
a sudden drop can be observed at around 458 K, which can be caused by
lowering of the interactions provided by functional groups.

It is observed that values of specific interactions with basic com-
pounds (THF and EtOAc) are largely higher for the Asf-Nitro, as com-
pared to the Asf. That indicates increased acidity of the Asf-Nitro sur-
face and is an expected result of nitration, as nitro groups should
enhance acidic properties of a solid’s surface. Contrary, there is no
noticeable change in the value of AG5® for TCM (acidic probe) between
asphaltene adsorbents. Values of AG5® for TCM and EtOAc reveals an
amphoteric character of the Asf adsorbent, whereas Asf-Nitro surface
displays enhanced acidic properties. In case of neutral compounds i.e.
n-BuOH, acetone and benzene, only acetone exhibit significant change
in the strength of specific interactions (caused by interactions of car-
bonyl group of acetone with nitro group of modified asphaltene). Thus,
the considerable change (decrease) in the enthalpy of adsorption (see
Table 1) for nBuOH and benzene is mainly a result of increased dis-
persive interactions, which is in line with measured y? values.

While strong specific interactions would be beneficial for removal of
variety of compounds with different acceptor and donor-properties,
extensive electron-acceptor character of Asf-Nitro surface will promote
an adsorption of alkaline gases e.g. ammonia, pyridines or amines.

In Fig. 2, values of y; to y; ratio for examined asphaltene adsorbents
are presented. Exact values of the y; and yg can be found in Table S3.
Presented values are consistent with former discussion about AGS’ va-
lues. Asf exhibit a predominance of basic (electron-donor) properties
over acidic, due to the presence of free electron pairs. Acid-base
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Fig. 2. Values of acidic to basic parameter ratios of examined asphaltene ad-
sorbents.

properties of the Asf surface are virtually stable over the range of ex-
perimental temperatures. The lower the y; to y; ratio, the greater ba-
sicity of the solid’s surface. It is evident that nitration shifted the
character of the asphaltene’s surface from basic to acidic. Electron-ac-
ceptor properties of Asf-Nitro are over 3 times stronger than electron-
donor at 423K and decrease with temperature increase. At 460K
acidity and basicity of Asf-Nitro surface is similar. Above that tem-
perature, an increase of acidity is observed.

Values of the total surface energy (y;), divided into dispersive (ySD)
and specific (ySSP ) components, are shown in Fig. 3. It visualizes the
aforementioned substantial increase in dispersive component of the free
surface energy. According to values of y;, Asf-Nitro adsorbent exhibits
significantly higher surface activity than unmodified adsorbent, being
3—-4 times higher. For both examined asphaltene adsorbents, dispersive
interactions dominate over specific interactions. Closer examination of
results revealed the increased contribution of specific components to
the total surface energy. Taking into account that the surface energy has
an immense impact on the adsorbent-adsorbate interactions, nitration
appears as a favorable and uncomplicated modification that improve
adsorption properties of asphaltenes and will increase the performance
of asphaltene based sorbents.

To evaluate the impact of modification on asphaltene adsorbents
capacity, measurements at finite concentration were carried out.

Asgy,
Asr Wi To

Fig. 3. Total surface energy of asphaltene adsorbents divided into dispersive
and specific components.
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Table 3

BET constant C, monolayer capacity mono and surface area of asphaltene ad-
sorbent occupied by the adsorbate at 423-473 K. NA - retention was in-
sufficient at experimental conditions to collect at least 5 data points.

Adsorbate T (K)  Qmono (mgg™") C R? SA (m*g™1)
Asf

Benzene 423 2.301 + 0.522 110 = 39 0.996 0.82 = 0.19
448 1.137 = 0.185 165 + 41 0.998 0.40 = 0.07
473 NA NA NA NA

nBuOH 423 3.404 + 0.738 51 = 17 0.997 1.08 + 0.23
448 2.555 + 0.709 66 + 27 0.998 0.81 + 0.23
473 NA NA NA NA

TCM 423 2.333 *+ 0.312 215 += 53 0.996 0.81 = 0.09
448 1.531 = 0.483 355 + 160 0.998 0.58 + 0.22
473 NA NA NA NA
Asf-Nitro

Benzene 423 6.275 * 0.795 804 = 210 0.994 2.23 + 0.28
448 5.717 = 0.664 569 + 141 0.997 2.03 = 0.24
473 4.637 * 0.655 479 = 115 0.999 1.64 = 0.23

nBuOH 423 7.647 = 1.002 796 = 357 0.993 2.43 + 0.32
448 6.574 + 0.850 628 + 225 0.994 2.09 = 0.27
473 4.636 *= 0.409 678 + 147 0.998 1.47 = 0.13

TCM 423 9.155 + 1.198 891 = 215 0.998 3.11 = 0.41
448 8.406 + 0.683 656 + 100 0.999 2.85 = 0.23
473 4.091 + 1.778 1223 + 352 0.985 1.39 = 0.60

Adsorption isotherms for TCM, n-BuOH and benzene were determined
and fitted to the BET isotherm model. The results are presented in the
Table 3. The monolayer adsorption capacity of the Asf-Nitro as a con-
sequence of nitration was more than doubled. Increased ¢,,on0 values for
benzene and nBuOH can be easily explained by increased dispersive
interactions and in the case of BuOH by enhanced specific interactions
as well.

What is intriguing is the Asf-Nitro’s outstanding adsorption capacity
for TCM (chloroform). TCM acts as an acid and it is expected to es-
tablish repulsive forces with the acidic surface of the Asf-Nitro. It may
be explained by the predominance of the dispersive interactions and
presence of basic adsorption centers. Although in the minority, they can
diminish the repulsive effect of acidic moieties. Third factor can be the
geometry of the molecules. TCM is not linear as n-BuOH or flat as
benzene molecules and can be more “tightly” packed in the monolayer,
even if cross-sectional areas of molecules are fairly similar.

To give a more detailed description about the augmented adsorption
properties of asphaltene sorbents, the surface area occupied by the
adsorbate was calculated. The first thing that stands out is the similarity
of the calculated SA for Asf adsorbent, to those provided by the man-
ufacturer for N, adsorption (0.5-1.5m?g~!). The change in the SA
values between asphaltene adsorbents is just the derivative of the
aforementioned increased monolayer capacity and can be an indication
of an introduction of a new adsorption sites to the surface.

4. Conclusion

The research revealed that a facile chemical modification can
greatly increase the adsorption properties of asphaltene fraction. The
nitrated adsorbent exhibits high surface activity that arise from en-
hanced dispersive and specific interactions. Compared to unmodified
asphaltenes, a shift in Lewis acid-base properties after nitration was
observed — from basic to acidic character of the surface. Moreover, in
terms of dispersive interactions, nitrated sorbent is comparable with
activated carbons, zeolites or alumina. Improved strength of the dis-
persive and specific interactions of nitrated asphaltenes lead to higher
adsorption capacity for volatile organic compounds, as compared to
unmodified sorbent.

Furthermore, wasted adsorbent can be regenerated at lower
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temperatures comparing to activated carbon. An alternative solution
can be its incorporation into road bitumen - the asphaltene content in
the bitumen is desired due to its valuable properties regarding im-
provement of basic bitumen applicational parameters such as penetra-
tion value or softening point.

Considering the above-mentioned assets of nitrated asphaltenes and
the nature of the raw material (undesired by-product, facile isolation
and modification method), nitrated asphaltenes appears to be an highly
effective and low-cost adsorbent for gas phase removal of volatile or-
ganic compounds. Utilization of asphaltenes in separation processes
would solve, at least partially, petroleum industry’s problem with un-
desired and problematic by-product by its valorization. Moreover, as-
phaltene fraction’s applications could be probably extended to liquid
phase adsorption and other separation techniques e.g. membranes.
Future studies should target the exploration of inexpensive porous
supports for the asphaltene fraction that would facilitate the adsorption
through the capillary condensation process as in case of activated car-
bons.
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The paper presents an innovative, chemically modified (methylcyanated) asphaltene-based adsorbent that can be an inter-
esting low-cost alternative for traditional adsorbents. Adsorption properties of adsorbents were examined by inverse gas
chromatography technique, adsorption isotherms, and breakthrough curves. A significant increase in retention volume for
pyridine, 2-pentanone, nitropropane, toluene, and 1-butanol was observed. Rohrschneider—McReynolds constants revealed
an increase in strength of interactions as a result of the modification, especially in strong proton—acceptor interaction (by
a factor of 4.6). The surface-free energy of asphaltene adsorbents increased from 136.71 to 169.95 mJ m~2 after modifica-
tion. It is similar to the surface-free energy of silica or alumina. Moreover, modified adsorbent shows very high adsorption
potential for pyridine. Adsorption isotherms revealed that monolayer adsorption capacity for pyridine increased 1.5 times
after modification. Breakthrough curves of pyridine indicate that chemical modification increased the adsorption capacity,
removal efficiency, and throughput. Scale-up calculations revealed that adsorption column packed with modified asphaltene

adsorbent would be almost two times smaller compared to a column packed with unmodified one.

Graphic abstract

© 00%9000° 09 0°%g o0
CHROMOSORB ASPHALTENES AS'\:',:"ADI';'EE,:’ES

Bed volume /m3 53.59 13.93 8.73

Adsorbent mass /kg 21651 5570 3572
Adsorption capacity /mg g 1.29 2.20 3.05 <
S

Breaktrough volume /L g 0.23 1.51 2.39

Length of unused bed /cm 14.73 5.56 3.75

Surface free energy /mJ m2 43.03 136.71 169.95

1,0

0,8

0,6

0,4

0,2

0,0

This work was presented at the 44th International Conference
of Slovak Society of Chemical Engineering held in Tatranské
Matliare on May 21-25, 2018.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11696-019-00938-z) contains
supplementary material, which is available to authorized users.

Extended author information available on the last page of the article

»

= Chromosorb
+ Asphaltenes

A Modified Asphaltenes

20

time / min

25 30 35

@ Springer


http://orcid.org/0000-0001-5031-2908
http://orcid.org/0000-0003-1742-1840
http://orcid.org/0000-0002-5874-7591
http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-019-00938-z&domain=pdf
https://doi.org/10.1007/s11696-019-00938-z
http://mostwiedzy.pl

A\ MOST

996

Chemical Papers (2020) 74:995-1008

Keywords Asphaltenes - Adsorption - Adsorbent - Adsorption isotherms - Breakthrough - VOCs removal

Introduction

Volatile organic compounds (VOC), according to European
Union regulations, it is any organic compound having an
initial boiling point less than or equal to 250 °C measured
at a standard pressure of 101.3 kPa (EU 2004). They can
cause different diseases and physiological disorders, as well
as deteriorate ecosystems (Mellouki et al. 2015; Sarigiannis
et al. 2011). VOCs are emitted to the environment from both
anthropogenic (e.g., industrial facilities and vehicles) and
biogenic sources.

Currently, air quality is gaining more attention as a seri-
ous health problem. It leads to tighter legislation stand-
ards and increased demand for emission control and waste
gas purification techniques. Among those techniques are:
thermal oxidation, catalytic oxidation (Huang et al. 2015),
absorption (Lin et al. 2006), adsorption (Zhang et al. 2017),
biological methods (Gospodarek et al. 2019), and conden-
sation and membrane separation (Belaissaoui et al. 2016).

Adsorption technique is one of the most economical and
versatile VOCs’ emission control strategies. It is character-
ized by low energy and maintenance costs, simplicity, and
reliability, and can be effectively used to purify waste gases
with a low concentration of VOCs. In practice, activated
carbons, zeolites, silica, and alumina are used as adsorbents.

Asphaltenes are a class of compounds present in crude
oil and products of its processing. It is a fraction insoluble
in linear alkanes and soluble in toluene. They quantitatively
remain in the residue from vacuum distillation (Mullins
2010, 2011). From a structural standpoint, asphaltenes are
polycyclic aromatic hydrocarbons with peripherally attached
alkyl chains and graphite-like structure with heteroatoms,
e.g., oxygen, nitrogen, sulfur, vanadium, and nickel (Groen-
zin and Mullins 2000; Schuler et al. 2015). In the petroleum
industry, they are a source of severe technological issues
(Akbarzadeh et al. 2007). The only practical application of
asphaltenes is in the pavement technology as a part of bitu-
minous mixtures.

High thermal stability, feasible procedure of isolation and
chemical structure, that can be a source of a vast variety of
physicochemical interactions, makes asphaltenes an inter-
esting alternative for traditional adsorbents. In addition, the
use of asphaltenes as adsorbents will lead to the valorization
of low-value refinery streams (vacuum distillation residues)
and will improve waste management. Recently, the appli-
cability of asphaltenes in separation processes was demon-
strated (Boczkaj et al. 2016b).

Above-mentioned diverse chemical structure of asphal-
tene molecules makes them prone to modifications (Plata-
Gryl et al. 2019). This work develops the concept of

@ Springer

asphaltene adsorbents, by enhancing asphaltene’s adsorption
properties through feasible chemical modification. Interac-
tions with noxious VOCs were investigated. For evaluation
of surface properties, adsorption capacity and performance
before and after modification, breakthrough experiments,
and inverse gas chromatography (IGC) were performed. IGC
is a versatile characterization technique that is used to inves-
tigate surface and bulk properties of solids, e.g., surface-free
energy, free energy, enthalpy and entropy of adsorption, and
adsorption isotherms (Voelkel et al. 2009).

Experimental

Asphaltene fraction isolation and chemical
modification

Road bitumen 20/30 SDA (Lotos Group, Gdansk, Poland)
and n-heptane EMPLURA® (Merck, Darmstadt, Germany)
were used to isolate asphaltene fraction. A detailed descrip-
tion of the isolation procedure can be found in (Plata-Gryl
et al. 2018).

Chemical modification was performed by dissolv-
ing the isolated asphaltene fraction in methylene chloride
(p-a., POCH, Gliwice, Poland) in ratio 30 mg:1 mL. Next,
1.7 mg of chloroacetonitrile and 0.7 mg of ZnCl, per 1 mg
of asphaltene were added. The obtained mixture was boiled
and continuously stirred in an argon atmosphere for 21 h.
Afterward, the solvent was evaporated under reduced pres-
sure. The residue was mixed with methanol (p.a., POCH,
Gliwice, Poland), and filtered and rinsed with distilled water
and methanol. Subsequently, it was dried under vacuum at
82 °C for 8 h.

The effect of chemical modification on surface structural
properties was investigated by Fourier-transform infrared
spectroscopy (FTIR) carried out using Bruker TENSOR 27
spectrophotometer (Bruker Optik, Germany) equipped with
ATR (Attenuated Total Reflectance) attachment. Asphal-
tene samples were deposited on the surface of the crystal of
the ATR attachment from solution in methylene chloride.
Data were recorded in the MIR spectral range from 4000 to
375 cm™! at a spectral resolution of 4 cm™!. 256 scans were
averaged for both background and sample spectra.

Adsorbent preparation

For adsorption experiments, asphaltenes were coated onto
inert support, namely Chromosorb W-AW-DMCS 80-100
mesh (Johns Manville, Denver, USA). Full description
of the support preparation and coating procedures can be
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found in (Boczkaj et al. 2016b). The aforementioned pro-
cedure ensures complete coating of the support’s surface
and eliminates its interaction with test probes. Prepared
adsorbents were dry-packed into stainless steel columns of
internal diameter 2.1 mm. Ends of the column were plugged
with silanized glass wool. Before adsorption experiments,
columns were conditioned in 250 °C for 5 h in carrier gas
(nitrogen) flow. Prepared adsorbents were denoted as Ch-W
(uncoated support), Asf (non-modified asphaltenes), and
AsfCN (cyanated asphaltenes).

General retention characteristics and selectivity

General retention characteristics and selectivity of asphal-
tene-based adsorbents were examined by gas chromatogra-
phy (GC) technique, based on test mixtures containing vari-
ous chemical compounds, e.g., aromatics, ketones, alcohol,
and sulfides having a concentration of ca. 500 ppm of each
probe compound in carbon disulfide (p.a. Merck, Darm-
stadt, Germany). Full list of test compounds is presented in
Table S1. To determine Rohrschneider—-McReynolds con-
stants, a standard test mixture of n-alkanes from n-Cs to
n-C,5 (Analytical Controls, Rotterdam, The Netherlands)
was used. The void time was determined based on methane
retention time as a non-interacting probe (a gas mixture of
methane in nitrogen was used for this purpose). GC analyses
were performed on the Clarus 500 gas chromatograph (Per-
kin Elmer, Waltham, USA) equipped with a flame-ionization
detector (FID). For this purpose, 3 m columns were used.
In all of the analyses, the injection volume of the test mix-
ture was 1 pL. During analyses, the following gases were
used: nitrogen (carrier gas), air (for FID) (5 N, Linde Gas,
Gdansk, Poland), and hydrogen (5.5 N) from hydrogen gen-
erator PGXH, 500 (Perkin Elmer, Waltham, USA). Chro-
matographic separations were carried out with temperature
programming: 5 min @ 40 °C, 10 °C/min, 5 min @ 250 °C.
Based on retention time values, the following parameters
were calculated: capacity factor (k), selectivity coefficient
(a), and linear retention index (LRI).

Linear retention index of a given compound on the inves-
tigated stationary is calculated according to the following
equation:

tri _trz
——— | + 100z, (1)

tr,z+1 - tr,z

LRI = 100<

where 1, is the retention time of a compound of interest, 7, ,
and 7., are the retention time of n-alkanes eluting before
and after the compound of interest, respectively, and z is the
carbon atom number in the n-alkane molecule eluting before
compound of interest.

Rohrschneider—-McReynolds constants are a widely used
concept in gas chromatography to characterize intermolecular

forces between separated solutes and the stationary phase.
Specific constants are calculated as the difference between
retention indices of some specific compounds on the station-
ary phase studied and squalane (non-polar reference stationary
phase). The sum of constants is termed as “polarity” of the
stationary phase. Test probes used to determine the Rohrsch-
neider—McReynolds constants and type of interactions which
they represent are described in details in Table S2.

Adsorption properties of the adsorbent’s surface
studies by inverse gas chromatography (1GC)

To evaluate the surface-free energy of adsorbents, the IGC
is performed at infinite dilution (near zero surface coverage).
At these conditions, adsorption is described by Henry’s law
and only adsorbate—adsorbent interactions are observed. To
achieve this, small volumes of vapors from the headspace of
the probe compounds were injected. Each probe was injected
separately.

For IGC experiments, the same apparatus as mentioned
above was used. Temperature of GC oven during experiments
was maintained at 303 K and carrier gas flow rate was set to
20 mL min~'. The basic parameter used in IGC is net retention
volume Vy. It was calculated according to Eq. (2):

Vy = iF(tR — 1), 2)

where f; (min) is the retention time of a test compound,
(min) is the void time measured with methane, F (mL min™")
is the flow rate measured at the temperature of experiment, j
(—) is the James—Martin correction factor for compressibility
of the gas (James and Martin 1952), and m (g) is the mass
of the adsorbent.

Based on Vy, the molar free energy of adsorption AG,
(J mol™") was calculated by Eq. (3):

AGy=—-RTInVy+C, 3)

where R (J K~ mol™!) is the gas constant, 7' (K) is the abso-
lute temperature, and C is a constant.

To calculate the free surface energy of a solid, the value of
dispersive and specific components must be known. Dispersive
component of the surface-free energy y? was calculated from
the retention data of n-alkanes, since for non-polar probes,
only dispersive interactions occur (Voelkel et al. 2009). To
calculate the value of y2, the Dorris—Gray method was used
(Dorris and Gray 1980). Dispersive component was calculated
by Eq. (4):

(~AGgy,)’
Ys =

= )
4N? (aCHZ )zyCHz
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where N is the Avogadro’s number (mol~') and AGcy,
(J mol™") is the free energy of adsorption per methylene
group. AGcy, is obtained from the slope of the AG, versus
the number of carbon atoms in the n-alkane molecule. acy,
(m?) is the surface area of methylene group. For calcula-
tion, the most common value of 6 Az, found in the literature,
was used. ycy, (J mol™!) is the surface-free energy of the
polyethylene-type polymer with finite molecular weight. It
was calculated according to Eq. (5) (Voelkel et al. 2009):

Yen, = (35.6 +0.058(293 — 7)) x 107, )

To estimate specific interactions, polar test compounds
were used. The extent of those interactions can be measured
based on the assumption that:

AG, = AGR + AGY, (©6)

where AG]Z is the dispersive component of the free energy of
adsorption (equal to AG, of n-alkanes) and AGiP (J mol™")
is the specific component of the free energy of adsorption.
AGS? was calculated by Papirer’s method (Saint Flour and
Papirer 1982). In this method, a plot of AG, for series of
n-alkanes against the logarithm of the saturated vapor pres-
sure (P) at the experimental temperature is required. It
should give straight line and AGiP can be calculated as a
difference between AG, for a polar probe and a hypothetical
n-alkane with the same vapor pressure.

Based on the values of AGiP, the acidic (electron accep-
tor) and basic (electron donor) properties of a solid can be
estimated. In this work, the Good and van Oss approach (van
Oss et al. 1988) was used to obtain acidic (ys+ ) and basic (yg)
parameters of the asphaltene adsorbents according to Eq. (7):

L 1
AGS =2xNxap((r775) + (1773)7). )

where ap (m?) is the cross-sectional area of an adsorbate,
and y1+ and y;” (J m~2) are the electron acceptor and elec-
tron donor parameters of a probe molecules, respectively.
Similarly, y;r and Y (J m™?) are the electron acceptor (acidic)
and electron donor (basic) parameters of a solid’s surface,
respectively. When using monopolar acid (y;” is 0.0 J m~2),
Eq. 7 reduces to:

(AGYF)?
h 4X N2 xa?xyt

’s ®)

conversely; when monopolar base is used (y]+ 1s0.0J m_z),
Eq. (7) simplifies to:

SP\2
3/+ = L )
S AXN xat Xy
@ Springer

In this work, chloroform (TCM) was used as a monopo-
lar acid (y1+ is 0.0015 T m~2) and ethyl acetate (EtOAc) was
used as a monopolar base (y; is 0.0062 J m~?) (van Oss
1993). Using the acidic and basic parameters, the specific
component of the surface-free energy ySP can be calculated
according to the following equation:

re =24/7rdrs. (10)

To determine adsorption isotherms, IGC at finite concen-
tration and peak maximum method were used. Details about
the method and calculations can be found in (Huber and Ger-
ritse 1971; Kipping and Winter 1965). Experimental condi-
tions (temperature and carrier gas flow rate) were the same
as in IGC at infinite dilution experiments. Experimental data
were fitted to Langmuir and Freundlich isotherm models.

Langmuir model is a two-parameter model that describes
the adsorption on flat homogenous surface with finite num-
ber of equivalent adsorption centers which can hold one
molecule. According to this model, only monolayer cover-
age is possible. In non-linear form, Langmuir model is as
follows (Langmuir 1918):

QmonKLP
=11k P’ an

where g, is the amount of adsorbed probe compound
(adsorbate) per gram of adsorbent (mg g~ '), P is the partial
pressure of an adsorbate in gas phase (Pa), K| is the Lang-
muir constant (Pa~!), and Q.. is the maximum monolayer
capacity (mg g !).

Freundlich model is an empirical model which describes
non-linear reversible adsorption on energetically heteroge-
neous surfaces, and in its non-linear form, it is described by
Eq. (12) (Jaroniec 1975):

mon

ge = KpP'/", (12)
where K is the Freundlich constant (mg g~! Pa~'") which
can be treated as a rough adsorption capacity indicator and
n is the dimensionless constant related to an intensity of
adsorption. The lower the value of n, the more favorable is
adsorption.

Experimental data were fitted by non-linear regression.
Computations were performed by R programming language
(R: alanguage and environment for statistical computing 2008)
using the minipack.In package which utilizes Levenberg—Mar-
quardt non-linear least-squares algorithm (Elzhov et al. 2016)

Breakthrough experiments

Breakthrough curves were measured on modified Autosystem
XL gas chromatograph (Perkin Elmer, Waltham, USA) with
FID using a 20 cm (2.1 mm ID) long SS columns. As a model
contaminant, pyridine in nitrogen (gas mixture, C=0.88 mg
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L") was used. All measurements were done in triplicate at
30 °C and at 50 mL/min flow rate. A breakthrough point was
set to C/C,=0.05, where C, is an effluent concentration and
C, is an influent concentration.

Maximum adsorption capacity g,,,, (mg) of the adsorbent
was calculated as follows:

te
Imax = F/ Cdr, 13)
1=0
where C,=(C,— C)) is the pyridine removal (mg L™") con-
centration, C, is the initial pyridine concentration (mg L"),
C, is the pyridine concentration in effluent at given time (mg
LY, and t. is exhaustion time (min). The adsorption capac-
ity until breakthrough was calculated from the same formula
by changing the integral bound ¢, to #, (breakthrough time at
C/Cy=0.05). In text, adsorption capacities are reported per
gram of adsorbent as Q,,, and Qy .., (mg g™).

Breakthrough volume V., (L) was calculated according
to Eq. (14):

Fxt

Vireak = -
break 1000 X m (14)

In this work, effective adsorption capacity Q. is defined
as a part of adsorption capacity of an adsorbents utilized up
to the breakthrough point and was calculated as:

Q e
O = Qb & % 100. (15)

Percentage removal of pyridine RE (%) was calculated
by Eq. (16):

RE = Fmax x 100, (16)
total

where P, (mg) is the total amount of pyridine that entered

the column calculated according to Eq. (17):

CyFt,

Ptotal = 1000 . (17)

The mass-transfer zone (MTZ) (cm) is the part of packed
bed where adsorption takes place. The shorter the MTZ,
the better the performance of adsorption column. MTZ was
calculated by the following equation:

(=)
MTZ = L , (18)

e

where L is the length of the adsorbent in the column (cm).
Length of unused bed LUB (cm) is the distance of the
adsorbent bad, which is not saturated at the breakthrough
time. It was calculated as follows:
Iy — by

LUB=L<t—>, (19)

S

where f is the time at which C/C;=0.5.

Adsorbent exhaustion rate ARE (g L™!) is the mass
of adsorbent deactivated per volume of the gas that flew
through the column up to breakthrough point. Lower values
of AER indicate better column performance. ARE was cal-
culated by Eq. (20):

AER =

break (20)

For a given adsorbent bed, the performance of a column
depends on the number of bed volumes of gas NBV (1) treated
before the breakthrough occurs. NBV is expressed as follows:

NBV = @, QD
bed

where V4 (L) is the volume of the adsorbent’s bed in the

adsorption column.

To analyze the dynamic behavior of pyridine adsorption
onto the packed-columns with studied adsorbents, a few fre-
quently used models were used, i.e., Thomas, Yoon—Nel-
son, Dose Response (DRM), and Bed Depth Service Time
(BDST) models were applied to the experimental data.
Models were fitted to the data in the same way as in case of
adsorption isotherms.

Thomas model can be used to calculate the maximum
adsorption capacity. It assumes that the adsorption process
follows the second-order reversible kinetics, Langmuir
isotherm of adsorption and there is no axial dispersion
(Thomas 1944). The mathematical form of Thomas model
is as follows:

C, 1

G 1texp (W - kThC0t>

' (22)

where ¢ is the experimental time (h), kp, is the Thomas
rate constant (L h™' mg™), gy, 1s the maximum adsorption
capacity of the adsorbent (mg g~!), and F is the flow rate
inLh™".

The Yoon—Nelson is a simple model originally developed
for the adsorption of gases on activated carbons (Yoon and
Nelson 1984). The model is expressed as follows:

G 1
Co  1+exp (kyy(tsg—1))

(23)

where ky, is the rate constant (min~') and fs, is the time
required to reach the point in which C/C,=0.5.

The DRM model (Yan et al. 2001) is represented by
Eq. (24):

Gt
C, 1 +< CyFt )“’ (24)
dprm™M
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where a is the constant and gpgy (mg g~') is the maximum
adsorption capacity predicted by the model.

The last model used in this work was the BDST model.
The model assumes that adsorption is limited by the adsor-
bent—adsorbate interactions. It focuses on predicting the
time (service time) required to remove a specific amount
of adsorbate before exhaustion. The equation describing
BDST model is as follows (Hutchins 1973):

C, 1

G + exp [kBDSTC(J(éV—“L - t>]
ol

’ (25)

where kgpgr (L mg™' min™) is the adsorption rate constant
that describes the mass transfer from the gas phase to the
solid phase and N, (mg LY is the maximum volumetric
adsorption capacity of adsorbent’s bed.

For scale-up calculations, the breakthrough curves and
following kinetic equation were used:
C, 1

G 14 exp (%(qom - COV))

' (26)

where k; (L kg™ s™") is the rate constant, g, (kg kg™") is the
maximum adsorption capacity, and V (L) is the throughput
volume. The advantage of this approach is the possibility
to select a breakthrough volume in the design of a column.

Quality assurance of data

Except for the general retention characteristics, all meas-
urements were performed in triplicates and results are
given with 95% confidence interval CI. It was calculated
as:

Cl=1,/,4 X SE, 27)
where 7, 4-1s a 7 Student statistic for 95% confidence level
and for given degrees of freedom df. SE is a standard error
of a mean value.

To confirm the fit of the data to the models, the determi-
nation coefficient R? and Chi-square coefficient y* were used.
The expressions of R? and j* are given below:

(28)

) (ye_yc)2

where y., y., and y, are values calculated by a model, experi-
mental, and experimental mean, respectively.

@ Springer

Results and discussion

Figure S1 presents the FTIR-ATR spectra of raw and modi-
fied asphaltenes. Obtained spectra are convoluted and only
general features of the surface structure can be identified.
Absorption bands near 2920, 2850, 1455, and 1375 cm™!
are characteristics for CH, and CH; groups in aliphatic
chains. No absorption above 3100 cm™' indicates lack
of OH groups on the surface of asphaltenes. Absorption
bands between 730 and 870 cm™! can be assigned to aro-
matic C—H out-of-plane bending vibrations (Malhotra and
Buckmaster 1989). Band near 1030 cm™' can be related to
ester linkages or sulfoxides (Wilt et al. 1998). Band near
1260 cm™! can be attributed to groups containing singly
bonded oxygen, e.g., esters or ethers (Carbognani and
Espidel 2003). The distinct band observed at 1600 cm™"
is related to the aromatic C=C-stretching vibrations. In
the spectrum of Asf, a band from ketonic carbonyl oxygen
(band at 1700-1680 cm™") (Ali et al. 2004) is observed,
while in AsfCN spectrum, it is missing indicating a change
in the surface functional group structure.

Studies by IR spectroscopy revealed slight changes in
the surface structure of asphaltenes. It is probably due to
complex matrix as asphaltene fraction, which is consisting
of hundreds/thousands of different chemical compounds.
Strong signal from oxygen containing moieties can shield
the signal produced by the functional groups introduced by
chemical modification. Moreover, FTIR technique may not
be sensitive enough to detect small number of —CN func-
tional groups. Nevertheless, following results of adsorp-
tion studies clearly demonstrate that chemical modification
significantly enhanced adsorption performance of asphal-
tene adsorbents.

General retention characteristics

Table S1 presents a comparison of the capacity factors
(k), selectivity factors with respect to n-heptane (a5), and
linear retention indices (LRIs) for the raw and cyanated
adsorbents. Based on the values of capacity factors, it can
be noticed that chemical modification has changed the
selectivity of asphaltenes. On unmodified adsorbent thio-
phenes, thiols, sulfides, and disulfides presented the order
of elution according to the boiling point (lack of unique
selectivity) and on cyanated asphaltenes only sulfides,
disulfides, and additionally ketones exhibited retention
proportional to boiling points. On modified adsorbent,
sulfides and disulfides eluted according to boiling points
even when considered as one group of compounds. This
demonstrates the lack of specific interactions with com-
pounds carrying the sulfur-containing functional groups.
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Interesting retention pattern was revealed for pyridine and
its methylated derivatives on the cyanated adsorbent. The
elution order was inversely proportional to temperature. The
bigger the number of methyl groups attached to the pyridine
ring, the lowest retention was observed. It indicates strong
interactions with pyridine ring and additional methyl groups
introduce steric hindrance that constricts adsorbate—adsor-
bent interactions.

In general, increased strength of interactions between
cyanated adsorbent and test compounds can be observed,
comparing to non-modified asphaltenes. Analysis of the val-
ues of LRIs indicates uniform change upon modification. An
increase in the value of LRIs is about 1.4-1.5 times com-
paring to non-modified asphaltenes. It was the highest for
aromatic hydrocarbons (1.48) and the lowest for alcohols
(1.41). Similarly, the most significant change in the selec-
tivity was found for the aromatic hydrocarbons. The biggest
increase of a; was for nitrobenzene (x1.80) and pyridine
(x1.65) and the lowest for 2-pentanone (x1.20). Moreover,
increase in capacity factor for nitrobenzene and pyridine
was observed. It implies that those compounds (and similar
ones) can be effectively adsorbed and removed from gaseous
streams by the cyanated adsorbent. Consequently, pyridine
was selected for experiments in dynamic conditions (break-
through studies). The second aspect of pyridine selection
relates to its odorous character with low odor threshold as
well as toxicity.

To preliminary compare types of interactions between
adsorbent and adsorbate, the Rohrschneider—McReynolds
constants are calculated and presented in Table 1. For com-
parison purposes, values for adsorbents commonly used in
gas chromatography are given as well.

Chemical modification of asphaltenes leads to increased
values of all constants indicating an increase in the inter-
molecular forces between test probes and the adsorbent.
The smallest change was observed for X', which means that
there is relatively small change in the dispersion forces and
polarizability character of the adsorbent. Cyanation had the
most profound effect on the value of the constant S’, which
represent the acidic character of the adsorbent. Its value
increased over four times. That implies stronger interactions

with proton—acceptor and polar molecules, such as pyridine.
In general, overall “polarity” of the AsfCN was raised by
2.5 times and indicates much stronger interactions (pro-
longed retention) with adsorbates as compared to unmodi-
fied asphaltenes. It must be emphasized that “polarity” of
the stationary phase, defined as the sum of the Rohrschnei-
der—McReynolds constants, cannot be equated with selectiv-
ity. Simply, the higher the sum (“polarity”), the higher the
retention time. Based on the X, AsfCN can be classified as
the medium “polarity” adsorbent.

For more in-depth information about surface adsorption
properties, the IGC technique was used. Figure 1 compares
the retention volumes (expressed as bed volumes, BV) for
volatile organic compounds on the investigated adsorbents.
The highest retention volume was observed for pyridine.
At the same time, the most significant change (over two
times) upon modification was observed for pyridine, nitro-
propane, n-butanol, DEE, and TCM. However, in case of
DEE and TCM, the overall retention is low as compared
to, e.g., pyridine. It is in great part related to differences in
boiling points.

Surface characterization by inverse gas
chromatography

In Table 2, values of the dispersive component of the sur-
face-free energy (y?) and the change of the free enthalpy
of adsorption per methylene group (AGcy,) for investi-
gated adsorbents are presented. In addition, values reported
in the literature for other adsorbents are given. Measure-
ments revealed slight change in the value of y? as a result
of chemical modification of asphaltenes. It is in line with
small change in the value of Rohrschneider-McReynolds’s
X' constant. Both the constant X’ and parameter y? represent
the ability of an adsorbent to interact by non-specific disper-
sion forces. It is evident that cyanation did not change that
property significantly. Consequently, the differences in reten-
tion volumes presented in Fig. 1 have arisen from the change
in specific interactions. To some extent, it was disclosed by
the aforementioned Rohrschneider—McReynolds constants.
Nevertheless, both asphaltene-based adsorbents display

Table 1 Values of the Rohrschneider—-McReynolds constants. Under the constant sign, type of represented interaction is given

Adsorbent X' Y z U A z
7—m interaction Hydrogen Proton— Dipole—dipole Strong proton—
bonding acceptor acceptor interaction
Asf 88 97 172 182 171 710
AsfCN 102 293 276 325 785 1781
Apiezon J (non-polar, hydrocarbon type) 38 36 27 49 57 207
Carbowax 6000 (very polar, polyglycol) 322 540 369 577 512 2320
OV-275% (highly polar, silicone) 629 872 763 1106 849 4219
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Table 2 Values of the dispersive — -1
Adsorbent T/IK b 2 AGy. (kI mol Ref
component of the surface-free sorben 7s (mim™) cu, (kI mol ™ clerences
?“ergy ?1“‘11 the fChgnge of the Ch-W 303 26.02+0.01 2.18+0.08 This work
t t
ree en i by oF acsorption Asf 303 106.66 +0.64 442+0.53 This work
per methylene group for
investigated adsorbents and AsfCN 303 118.03+0.05 4.65+0.15 This work
selected adsorbents reported in Alumina 473 59.3 NA Diaz et al. (2004)
the literature Zeolite 13X 473 154.9 NA Diaz et al. (2004)
Carbon nanofiber 473 18.4 NA Diaz et al. (2007)
Fumed silica 293 98.2+2 NA Vidal et al. (1987)
Silica 353 61.3 6.97 Tijburg et al. (1991)

much stronger dispersion forces than diatomaceous earth
(Ch-W). The value of yE is over five times higher for Asf and
AsfCN as compared to Ch-W. When contrasted with litera-
ture data for other adsorbents, asphaltene-based adsorbents
have similar Vls) values as silica derived adsorbents but much
lower than for example Zeolite 13X—considering the fact
that yé) value for zeolite was measured at 473 K (strength of
dispersion forces is inversely proportional to temperature).

In Table 3, the specific component of the free enthalpy
of adsorption for selected VOCs is presented. The highest
relative change of the strength of specific interactions was
observed for 1,4-dioxane (over three times), but overall, the
adsorption was weak regardless the type of adsorbent. In
absolute values, the biggest difference was noticed for DEE,
TCM, and pyridine. It was 1.34, 1.09, and 1.03 kJ mol~!,
respectively. Increased interactions with TCM (electron
acceptor compound) and pyridine (electron donor com-
pound) suggest that new adsorption centers were introduced
on the surface of asphaltene, having electron donor (basic)
as well as electron acceptor character (acidic).

To investigate the acid—base character and specific inter-
actions as a whole, van Oss approach was used. Figure 2
provides the information about the contribution of specific

@ Springer

Table 3 Specific component of the free enthalpy of adsorption for
selected VOCs, measured at 303 K on asphaltene-based adsorbents

—AGS? (kI mol™)

Test probe Asf AsfCN
DCM 4.19+£0.01 5.04+0.05
2-Pentanone 3.40+0.028 3.72+0.38
DEE 4.26+0.17 5.60+0.23
Pyridine 4.79+0.15 5.81+0.24
Benzene 1.89+0.11 2.65+0.09
Acetone 3.57+0.16 432+0.14
1,4-Dioxane 0.16+0.13 0.76 £0.24
THF 4.13+0.14 459+043
ACN 1.38+0.11 1.31+0.11
EtOAc 3.36+0.20 4.21+0.52
Nitropropane NA NA
n-BuOH NA NA

TCM 2.87+0.04 3.96+0.06
Toluene 2.33+0.08 2.86+0.33

interactions (ySSP) to the total free surface energy (yST ) along
with acid (7/;r ) and base (yg) components of the specific
interactions.
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It is clear that the biggest part of adsorbent—adsorbate
interactions is due to dispersive forces. That type of interac-
tions has non-specific character and will contribute to the
adsorption of chemical compounds regardless their chemical
nature. It will be beneficial in case of purification of waste
gases containing wide variety of contaminants. Moreo-
ver, measurements revealed that most profound difference
between the raw and modified asphaltene adsorbent is in the
specific component of the surface-free energy. As a result
of modification, both acid (electron acceptor) and base
(electron donor) adsorption centers were introduced, which
is observed by the increased values of the y; and yg. That
change was not equal and the surface character, measured
by y; /yg ratio, shifted slightly towards more electron donor
(basic). Although the difference is not that substantial and

Asf AsfCN

asphaltene adsorbents can be effective in removal of both
alkaline and acidic gases.

Adsorption isotherms

To learn more about adsorption potential of asphaltene
adsorbents, an adsorption isotherm for pyridine at 303 K
was measured by IGC at finite concentration. Figure 3 pre-
sents the experimental adsorption isotherms together with
model isotherms (Langmuir and Freundlich), and in Table 4,
the values of the parameters of the isotherm models are
presented.

Values of the R? indicate that Freundlich isotherm model
fits better to the experimental data. It implies that the surface

Fig.3 Experimental and 25
model adsorption isotherms for e Asf
pyridine at 303 K on asphaltene B ASiCN
adsorbents

20 Freundlich

----- Langmur

15

q/mgg!

10

0.5

0.0

0.000 0.010 0.020

0030 0040 0050 0060 0070 0080 0090
P/Pqg
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Table 4 Results of the isotherm models fitting to the experimental
data

Table 5 Operational parameters of investigated columns for adsorp-
tion of pyridine at 303 K and 50 mL min~! flowrate

Asf AsfCN Parameter Ch-W Asf AsfCN

Langmuir RE (%) 23.03+1.38 45.24+1.96 54.26+4.73
Oron (Mg g™h) 1.970+0,335 3.076+0.612 MTZ (cm) 19.29+0.12 14.50+0.48 12.53+0.51
K; (Pa™h) 0.0063 +0.0021 0.0055+0.0021  LUB (cm) 14.73+0.65 5.56+0.20 3.75+0.39

R? 0.991 0.990 NBV (-) 81+1 589+38 890+33
Freundlich AER (gL 0.16+0.01 0.18+0.01 0.16+0.01
n(=) 1.717+0.029 1.725 +0.047 Qe (%) 15.46+2.70 60.63+2.75 68.78 +2.24
K (mg g~! Pa~"™) 0.049 +0.002 0.073 +0.006 Qpax (mg g7V 1.29+0.06 2.20+0.08 3.05+0.23
R? 1.000 0.999 Oprea (Mg g7 0.20+0.03 1.33+0.02 2.10+0.16
Vireak L g7H 0.23+0.03 1.51+0.02 2.39+0.18

of the adsorbents is heterogeneous. At the same time, similar
value of the n parameter of the Freundlich model indicates
that chemical modification did not influenced significantly
the heterogeneity of the asphaltene adsorbent’s surface. Kp
parameter can be correlated with the adsorption capacity. Its
higher value for AsfCN demonstrates the increased adsorp-
tion capacity which is in line with the calculated, from the
Langmuir model, monolayer capacity (Q,,,,)- The mon-
olayer capacity has increased by 56% as a result of chemi-
cal modification.

Breakthrough experiments

Since most of the adsorption processes are performed in
fixed bed columns with constant flow of a contaminated gas,
it was important to evaluate the adsorption performance of
the investigated adsorbents in dynamic conditions. Figure 4
presents experimental breakthrough curves, and in Table 5,
parameters calculated based on breakthrough data are given.

From breakthrough curves shapes, it is clear that chemi-
cal modification enhanced the adsorption properties of

asphaltene adsorbent. Calculated maximum adsorption
capacity (Qp,) 1s in very good agreement with the mon-
olayer capacity (Q,,,,) obtained from the Langmuir isotherm
model. The experiment confirmed previous observations
that both asphaltene adsorbents are superior as compared to
Ch-W adsorbent. The highest pyridine removal efficiency
was obtained for AsfCN and goes along with the highest
maximum adsorption capacity (Q,,.;), adsorption capacity
till breakthrough (Qy,..x), and breakthrough volume (Vy..)-
Moreover, for AsfCN, the highest effectiveness of adsorption
capacity exploitation was observed. Up to the breakthrough
point, the AsfCN was exhausted in almost 70%. In the case
of Ch-W and Asf, it was 15 and 60%, respectively. Since the
exhaustion time was virtually the same for all adsorbents,
the change in breakthrough point must have been a result of
mass-transfer zone-length change. For AsfCN, the length
of MTZ was reduced by 35% as compared to Ch-W and
by 13.6% as compared to the Asf adsorbent. Furthermore,
considerable change was observed in the value of NBV. For
modified adsorbent, the volume of fluid treated till break-
through (expressed as bed volumes) was equal to 890. For

Fig.4 Breakthrough curves for 1
pyridine (0.88 mg L") at 303 K
and at flow rate of 50 mL min~" 0.9
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performance, effectiveness and also from an economic point
of view, very important is the change in the value of LUB. It
describes the part of an adsorbent bed in the column which
remains unused when the breakthrough point occurs. In
the case of chemically modified asphaltene adsorbent, it
was reduced by 400 and 50% compared to Ch-W and Asf,
respectively.

Tested adsorption columns undergo three adsorption—des-
orption cycles. Obtained results showed that the adsorbent
can be recycled/reused. Based on the standard deviation
value, for three repetitions, it can be seen that prepared
adsorbent retained its adsorption properties after several
regenerations (Table 5).

To further analyze the obtained breakthrough curves, the
experimental data were modeled by the Thomas and BDST
models. The results of modeling are presented in Table 6
and Figure S2.

All models used described the experimental data in a
reasonably good manner. The determination coefficient was
above 0.930 in all cases. However, models failed to predict
the experimental breakthrough curve near the inflection
points. On both sides of the curve (near the breakthrough
and saturation points), models underestimated the perfor-
mance of adsorbent. Interestingly, three models (Thomas,

Table 6 Thomas, Yoon—Nelson, DRM, and BDST model parameters

Yoon—Nelson, and BDST) predicted the breakthrough curve
shape in virtually the same way.

The maximum adsorption capacity predicted by Thomas
(g1y) and DRM (gpgryy) models is similar but lower than the
experimental value. Also Yoon—-Nelson model miscalculated
the performance of adsorbents. Value of the #5, parameter
(time at which C,/Cy,=0.05) for all adsorbents was lower
than experimental.

The rate constant kppgp calculated by BDST model
describes the rate of adsorbate transfer from the gas phase to
the solid phase. It increased for both asphaltene adsorbents
as compared to Ch-W, but for AsfCN, it is lower than for
Asf. The N, parameter characterizes the adsorption capacity
of the bed per unit bed volume. Since it is correlated with
adsorption capacity, it is not a surprise that AsfCN adsorbent
has the highest N, value.

Above-mentioned results and former literature reports on
utilization of asphaltenes for waste gas purification indicate
that the presented application can be used in petrochemical
industry for adsorption of volatile compounds containing
sulfur, nitrogen, oxygen, as well as aromatic hydrocarbons.
These compounds are typically present in waste gases emit-
ted from process streams (Boczkaj et al. 2016a; Boczkaj
et al. 2017; Makos et al. 2018a, b).

Scale-up of packed bed adsorption column

For scaling-up of the adsorption column, the kinetic equa-
tion and experimental breakthrough data from laboratory

ch-w Asf ASTCN column were used. The assumption was made that break-
Thomas through occurs at C/C,, equal to 0.05, influent concentra-
Ky, (L h~™ ' mg™") 1498 +384  1702+362  1552+354 tion is equal to laboratory experiment (i.e. 0.88 mg L"),
gry/mg g~ 0.898+0.120 1.813+0.077 2.655+0.088 volumetric flow rate of designed column is 2000 m>h™!,
R? 0.937 0.957 0.950 required breakthrough volume is equal to 10,000 m?, and
Ve 0.670 0.587 0.542 unit gas flowrate is the same as in laboratory scale column,
Yoon-Nelson i.e., 241 L s™' m™2. Table 7 gives calculated parameters of
5, (min) 532+0.74 12124052 16.99+0.56 scaled-up columns.
15, Experimental 4414051  11.34+044 16.06+0.37 Aforementioned results of adsorption column scaling-up
(min) clearly indicate that favorable adsorption characteristics of
ky (min~") 0.366+0.094 0.416+0.088 0.379+0.086 asphaltene-based adsorbents (especially AsfCN) lead to sub-
R 0.937 0.957 0.951 stantial reduction of the size of a potential adsorption unit
7 0.670 0.587 0.542 in case of process-scale operations. Results revealed that
DRM
a(-) 1.501+0.096 4.617+0.672 6.013+1.035
doru (Mg ™) 0.805+0.034 1.950+0.061 2.881+0.078 Table 7 Calculated parameters of the scaled-up columns
R? 0.996 0.975 0.965 Parameter Adsorbent
7 0.110 0.381 0.393 Ch-w Asf ASfCN
BDST
kst 0416+0.108 0.472+0.050 0.4312+0.099  Pbea (kg m™) 404 400 409
(L mg™' min~") M (kg) 21,651 5570 3572
N, (mg L™ 338.3+47.1 7703+32.8 1080.2+36.3 Vipeg () 53.59 13.93 8.73
R’ 0.937 0.957 0.950 D (m) 1.71 1.71 1.71
Ve 0.670 0.581 0.540 H (m) 23.25 6.04 3.79
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application of the 10 wt% cyanated asphaltene-based adsor-
bent reduced the required adsorbent’s mass over six times. It
is of utmost importance when considering economic feasi-
bility. The advantageous characteristic of asphaltene-based
adsorbents can be further improved using a different support
with higher surface area.

Conclusions

These studies revealed that small quantities of asphaltenes
can be effectively used as an adsorption active component
for removal of toxic volatile organic compounds from the
gas phase. Moreover, it was proved that feasible chemical
modification significantly enhanced performance of asphal-
tene adsorbents. Classification by Rohrschneider—McReyn-
olds constants showed that overall strength of interactions
increased more than two times. The biggest change was
observed for pyridine. Cyanation increased the value of
the dispersive and specific components of the surface-free
energy from 106 to 118 mJ m~2 and from 30 to 52 mJ m~2,
respectively. Dispersive component’s value is comparable
to silica or alumina. Moreover, modification resulted in
increased concentration of both acidic and basic adsorption
centers on the adsorbent’s surface. It indicates that asphal-
tene adsorbents can be effective in removal of both alkaline
and acidic gases.

Analysis of adsorption isotherms reveals that monolayer
capacity was increased by 56% after modification. The
adsorption process was better described by the Freundlich
model and results suggest that energetically heterogeneous
characteristic of the adsorbent’s surface did not change sig-
nificantly upon chemical modification.

Breakthrough curves have explicitly demonstrated the
applicability of asphaltenes to adsorption processes and
waste gas purification. Calculated operational parameters
indicate significant increase in performance of modified
asphaltene adsorbent. Results of scale-up calculations
revealed that mass of adsorbents required to achieve desired
pyridine removal decreased from 21651 for uncoated sup-
port to 5570 and 3572 kg for raw asphaltene adsorbent and
cyanated asphaltene adsorbent, respectively. Hence, the
chemical modification leads not only to enhanced adsorp-
tion properties of asphaltenes but also to higher economic
feasibility, in case of potential process-scale applications.

Above-mentioned advantages of asphaltene adsorbents:
undesired by-product, facile isolation and chemical modifi-
cation methods, strong adsorbent—adsorbate interactions of
asphaltenes, and its chemically modified derivative seem to
be an effective and low-cost adsorbent for waste gas purifica-
tion. Further developments in asphaltene-based adsorbents

@ Springer

are required—inexpensive porous support (with high surface
area) will further facilitate their performance.
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Asphaltenes isolated from bitumen possess unusual adsorption characteristics that can be further enhanced by
chemical modifications to promote interactions with VOCs’. Herein, nitrated asphaltenes are used as an active
layer coated on a surface of a diatomaceous earth, in order to prepare an efficient adsorbent (AsfNitro).
Breakthrough experiments with benzene, pyridine, and 1-nitropropane revealed significant increase in adsorp-
tion capacity, after deposition of nitrated asphaltenes, by 26, 12, and 8 times respectively. The adsorption ca-
pacity of AsfNitro for benzene per square meter of surface area is far more superior than for other adsorbents in
use. Moreover, the AsfNitro exhibited excellent efficiency. For adsorption of 1-nitropropane and pyridine, almost
100% of the adsorbent’s bed was effectively used. Inverse gas chromatography measurements proved that
nitrated asphaltenes were exclusively responsible for the adsorption properties, and the role of the diatomaceous
earth was only to provide the surface area. Presented findings can be extended to other support materials and
their inherent limitations for adsorption of VOCs can be overcome. Comparison of adsorption enthalpies
demonstrated that common adsorbents e.g. activated carbons, cannot compete with AsfNitro in terms of sorbate-
sorbent interactions. Additionally, contribution of chemisorption mechanism was recognized for AsfNitro, which
indicate catalytic properties, and opens a new research field about asphaltenes’ novel practical applications.
Application of asphaltenes in adsorption processes can be an effective procedure for risk mitigation of hazardous
VOCs, accompanied by effective waste management and materials’ valorisation. Wasted adsorbent can be easily
regenerated (without deterioration of surface properties), or blended in bitumen-aggregates mixes for road
paving applications.
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1. Introduction

Importance of volatile organic compounds (VOCs) removal from
waste gases is obvious due to their often toxic [1], and odorous character
[2], as well as participation in atmospheric photochemical reactions
[3,4]. Exposure to VOCs emitted from both anthropogenic [5-9], and
natural sources [10,11] pose a threat to the respiratory and nervous
systems [7,8,11,12]. Regardless of adverse health effects, VOCs pollu-
tion has attracted a great public attention because of their capability to
cause odour problems [13-15]. This type of pollution is becoming an
important environmental issue as it is affecting directly the quality and
comfort of human life [16,17], event at low concentrations, which are

not necessarily dangerous for physical health.

VOCs emission can be controlled and limited by different techniques
[18] e.g.: membrane separation, absorption [19], adsorption [20],
condensation [21], catalytic oxidation [22], biodegradation [23], ther-
mal oxidation [24] or plasma catalysis [25]. Among these methods,
adsorption is regarded as efficient, feasible, robust and economical
approach with straightforward design and mild operating conditions
[20,26]. Additionally, it allows to recover and reuse an adsorbent and an
adsorptive (VOC) through thermal and/or vacuum desorption [27].

Adsorption is based on interaction between the surface of the
adsorbent and the adsorptive, present in the fluid phase, via physical
interactions (physisorption) or chemical bonding (chemisorption). The
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performance of the adsorption processes is determined by textural
properties (surface area, porosity, pore size distribution) and surface
functional groups of the adsorbent. While textural properties will pro-
vide the adsorption capacity, functional groups will be responsible for
the selectivity of adsorption. Adsorbents that are commonly used for
removal of VOCs are: activated carbons (ACs), zeolites, hyper-
crosslinked polymeric resins, and metal organic frameworks (MOFs)
[26,28-30].

Since the key parameter in adsorption is the adsorbent, major con-
tributions to the development of this technique were made by the studies
on new types of adsorbents e.g. carbon nanotubes [31], graphene [32],
MOFs [33]. Significant part of this research is devoted to utilization of
waste materials as adsorbents [34,35], since to some extent adsorption
takes place on virtually any material. Without a doubt, waste materials
in their raw form cannot match AC in terms of adsorption performance,
but considering their accessibility and low value they are an interesting
alternative for traditional adsorbents, at least in waste gases and
wastewater treatment processes.

Asphaltenes are a group of chemical compounds with interesting
adsorption properties [36-38], that can fall under the category of waste
material. At the present moment their applicability is limited to the
paving materials [39,40] — asphaltenes are part of asphalt and bitumen
products from oil refineries, and as such asphaltenes can be considered
as an unwanted by-product. Generally, they are a source of severe
damages to both upstream and downstream oil processing systems, and
the oil company’s concern is to ensure their separation from process
streams, or at least stabilization to prevent uncontrolled precipitation
[41,42]. Asphaltenes are the most polar fraction of crude oil with the
highest molecular weight. From structural point of view, those are
polyromantic hydrocarbons (PAHs) with 4-7 condensed aromatic rings,
peripheral alkyl chains, multiple functional groups and heteroatoms -
examples of asphaltenes’ molecular structure can be found in the
Figure S1.

Due to quite complicated structure, asphaltenes are defined on the
basis solubility: as a fraction of crude oil insoluble in n-alkanes and
soluble in toluene/benzene. The highest content of asphaltenes fraction
is observed in asphalts, since non-volatile asphaltenes remains quanti-
tatively in residues from distillation processes. Moreover, during asphalt
air blowing processes the structure of asphaltenes is changed by intro-
duction of new oxygen containing functional groups [43-45].

Recently, new emerging applications of asphaltenes have been re-
ported eg.: for adsorption [36-38], catalysis [46], and advanced
oxidation processes (AOPs) [47]. In case of adsorption processes,
asphaltenes are interesting as contrary to graphene or carbon nanotubes,
they are readily soluble in organic solvents. Thus, it is possible to
immobilize small amounts of asphaltenes on the surface of materials that
possess developed surface area but low adsorption capacity. Proper
combination should provide synergistic effect, i.e. strong adsorbent
having high surface area.

Moreover the structure of asphaltenes is prone to chemical modifi-
cations that can increase their adsorption performance [36,37] and they
can be easily isolated from bitumen with high purity [48]. Utilization of
asphaltenes in the adsorption processes can be a next step toward
effective waste management, waste valorisation and risk mitigation of
hazardous VOCs for environment and humans.

In this study an effort was made to test the applicability of diato-
maceous earth coated with nitrated asphaltenes for gas purification
under dynamic conditions. The adsorption properties were scrutinized
by breakthrough curves for VOCs, that are significant environmental
pollutants e.g. pyridine (odorous compound), tetrachloroethane (chlo-
rinated hydrocarbon) and benzene (carcinogenic compound) at envi-
ronmentally relevant concentrations and temperatures. Additionally,
the impact of humidity, thermal stability and reusability were tested.
The adsorption behaviour between VOCs and nitrated asphaltenes was
qualitatively and quantitatively followed by Fourier-transform infrared
spectroscopy (FTIR), inverse gas chromatography (IGC) and low
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temperature nitrogen adsorption.
2. Experimental
2.1. Asphaltenes isolation and purification

Asphaltenes were isolated from bitumen 20/30 SDA (Lotos Group,
Poland) by modified precipitation method followed by additional puri-
fication in Soxhlet apparatus, for 24 h at the temperature of boiling point
of n-heptane (under reflux). Detailed description of the procedures can
be found in [48]. For isolation n-heptane EMPLURA (Merck, Germany)
was used. The content of asphaltenes in the isolated fraction was 98% as
determined by TLC-FID (thin-layer chromatography with flame-
ionization detection). The remaining 2% were highly condensed resins.

2.2. Synthesis of nitrated asphaltenes

Nitrated asphaltenes were synthesized by mixing HNO3 (65%, 6.4
cm®, 91 mmol, POCH, Poland) with the stirred solution of asphaltenes
(1.59 g) in methylene chloride (50 mL, pure p.a., POCH, Poland). Ob-
tained mixture was refluxed and stirred for 16 h. Afterwards, solvent
was removed under reduced pressure (ca. 10 mmHg), residue was sus-
pended in methanol (50 mL, pure p.a., POCH, Poland) and filtered off.
The precipitate was washed with methanol (20 mL) and dried under
vacuum at 80 °C for 8 h. Effects of modification were studied by the FTIR
spectroscopy.

Elemental analysis of the nitrated asphaltenes was performed with
the Flash 2000 elemental analyser (Thermo Scientific, USA).

2.3. Adsorbent preparation

The KG adsorbent (Kieselgur — diatomaceous earth, 60-80 mesh,
Merck, Germany) was used as received from supplier. The AsfNitro
adsorbent was prepared using the methods of coating of stationary
phases onto solid support. Before coating, the support (KG) was washed
with methanol (pure p.a., POCH, Poland) and deionized water, followed
by activation in the vacuum drier at 200 °C for 5 h. Next, the support was
cooled and transferred to the previously prepared solution of asphal-
tenes in dichloromethane (pure p.a., POCH, Poland). The amount of
nitrated asphaltenes and KG was adjusted to give the final asphaltenes
content of 10% m/m. The mixture was mixed in a flask and the solvent
was evaporated in a rotary evaporator. After removal of the solvent, the
prepared adsorbent, named AsfNitro, was dried in the vacuum drier at
105 °C for 1 h.

Dichloromethane was used for the deposition/immobilization of
nitrated asphaltenes on the KG according to our previous practice in this
field. It was fully recovered from the rotary evaporator. However, as this
compound is considered a hazardous to the environment, in industrial
practice it can be substituted by other solvents providing solubility of
nitrated asphaltenes e.g. toluene.

2.4. Fourier-transform infrared spectroscopy analysis

Chemical structure of the prepared AsfNitro adsorbent before and
after adsorption of target VOCs was determined using Fourier transform
infrared spectroscopy (FTIR), performed on a Nicolet Spectrometer
IR200 (Thermo Scientific, USA). The device was equipped with atten-
uated total reflectance (ATR) attachment with diamond crystal. Mea-
surements were made with 1 cm™! resolution in the range from 4000 to
400 cm ™.

2.5. Surface area measurement
Nitrogen adsorption-desorption isotherms (BET method for the

calculation of the specific surface area) were recorded using the
Micromeritics Gemini V (Norcross, USA) instrument at 77 K (liquid
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nitrogen temperature).
2.6. Inverse gas chromatography measurements

IGC measurement were conducted using a Clarus 580 gas chro-
matograph (Perkin Elmer, USA) with a flame ionization detector (FID).
The instrument was interfaced to a PC computer for control and acqui-
sition of chromatograms in TotalChrom 6.3.2 application (Perkin Elmer,
USA). Adsorbents were packed into GC stainless steel columns (inner
diameter 2.1 mm, length 20 cm) using dry packing method, and were
preconditioned twice in a gas chromatograph by passing carrier gas
(N5.0 nitrogen, Linde Gas, Poland) in the temperature program (5 min
@ 50 °C, 2 °C/min, 120 min @ 250 °C). The flowrate of the nitrogen was
set to 20 mL min~'. All test compounds were used as received from
supplier, and are listed in the Table S1 together with their basic prop-
erties. Methane was used as non-interacting marker to determine void
time of columns. The retention time of test probes was determined at
peak maximum.

IGC at infinite dilution (IGC-ID) was used to measure: free energy of
adsorption (AGy), dispersive (y2), and specific (3¥) components of the
surface free energy, electronacceptor (y¢), and electrondonor (yg) pa-
rameters of a solid’s surface. Based on the values of AG, the enthalpy of
adsorption (AH,) for test probes was calculated. IGC at finite concen-
tration (IGC-FC) was used to measure sorption isotherms for selected
probes. Details of the IGC’s experimental methods and calculations are
given in the SI - section S1 and S2.

2.7. Breakthrough measurements

Breakthrough curves were measured on a modified Autosystem XL
gas chromatograph (Perkin Elmer, USA) with an online FID detection,
using 20 cm (2.1 mm inner diameter) long stainless steel columns. As a
model contaminants, mixtures of benzene, pyridine and 1-nitropropane
in nitrogen were used. All three are representatives of VOC group and
their concentration in the air is limited. Benzene is known for its
carcinogenic properties, pyridine is an odorous compound with very low
odour threshold, and 1-nitropropane is a flammable, odorous, and very
volatile compound. Moreover, 1-nitropropane possess a threat of ex-
plosion when mixed with air and/or when it is in contact with acids,
bases, oxidizing agents or heavy metal oxides [49].

Initial concentrations for benzene, pyridine, and 1-nitropropane
were 9.6, 46.5, 275 ppm, respectively. Mixtures were prepared in
separate gas cylinders and their concentration was determined by GC-
FID technique. The initial concentration of test species were set to be
10 times higher than permissible exposure limit (PEL) in the workplace
during an 8 h workday as set by the U.S. Occupational Safety and Health
Administration [49]. The aim was to collect reliable data about
adsorption performance without artificial exaggeration of adsorption
performance of the AsfNitro adsorbent, as very often the unrealistic high
concentration of test compound can amplify the adsorption capacity.

Measurements were conducted on two relative humidity (RH) levels,
i.e. 5 and 80%, to evaluate the influence of low and high levels of water
in the gas stream on adsorption performance. RH level was measure by
HM2301 humidity sensor (Hanwei, China). Experiments at RH = 80%
were performed by sweeping vapours from above the water placed in a
heated container.

All measurements were performed at 30 °C and at 30 mL min~! flow

rate. Breakthrough point was set to g—; = 0.1, where C; (mg L) is the

outlet gas concentration at given time and Co (mg L) is the influent
concentration. Maximum adsorption capacity Qng, (mg g’l) of an
adsorbent was calculated as follows:

 (Cy — C,)d
qmm:F/ M 6
| m

=0

Where m (g) is the mass of the adsorbent, and t, (min) is the exhaustion
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time at % = 0.95. Breakthrough adsorption capacity Qpreq (ng g~ 1) was
calculated from the same equation by changing the integral bound from
t, to t, (breakthrough time at % =0.1).

Breakthrough volume BTV;gg, (L) was calculated according to Eq. (2):

Ft,

BTV = 1000m

(2)

The effective adsorption capacity Qs (ng g’l) is defined as a part of
adsorption capacity utilized up to the breakthrough point and was
calculated as:

Qeff _ Qbreak.loo (3)

The mass transfer zone MTZ (cm), i.e. a part of packed bed where
adsorption takes place, and length of unused bed LUB (cm), i.e. a dis-
tance of the adsorbent bed, that is not saturated at the breakthrough
time were calculated as follows:

MTZ = L(tt;t”) 4

LUB = L(t;—tb) (5)

s

where t; (min) is the time at which g—; =0.5.

2.8. Regeneration ability

The regeneration ability of the AsfNitro was tested with benzene.
After saturation, the adsorbent was regenerated by thermal desorption.
A Ny stream was passed through the column with a 30 mL min?
flowrate, at 200 °C until the detector’s signal after the desorption stage
was stable. Next, the adsorbent was reused to measure the adsorption
capacity. Mentioned procedure was repeated 10 times.

2.9. Quality assurance of data

All data points obtained by GC measurements and presented in this
paper are an average of three injections. To minimize error caused by
linearization of the isotherm and breakthrough curve models, experi-
mental data were fitted by non-linear regression. Computations were
performed by R programming language [50] using the Levenberg-
Marquardt non-linear least-square algorithm provided by the MIN-
PACK library [51].

Although, data was fitted to the nonlinear forms of the isotherm and
breakthrough curve models, the goodness of fit was evaluated by both:
the Chi-square coefficient X2, and the R2, as the R? is more instinctively
comprehended:

X2 = 0 -y
Ye

. > (yc f§e>2

= m (7

where y,, y., and y, are values calculated by a model, experimental,
and experimental mean, respectively.

(6)

3. Results and discussion

For preparation of the adsorbent with nitrated asphaltenes, the
Kieselgur was used as a support. Kieselgur, also known as diatomite or
diatomaceous earth, is a fossil material made from siliceous (mainly
amorphous hydrated silica) skeletons of diatoms. It was chosen for
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several reasons: 1) it is a low-cost material, as the diatomaceous silica is
the most abundant form of silica known, 2) it has highly developed
bimodal (macro and meso) porosity which makes it a popular adsorbent
(mesopores enhance the specific surface area and macropores facilitates
the mass transport and diffusion), 3) it has high mechanical and
chemical resistance, and 4) the rigid structure of diatomite particles
allows to maintain a high filtering velocity and avoid blocking of the
filter with tiny solid particles, if present in the processed stream. It is also
noteworthy to mention that some attention was already paid to modi-
fying the surface of diatomite to improve its adsorption properties
[52,53]. The proof of successful modification leading to introduction of
-NO; groups to the structure of asphaltenes can be found in our previous
study and in the Figure S1 [36]. Also, the elemental composition of raw
and nitrated asphaltenes proved the fact of successful modification. The
nitrogen content increased from 1.28 to 6.25% wt., and oxygen from
1.79 to 18.81% wt. Analysis of the results reveals that -NOy groups
account for 16.40% wt. of nitrated asphaltenes (0.0036 mol of -NO, per
gram). The molar ratio of introduced oxygen and nitrogen (O/N) equal
to 3 indicate that apart from —-NO, groups, also other oxygen-containing
groups were added to the structure of asphaltenes, because of oxidation.
It is in line with the results of FTIR published previously [36]. At the
same tame molar ratio of C/H, for both raw and nitrated asphaltenes is
close to 1. It is a typical value for asphaltenes, and demonstrates their
high aromaticity.

The low temperature nitrogen adsorption revealed that textural
properties of both adsorbents were similar. Neither the BET surface area,
nor the total pore volume was changed by the deposition of nitrated
asphaltenes on the surface of diatomaceous earth (KG). The BET surface
area of the KG and the AsfNitro was 1.480 + 0.020 and 1.491 + 0.037
m? g1, respectively. The total pore volume was the same for both ad-
sorbents i.e. 0.0015 cm® gL, It proves that KG, and other similar mes-
oporous materials, can be a suitable support and surface area provider
for asphaltenes.

To evaluate adsorption properties of the adsorbent, the equilibrium
(isotherms) and dynamic (breakthrough curves) experiments has been
conducted with pyridine, benzene, and 1-nitropropane.

3.1. Breakthrough curves

In real life applications adsorption processes are usually operated
under dynamic conditions (i.e. continuous flow of contaminated gas),
and with formation of multilayer adsorption. Breakthrough analysis is
the method to assess the applicability of the prepared adsorbent through
characterization of adsorption capacity, kinetics and selectivity. Break-
through experiments were performed with controlled temperature of
30 °C in a practical flow-through configuration that mimics conditions
used in industrial separations. Fig. 1 presents breakthrough curves for
low humidity gas stream (RH = 5% =+ 2). Breakthrough curves revealed
significant change in the adsorption capacity for all test compounds in
favour of AsfNitro adsorbent. The highest change was observed for
pyridine and benzene. Interesting observation was made about the
shape of the curve for benzene and AsfNitro adsorbent. It is clearly less
steep compared to curve for KG. The steepness of the curve is correlated
to the efficiency of the adsorption and effective usage of the adsorbent.
The more steep is the curve, the smaller width of the mass transfer zone
(zone with the highest mass transfer speed) is. More slanted curve may
indicate that there is a change in heterogeneity of the surface between
KG and AsfNitro. The adsorption centres for benzene may have a wider
adsorption potential distribution compared do pyridine and 1-nitropro-
pane. More information about adsorption process were obtained from
parameters derived from breakthrough curves that describe perfor-
mance of columns at RH = 5%, and are presented in the Table 1.
BTV10%, Qmax,» and Qpreak parameters characterize the adsorption
capacity of the adsorbent, which is considerably superior for AsfNitro
adsorption capacity compared to KG, regardless of the test compound. In
case of waste gas purification, especially important is the substantial
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Fig. 1. Breakthrough curves of benzene, pyridine and 1-nitropropane on the
KG (m) and AsfNitro (M) adsorbent. Dashed line (— — —) represents logistic
growth model. Relative humidity of gas stream was 5%.
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Table 1

Operational parameters of investigated columns (with KG and AsfNitro adsor-
bents) used for adsorption of benzene, pyridine and 1-nitropropane, measured at
RH = 5%.

Parameter BTVi09% Qmax Qbreak Qefr MTZ LUB

Unit Lg 'l mgg'l  [mgg 'l [%] [em] [em]

benzene

KG 0.46 + 0.048 + 0.014 + 29.4 17.3 12.1
0.03 0.003 0.001 + 3.8 + 0.4 + 1.1

AsfNitro 12.07 + 0.570 + 0.360 + 68.7 11.0 4.3 £+
0.77 0.060 0.040 +6.6 +0.5 0.4

pyridine

KG 3.61 £ 0.924 + 0.544 + 58.8 14.2 54+
0.21 0.013 0.031 + 25 +0.6 0.2

AsfNitro 43.86 + 7.084 + 6.608 + 92.3 45+ 0.7 +
1.17 0.210 0.177 + 0.3 0.3 0.1

1-nitropropane

KG 1.10 + 3.277 + 1.096 + 33.4 17.6 9.9 +
0.07 0.127 0.066 + 0.7 + 0.1 0.1

AsfNitro 9.28 + 11.045 + 9.272 + 84.0 8.7 + 1.4 +
0.09 0.125 0.091 +1.8 0.6 0.1

increase of the breakthrough adsorption capacity (Qpreax) and break-
through volume (BTV;¢9). Higher value of BTV, is advantageous as it
increases the adsorbent bed service life, and simultaneously decreases
required adsorbent mass.

Beside enhancement of adsorption capacity, analysis of break-
through curves revealed the improvement of the adsorption efficiency.
The mass transfer zone (MTZ) reduced after modification of KG with
nitrated asphaltenes. The shorter the MTZ, the better the performance of
adsorption column. The adsorbent bed was used more effectively lead-
ing to a shorter length of unused bed (LUB) — a portion of adsorbent bed
that was not exhausted when breakthrough was observed. To give better
idea about the efficiency change, the effective adsorption capacity (Qef)
was calculated, i.e. the part of adsorption capacity that was used before
the breakthrough occurred. It was two times higher for AsfNitro
compared to KG. That value was outstanding for pyridine and 1-nitro-
propane. AsfNitro adsorbent was exhausted in 92 (pyridine) and 84%
(1-nitropropane) when the breakthrough was observed. It is around two
times higher than for KG adsorbent. The fact of improved adsorption
efficiency is certainly not without significance for the economics of the
adsorption process.

The breakthrough data was modelled by three popular mathematical
expressions i.e. Bohart-Adams, Thomas and Yoon-Nelson. However, to
estimates the values of those parameters a logistic equation was used:

C 1

C 1+ exp(a — bt) ®

the definition of a and b parameters, in regard to the Bohart-Adams,
Thomas and Yoon-Nelson models, is presented in the Table 2. The
abovementioned approach is applicable, because at the ground level all
three mentioned models are one and the same, just with different defi-
nitions for a and b parameters, and can be expressed as the logistic
growth function with two parameters [54].

Table 3 summarizes the results of logistic growth model fitting,
including calculated values of abovementioned models. Although,
experimental curves for both adsorbents where fairly well described by
the logistic growth equation, regression analysis derived from Eq. (8) of
the experimental breakthrough data obtained for test probes gave better
agreements with the AsfNitro’s breakthrough curves. It is reflected by
the difference between measured and calculated values of 7, qo, and Np.
For AsfNitro it was below 10%, which is an acceptable agreement of
results for such purpose.

The values of models’ constants revealed that modification of KG
with asphaltenes didn’t change significantly the kinetics, except for
benzene. For that compound a substantial decrease of kyy, kr, and kga
was observed. It was expected based on the analysis of the breakthrough
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Table 2
Meaning of the a and b parameters in regard to the breakthrough curve’s models.

Model Logistic growth function
a b

Yoon-Nelson kynt kyn

Thomas kTq_om krCo

Bohart- kBAFNgL kgaCo

Adams u

Parameter Definition Unit

kyn Yoon-Nelson rate coefficient min !

T time required for 50% breakthrough min

kr Thomas rate coefficient em® mg™?
min~!

qo maximum adsorption capacity mg g~}

F volumetric flowrate cm® min~!

m mass of the adsorbent g

kpa Bohart-Adams rate coefficient cm? mg !
min~?

Ny adsorption capacity of the adsorbent per unit mg cm >

volume of the bed
L bed depth cm
u superficial velocity cm min !

curve’s shape. Nitrated asphaltenes on the surface of KG have intro-
duced large number of new active centres with wide distribution of
adsorption potential compared to pure KG. As the most active centres
are progressively occupied towards the less active, the enthalpy of
adsorption decrease. This is illustrated as a decrease in the gradient of
the breakthrough curve of benzene on the AsfNitro adsorbent (Fig. 3).
Overall, the drop in the rate of benzene adsorption is fully compensated
by large increase of adsorption capacity.

The adsorption performance of AsfNitro adsorbent toward benzene
was compared with other adsorbents reported in the literature in terms
of 10% breakthrough capacity (Qpreqr)- Data for 1 Pa inlet partial pres-
sure was extracted from [30]. In this work nitrated asphaltenes are
intended to be used as an active layer used to coat a surface area of an
inexpensive support. As such, the adsorption capacity will depend on the
choice of the support. To highlight it, Fig. 2 was prepared where Qprea,
measured at RH = 5%, was normalized against the specific surface area
of the adsorbents. The adsorption capacity per meter square of surface
area is superior to all other adsorbents listed. Results in the Fig. 2 points
out the direction for further development of nitrated asphaltenes-based
adsorbents — search for materials with suitable surface area e.g. natural
minerals, clays, or rocks that are easily available in the target destina-
tion. Small particles of inorganic support covered with asphalthenes can
be easily utilized. As asphalthenes are a component of bitumen used for
road paving applications as well as sealants — the wasted adsorbent bed
can be blended with bitumen during preparation of bitumen-aggregates
mix. In case of hot mix operations under controlled conditions it would
be possible to desorb the VOCs and treat them by proper technology,
while wasted adsorbent incorporation as asphalt component. This
approach is already used for utilization of post-process ashes which are
blended with asphalt.

To test the effect of water vapour on adsorption, measurements at 80
+ 2% relative humidity were performed for benzene and 1-nitropro-
pane. Collected data revealed that the relative humidity had a nega-
tive influence on the breakthrough curves. Table S2 lists breakthrough
parameters of columns operated under humid conditions.

The breakthrough adsorption capacity decreased under humid con-
ditions. This drop can be attributed to the competitive adsorption of
water molecules on the surface of adsorbents. The AsfNitro adsorbent
bed become depleted by benzene and 1-nitropropane about 6 and 2
times faster, respectively, compared to dry conditions. The drop of
adsorption capacity toward benzene was similar as for e.g. activated
carbon prepared from peat [55]. Nevertheless, the AsfNitro retains
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Table 3
Results of logistic growth model fitting.
kyn(min~1) 7(min) kr(cm® mg’1 min~1) qo(mg g’l) kga(cm?® mg’1 min 1) No(mg cm ™) X2 (RZ)
KG
benzene 0.473 + 0.026 5.6 +£0.1 15458 + 852 0.037 + 0.001 15458 + 852 0.007 + 0.001 0.366 (0.979)
pyridine 0.239 £ 0.017 24.8+0.2 1583 + 112 0.804 =+ 0.001 1583 + 112 0.162 + 0.001 0.850 (0.960)
1-nitropropane 0.413 + 0.027 9.5+0.1 413 + 27 2.046 + 0.004 413 +27 0.412 + 0.001 0.684 (0.961)
AsfNitro
benzene 0.061 £ 0.002 94.1+0.1 1993 + 76 0.619 =+ 0.001 1993 + 76 0.125 + 0.001 0.338 (0.985)
pyridine 0.213 + 0.015 219.0 + 0.2 1411 + 96 7.113 + 0.005 1411 + 96 1.433 + 0.005 0.492 (0.975)
1-nitropropane 0.492 + 0.033 47.2£0.1 492 + 33 10.157 + 0.004 492 + 33 2.047 + 0.002 0.399 (0.973)
adsorption—desorption cycles. The regeneration of adsorbent bed was
03 achieved by thermal desorption at 250 °C in pure nitrogen stream. The
relative humidity of gas stream, for both adsorption and desorption step,
was 5 £ 2%. The results are presented in the Fig. 3.

The AsfNitro represents satisfactory reusability. The maximum

adsorption capacity was stable in the course of the 10 consequent

& 02 adsorption—desorption cycles. The RSD for measured values was around

S 5%. Moreover, the mentioned result indicate a favourable thermal sta-

g bility of the AsfNitro, since it was regenerated by the thermal desorption

= (250 °C). In process scale the desorption can be aided by vacuum, and

3 performed in lower temperatures. It will extend the life cycle of the
CJQ 0.1 AsfNitro adsorbent.

Moreover, the adsorption-desorption stability of the adsorbent’s
performance demonstrates the durability of the chemical modification
with -NOs. It is further supported by IGC results, presented in the next
sections. After each analysis, adsorbent was thermally regenerated to
ensure full desorption of a test probe, and the accuracy of the IGC results

0.0 indicate that it did not affect the surface properties of AsfNitro.
SEFSTILELSLIERr SRS
FEFTLRE 65888 SY h h
<& Oq; &‘5 & @o S é-’\- 6\9 < > éé9 N 3.2. Inverse gas chromatography
¢ 5 S Both tested adsorbents have similar surface area and porosity. Thus,
AN . . . .
@ it can be concluded that the differences in the adsorption performance,

Fig. 2. Adsorption capacities (Qprq, breakthrough adsorption capacity),
measured at RH = 5%, of AsfNitro, KG and other adsorbents for benzene per
surface area of an adsorbent.

0,8

1 2 3 4 5 6 7 8 9 10
# cycles

Fig. 3. Reusability of AsfNitro adsorbent for benzene adsorption. Solid line
represents mean value, dotted line standard deviation.

partially its favourable adsorption properties.
The reuse potential of the AsfNitro adsorbent was evaluated by
monitoring the changes of Qnax value for benzene between consequent

observed in breakthrough experiments are not caused by the differences
in textural properties and diffusion, but are the result of the different
strengths of adsorbate-adsorbent interactions. Those interactions arise
from chemical structure of the surface and presence of the specific
sorption sites. It leads to preferential adsorption of certain compounds
over others. To investigate in detail the thermodynamic equilibrium
separation mechanism, the IGC technique was used. In the Table S2 the
AGy, AHp and AS, value for all test probes are reported.

3.2.1. Adsorption isotherms

The adsorption isotherms were used to reveal the relationship be-
tween the equilibrium concentration in the gas phase and the amount of
VOC adsorbed on the surface of KG and AsfNitro adsorbents at low
surface coverage (6 < 1). The adsorption equilibrium data were fitted to
two well-known isotherm models, to evaluate their utility and to
simulate the experimental data. Measurements were done for the same
test probes as in breakthrough experiments. The equilibrium adsorption
properties were compared in the temperature range between 100 and
140 °C.

Langmuir model is the most extensively used isotherm model. It
assumes that adsorption is limited to a one molecular layer, all
adsorption sites on the surface are energetically identical, and there is no
interaction between adsorbate’s molecules [56]. Langmuir model is
described by Eq. (9):

K, P
9e =907 gp 9
where g, (mg g !) is the maximum adsorption capacity of the
adsorbent, K;, (Pa_l) is the Langmuir equilibrium constant related to the
heat of adsorption, and P (Pa) is the partial pressure of the adsorbate in
gas phase.
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The Freundlich isotherm is an empirical model applicable to
adsorption process on heterogeneous surface [57]. The equation for
Freundlich model is as follows:

g = KpP (10$)

where Ky (mg g~ ! Pa~1/") is the parameter related to the adsorption
capacity, parameter n (-) characterizes the heterogeneity of the adsor-
bent’s surface and the adsorption intensity. The lower the value of n, the
more favourable is adsorption.

Using values of K}, for different temperatures, the heat of adsorption
can be estimated from the following van’t Hoff equation, which relates
the Langmuir equilibrium constant to the temperature [58]:

_EA
K, = Kyexp {ﬁ] 1)
where E, (J mol™Y) is the activation energy of adsorption and Kj is
the adsorption equilibrium constant. The relation between the InK; and 1
are given in the SI (Figure S4).

Due to very low retention of benzene on KG, the isotherm was
measured only for 100 °C and the E4 value couldn’t be calculated for
that adsorbate-adsorbent pair. For pyridine and 1-nitropropane it was
12.21 + 1.54 and 3.89 + 0.14 kJ mol 2, respectively. For AsfNitro the E4
values for benzene, pyridine and 1-nitropropane were 59.94 + 2.99,
47.85 + 4.55 and 29.55 + 3.63, respectively. It is evident that adsorp-
tion performance of AsfNitro originates exclusively from presence of
nitrated asphaltenes. The E4 increased almost 4 times for pyridine, and
over 7 times for 1-nitropropane. For benzene it would be even greater.
The magnitude of E, indicates the character of adsorption i.e. phys-
isorption or chemisorption. Typically, range 5-40 kJ mol ! corresponds
to a physisorption and 40-800 kJ mol™! to a chemisorption [59],
however that distinction is not rigid.

Values of adsorption energy for AsfNitro falls between two
mentioned ranges. It suggest that test probes are bounded to the surface
of AsfNitro by synergistic combination of very strong physical in-
teractions and chemical interactions with functional groups on the
surface. Before deposition of asphaltenes on the KG’s surface the
fundamental interacting force were of van der Waals type, and the
adsorption process was based solely on physisorption.

To model the experimental data, the Langmuir and Freundlich
adsorption isotherm models were used. Full set of results, together with
examples of adsorption isotherms at 100 °C, can be found in the SI
(Table S3 and Figure S5). The Freundlich model was more adequate for
experimental data, however both models explained it correctly, as
indicated by high R? values. Those results mean that the surface of both
adsorbents is not homogenous in terms of adsorption centres’ energy. It
is further supported by the results presented in the section 3.2.2.
Moreover the n values, for all test probes, are lower for AsfNitro
adsorbent, meaning more favourable adsorption.

In the Fig. 4 monolayer adsorption capacities, derived from Lang-
muir model, are compared. The deposition of nitrated asphaltenes on the
surface of KG enormously enhanced its adsorption capacity. Generally,
the extent of Qmeno Of test compounds is following the boiling point i.e.
the compound with the highest boiling point has the highest monolayer
adsorption capacity. For 1-nitropropane, and benzene at 100 °C, the
difference between Qono Of adsorbents was around 70 times in favour of
AsfNitro, and was quite stable in the whole range of temperature. For
pyridine, the difference increases with temperature. From 79 at 100 °C,
to 92 times more at 140 °C. It suggests that interactions between pyri-
dine and KG weaken faster with temperature increase, comparing to
pyridine and AsfNitro. Less rapid reduce of strength of interactions is
favourable for the stability and predictability of the adsorption process.

3.2.2. Surface’s heterogeneity
Surface’s energy heterogeneity was described by the adsorption
potential distribution, which was calculated from the sorption isotherm
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Fig. 4. Values of monolayer adsorption capacities, derived from Lang-
muir model.

determined by the ECP method [60]. Adsorption potential A (J mol %) is
calculated by conversion of a partial pressure according to Eq. (12):

A =RTIn <?> (12)

where Py is (Pa) the saturation pressure. The distribution parameter
@ (mol mol g_l J~1), which is correlated with the number of adsorption
sites, is calculated according to Eq. (13):

dn
2= - 7 13)
where n (mol) is an adsorbed amount of the probe.

Fig. 5 compares the adsorption potential distribution for test probes
used to determine adsorption isotherms at 100 °C, for the surface
coverage in the range between 0 and 0.5. It is obvious that adsorption
potential distribution of KG and AsfNitro are dissimilar, and it illustrates
markedly different chemistry of the surface. The area under the curves is
directly related to the uptake of the different energy sites, and it in-
dicates that AsfNitro adsorbent has a larger number of adsorption cen-
tres on its surface, compared to KG, which are responsible for its
superior adsorption capacity. For all test compounds, and both adsor-
bents, lower energy sites have a bigger population then the high energy.

Benzene’s adsorption potentials distribution revealed that both ad-
sorbents possess adsorption centres with similar energy, but their
number on AsfNitro is greater. A sharp increase of distribution potential
(@) on the left side (at half surface coverage) of AsfNitro’s adsorption
potential distribution illustrates that most of the adsorption capacity
towards benzene is due to lower energy sites, that originates from aro-
matic rings in the structure of asphaltenes. Moreover, both distributions
are rather flat, without distinct peaks in the adsorption potential range
considered. It was predictable as benzene molecule is non-polar and
interacts mostly by dispersive interactions.

More significant differences are observed for 1-nitropropane and
pyridine adsorption potential distributions. The distributions not only
indicate increased number of adsorption sites, but also a shift toward
lower energy sites, for the considered range of surface’s coverage
(0-0.5), and multiple peaks one the AsfNitro’s curves. Those peaks
indicate that there are certain types of adsorption centres specific for 1-
nitropropane and pyridine molecules. Insets of the Fig. 5b and ¢ shows
that surface of KG don’t exhibit any specific adsorption sites for any of
test compounds, at the 0-0.5 surface coverage.

Adsorbate-adsorbents interactions responsible for the observed dif-
ferences in the adsorption capacity of KG and AsfNitro adsorbents, can
be divided into two categories: dispersive and specific. Both were ana-
lysed by the IGC technique.
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Fig. 5. Adsorption potential distribution for a) benzene, b) 1-nitropropane, c)
pyridine at 100 °C.

3.2.3. Dispersive interactions

Dispersive interactions were revealed by retention of non-polar
probes (e.g. n-alkanes) which interact with the surface only through
dispersive interactions. Based on it, the dispersive component of the
surface free energy (y3) was calculated. It is important for evaluation of
activity of the surface, and is correlated with the unspecific London

Chemical Engineering Journal 427 (2022) 130653

interactions and heterogeneity of the surface. Generally, micro and
mesoporous materials with active surface have values of y{ above 200
mJ m~2 [60-62]. In practice, the higher the surface energy, the more
interactive is the surface.

Fig. 6 compares values of yY for KG and AsfNitro and how they
changes with temperature. Obtained values of ¥} indicate that the sur-
face of both adsorbents (KG and AsfNitro) is relatively active, at 60 °C
the value of 72 is above 200 mJ m~2, The result for AsfNitro is similar to
previously reported, where nitrated asphaltenes were deposited on the
surface of silanized support (Chromosorb W AW DCMS) [36]. In com-
parison to KG, dispersive interactions were only slightly enhanced by the
deposition of asphaltenes on the surface of diatomaceous earth. It is in
line with the small changes in AH, (see Table S3) observed for n-al-
kanes. The value of y2 for both adsorbents is linearly increasing with the
temperature decrease, which is a typical behaviour for adsorbents. As
the temperature decrease, the magnitude of weak London dispersion
interactions is increasing because molecules of adsorbate, having less
kinetic energy, reside longer on the surface of the adsorbent. Interest-
ingly, the strength of dispersive interactions is decreasing faster, with
increase of temperature, for the AsfNitro. This fact can be advantageous
during thermal desorption and adsorbent regeneration as the adsorbed
molecules will be more easily desorbed. This will lead to faster regen-
eration in lower temperature, and lower thermal stress will be imposed
on adsorbent particles. Hence, particles of the AsfNitro should be more
resilient to fracturing and deformations as compared to the KG. More-
over, relatively small slope of the y2 versus temperature plot imply good
adsorption performance stability if there will be changes of surrounding
temperature.

For better understanding of results presented in the Fig. 6, compar-
ison of ¥ values for different adsorbents was compiled in the Table 4.
Retention of test probes (e.g. n-alkanes) strongly depends on the
experimental temperature, hence there is no standard temperature used
for the measurement of the y2. The experimental conditions and range of
n-alkanes is selected individually for a given adsorbent in order to
achieve acceptable values of retention time. Thus, the information in the
Table 4 should be analysed carefully. Nevertheless, knowing that the y%
is increasing with decrease of the temperature, it is apparent that the
AsfNitro has a very active surface, exceeding some of the emerging ad-
sorbents (e.g. MOFs) and comparable with carbonaceous materials
(CNTs, AC). Results indicate that deposition of asphaltenes on the sur-
face of materials is an effective method to obtain very good activity and
adsorption performance.

300
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Fig. 6. Value of the dispersive component of the surface free energy y2in
different temperatures for KG and AsfNitro adsorbents.
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Table 4

Comparison of dispersive surface energy for various adsorbents.
Adsorbent T [°C] 72 [mJ m2 Reference
IRMOF 180 91 [63]
CNT 200 125 [64]
HKUST-1 (MOF) 90 144.5 [65]
AsfNitro 80 229.54 + 0.18 This work
RD granular silica gel 90 93.14 [61]
SBA-16 (porous silica) 93 71,93 [66]
Maxsorb III (AC) 140 213.98 [67]1
Chemviron F400 350 208.20 [60]
High surface area graphite 200 115 [68]

While the y2 measured by IGC at infinite dilution is a useful
parameter in materials characterization, it can be criticised for the fact
that only high energy adsorption sites are probed. In some cases, as for
example waste gas purification, the distribution of active sites may be
more important than high energy sites. To get more insight into
dispersive interactions, the adsorption potential distribution was
determined for n-heptane at 100 °C. It is presented in the Fig. 7.

The adsorption potential distributions presented in the Fig. 7 were
collected for the surface coverage between 0 and 0.2. This part of the
studies revealed that nitrated asphaltenes are solely responsible for the
adsorption potential of AsfNitro. There is a colossal increase in the
number of active sites participating in the adsorption of n-heptane after
coating asphaltenes on the diatomaceous earth. It shows the tremendous
difference in dispersive interactions between AsfNitro and KG is not in
the adsorption centres with the highest energy but in the abundance of
adsorption sites with lower energy that were introduced by nitrated
asphaltenes. That difference was also reflected in the n-heptane’s
monolayer adsorption capacity. It was over 130 times higher after
deposition of asphaltenes (2.406 and 0.018 mg g~ *, respectively).

3.2.4. Specific interactions

As revealed by results presented in the Table S4, deposition of
nitrated asphaltenes on the surface of diatomaceous earth has also a
prominent effect on the specific interactions. For all test probes a
decrease of AG, values was observed for AsfNitro, as compared to KG
adsorbent. Generally, lower value of the AG4 means that adsorbate is
adsorbed to a greater extent. Negative values of the AG, indicate that
the adsorption process is thermodynamically feasible and spontaneous.
For all test probes the free energy of adsorption is increasing as the
temperature of measurement increase. It indicates that adsorbate mol-
ecules residence time on the surface is becoming shorter and adsorption
in higher temperatures is less favourable. It is a typical phenomenon and
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Fig. 7. Adsorption potential distribution for n-heptane at 100 °C.
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a foundation of desorption process (regeneration of adsorbent). Based
on AGy values determined at different temperatures, the AH, and ASy
were calculated. The obtained values are natural for adsorption process,
i.e. negative values of enthalpy and entropy implies respectively that the
adsorption is exothermic and that the degree of freedom decreases at the
gas-solid interface. Comparison of AH, for both adsorbents disclose the
difference in the strength of adsorption in favour of AsfNitro adsorbent
(see Table S4). Coating of KG with nitrated asphaltenes resulted in ca.
1.5-2 times increase of the AH, value. The smallest change was
observed for nonpolar compounds (e.g. alkanes, benzene). It is a premise
that introduction of nitrated asphaltenes altered the adsorption to a
greater extent through specific, than by dispersive interactions. More-
over examination of coefficient of determination (R2) revealed that the
mechanism of specific interactions of AsfNitro adsorbent may be sus-
ceptible to temperature in non-obvious manner. For KG adsorbent, value
of R? for plot of % versus 1 is high for all adsorbates, whereas in case of
AsfNitro very high linearity is obtained only for n-alkanes.

Table 5 compares enthalpies of adsorption, measured at infinite
dilution, for selected adsorbents. Red colour indicates values lower, and
green higher or equal to values calculated for material coated with
nitrated asphaltenes. It is clear that AsfNitro adsorbent is superior in this
respect. The adsorbents that can compete with nitrated asphaltenes are
high-tech, novel materials like metal-organic frameworks (MOFs) or
graphene. Moreover, the AH, values of AsfNitro are above the range
typically assigned to physical adsorption and fall into chemisorption
range. Obtained results indicates that nitrated asphaltenes may have
catalytic properties. Similar results were recently reported for oxidized
asphaltenes [46]. These findings can open new paths for research about
asphaltenes’ properties and their novel practical applications.

Specific interactions can also be described in terms of Lewis acid-
base theory. Electron donor (yg) and electron acceptor (y¢) properties
of the surface were revealed by measuring the retention of monopolar
acid (chloroform) and monopolar base (ethyl acetate). Fig. 8 presents
the ratio of y5/y¢ that is describing the basicity of the surface. The higher
the value, the more electrondonor the surface is. The experiment
revealed the fundamentally different character of the surface of AsfNitro
adsorbent, as compared to KG. The AsfNitro surface is predominantly
electrondonor (basic) in the nature (the KG has mainly electron acceptor
nature) that originates in the free electron rich nitro groups in the
structure of nitrated asphaltenes. The specific interactions change with
temperature. As it increase, the yg/y¢ value decrease and the surface is
becoming less electrondonor. Above 170 °C the character of the surface
becomes acidic (rg /y; < 1). The KG surface’s character is electron
acceptor in the whole range of experimental temperatures. Thus the
electron rich surface of the AsfNitro adsorbent will favourably adsorb
molecules with electron-acceptor capabilities.

3.3. Mechanism of adsorption.

Since BET analysis revealed that both adsorbents have similar sur-
face areas, high adsorption capacity of AsfNitro (compared to KG) can’t
be ascribed to differences in specific surface area. The difference have to
arise from the chemistry of the surface of AsfNitro adsorbent. In previous
work [38] it was demonstrated that asphaltene-based stationary phases
presents satisfactory batch-to-batch stability of adsorption properties.

Fig. 9 presents FTIR-ATR spectra of AsfNitro before and after
adsorption of test probes. In the AsfNitro spectrum the presence of nitro
group is manifested by three intensive bands at 1530, 1335, and 1275
cm L. They can be assigned to the asymmetrical and symmetrical aro-
matic C-NO; and N = O stretching, respectively [75]. Original asphal-
tenes have oxygen functionalities, which content may be further
enhanced by acid used for nitration, as indicated by the elemental
analysis results. The bands at 1720, and 1642 cm™2 are due to the
presence of ester and amide carbonyl functionalities [76]. Bands at
2953, 2923, 2851, and 1451 cm ™! are attributed to the CH, and CHs
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Table 5
Enthalpies of adsorption AH, (kJ mol 1) measured by IGC-ID for different adsorbents.
AsfNitro AC1 ACF PP-resin CNTs Graphene HSAG300 CNT GO rGO HKUST-1 Cu-BTC IRMOF-1

acetone 78.9 33.3 61.7 58.7 49.9 - - - - - - 70.6 74.4
DEE 101.7 - - - - - - - 56.1 68.4 75.4 - 84.7
THF 81.7 - - - - - - - 51.8 50.4 77.5 78.5 -
EtOAc 76.8 53.0 63.5 65.0 - 48.1 - - 133.2 62.5 - 75.1 81.2
TCM 75.1 59.0 55.7 57.1 - - 33.2 30.8 41.0 76.0 - - 39.2
benzene 79.9 51.0 55.5 55.9 22.9 34.3 52.5 34.7 - - 51.2 68.9 46.7
T (°CO) 80-120 70-100 70-100 70-100 30-90 30-60 200-250 200-250 130-150 140-150 220-250 200-230 200
SAm*g ™ 15 1068 1222 861 108 510 312 186 2 321 1168 1400 781
Ref. This study [69] [70] [71] [64] [72] [73]1 [74] [63]

AC-activated carbon, ACF - activated carbon fiber, PP — porous polymeric, CNT — carbon nanotubes, HSAG - high surface area graphite, GO — graphene oxide, rGO —
reduced graphene oxide, HKUST-1/Cu-BTC/IRMOF-1 - different types of metal-organic frameworks.
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Fig. 8. Electron donor 3 (basic) and electron acceptor y¢ (acidic) character of
KG and AsfNitro surface. The inset presents the evolution of y5/y¢ in a broader
range of temperature for AsfNitro.
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Fig. 9. FTIR-ATR spectra of AsfNitro before and after adsorption of test probes.

groups, in aliphatic chains. The signals from substituted aromatic rings,
forming the backbone of asphaltenes, are visible for lower wavenumber
values (bands at 890, 832, 749 c¢m ™). The band located at 1033 may be

10

assigned to the sulfoxide groups, but also the C-H in-plane bending
bands of aromatics occur in this region [77].

To a great extent, adsorption properties of the AsfNitro are deter-
mined by the presence of NO, groups. As a strong electron withdrawing
group, it should greatly reduce the overall electron density in aromatic
rings of asphaltene molecule. As a result, the aromatic core of nitrated
asphaltene may act as acceptor, and electron rich nitro group as donor in
donor-acceptor (charge transfer) complexes, which are partially cova-
lent in nature, and may explain high adsorption enthalpies of test
compounds [78].

The contribution of nitro group, to adsorption of VOCs is clearly
manifested by changes in intensity and position of IR absorption bands
[80] characteristic for NO, group, after adsorption. The band located at
1530 cm ™! shifted after adsorption of benzene, pyridine and 1-nitropro-
pane to 1529, 1526, and 1548 em Y, respectively. At the same time a
substantial decrease of intensity was observed for benzene and pyridine
indicating interaction with -NOy group. On the other hand, for the 1-
nitropropane and increased intensity was observed, that comes from
-NO;, groups present in the structure of 1-nitropropane molecules,
adsorbed on the surface of AsfNitro.

The position of other band, originating from —-NO5 in AsfNitro have
also changed. The band located at 1335 cm ™" shifted after adsorption to
1367 em ™, for all test compounds. For 1275 c¢m ™! band, a substantial
decrease of intensity was observed, along with slight red-shift (1275 —
1273 em ™). Bands’ position shifts are a clear indication of interaction
between nitro group and adsorbates.

Molecular interaction responsible for abovementioned position shifts
of absorption bands can have different nature depending on the adsor-
bate. For aromatic molecules they can be a n-electron and n system of the
aromatic molecule interactions, or dipole interactions for 1-nitropro-
pane molecule [80]. In case of pyridine, interaction can occur through
charge transfer between —-NO; group and the aromatic nitrogen [79].

Moreover, considering the structure of AsfNitro, adsorptivity of ar-
omatic compounds (benzene, and pyridine) can be promoted by the n-n
stacking interactions with the polyaromatic structure of asphaltenes.
The contribution of asphaltenes’ aromatic rings is proved by lower in-
tensity of bands attributed to the substituted aromatic rings (900-750
cm ! region). The stacking mechanism can be enhanced by defects in
the aromatic structure of AsfNitro, introduced by the chemical modifi-
cation, as carbon materials with distributed = systems possess higher
adsorption capacity, than carbon materials with conjugated n systems
[80,81].

Apart from specific interactions, substantial contribution to adsorp-
tion properties of AsfNitro is from dispersive interactions, which pro-
motes adsorption of organic molecules. It is supported by the
comparison of polarizability of test molecules and the adsorption ca-
pacity of AsfNitro. The capacity increase with the polarizability of the
adsorbate (Figure S6, R*> = 0.935) - as the polarizability increase,
dispersion forces become stronger.

Dispersive interactions are also proved by contribution of alkyl
chains. For benzene, and pyridine, intensity of bands attributed to CHy
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and CHg groups (2953, 2923, 2851) decreased. For 1-nitropropane in-
crease of intensity was observed. As in the case of -NO; group, increase
is explained by the presence of alkyl chains in adsorbed molecules.

One more distinctive change was observed on the spectra after
adsorption. A strong bands at 1740, and 1216 cm™! appeared, which
were assigned to the ester group (C = O, and C-O, respectively). As any
of the adsorbates doesn’t have carbonyl moiety in its structure, it may by
an evidence of a formation of a new functional group on the surface. It is
also, another signal (next to adsorption enthalpies at infinite dilution) of
chemisorption on the surface of AsfNitro, and a premise for catalytic
properties of nitrated asphaltenes.

4. Conclusions

This study presents an efficient adsorbent prepared by coating the
porous support material (diatomaceous earth) with 10 %wt. of nitrated
asphaltenes. Breakthrough curves and IGC measurements revealed that
nitrated asphaltenes were exclusively responsible for the adsorption
properties, and the role of the support was only to provide the surface
area. Those findings can be extended to other support materials and
their inherent limitations for adsorption of volatile organic compounds
can be overcame.

The breakthrough experiments with selected VOCs, i.e. benzene,
pyridine, and 1-nitropropane revealed significant increase in adsorption
capacity after deposition of nitrated asphaltenes. Adsorption capacity of
benzene calculated per gram of nitrated asphaltenes was comparable
with e.g. Carboxen 1000, Tenax TA or MIL-47. Since nitrated asphal-
tenes are intended as the additive for coating support materials with
developed surface area, the adsorption capacity of benzene was
normalized by surface area of the AsfNitro. From this point of view, the
AsfNitro’s adsorption capacity is far more superior than for activated
carbons or metal-organic frameworks. Moreover, deposition of nitrated
asphaltenes was favourable for efficiency of the adsorbent. For 1-nitro-
propane and pyridine, the AsfNitro’s bed was exhausted in 94, and 84%
when breakthrough occurred - two times higher than for uncoated
support material. It is certainly not without significance for the eco-
nomics of the adsorption process — almost 100% of the bed was effec-
tively used in waste gas purification. Breakthrough tests under humid
conditions demonstrated that AsfNitro adsorbent is susceptible to the
presence of water to the same extent as activated carbons.

IGC measurements supported the conclusion that nitrated asphal-
tenes are solely the source of remarkably strong interactions with ad-
sorbates. Adsorption isotherms showed a significant increase of
adsorption capacity, after coating the support with asphaltenes, that can
be explained by increase of both dispersive and specific interactions —
mainly of electrondonor nature. Comparison of adsorption enthalpies at
infinite dilution demonstrated that activated carbons cannot compete in
that matter with AsfNitro. The only comparable adsorbents (still falling
behind AsfNitro) were metal-organic frameworks and graphene. Addi-
tionally, the values of adsorption enthalpies for AsfNitro indicated
contribution of chemisorption to overall adsorption. This is a premise,
supported by FTIR measurement, that nitrated asphaltenes may have
catalytic properties. If such, than it opens a new path for research about
asphaltenes’ novel practical applications.

Presented results explicitly demonstrate the applicability of nitrated
asphaltenes in adsorption processes and waste gas purification, and
durability of the chemical modification with -NO» groups. Unique
structure of AsfNitro is a source of various interactions that promote
VOCs’ adsorption, and facile coating of nitrated asphaltenes on a sup-
port, easily available in the target destination (e.g. natural clays, rocks),
can be an effective procedure for risk mitigation of hazardous VOCs,
accompanied by effective waste management and valorisation of a
material that is considered a waste in petroleum industry.
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