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ABSTRACT

Vehicle painting booths are among the major sources of volatile organic compounds
(VOCs) emissions in the auto manufacturing sector. A challenge with controlling VOCs by
adsorption onto activated carbon (AC) is the occurrence of strongly, or even permanently,
adsorbed species. Irreversible adsorption (aka heel formation) prevents complete regeneration of
the sorbent, decreasing its capacity and lifetime. A better understanding of the factors enhancing
the irreversible adsorption is instructive in finding ways to decrease heel buildup and eventually
increasing the lifetime of the adsorbent. The adsorption capacity of AC for VOCs is also of
concern for the design of a reliable adsorption system. Experimentally determining the
adsorption capacity of AC needs considerable effort, time, and cost. Hence, there is interest in
developing reliable models to predict the adsorption capacity of adsorbents. The objective of this
dissertation, therefore, is to understand and improve gas phase capture of VOCs by carbon-based
adsorbents. This research was conducted in two parts, 1) enhancing the prediction of the
adsorption capacity of VOCs on carbonaceous adsorbents, and 2) studying the reason and
mechanism for irreversible adsorption of VOCs on AC adsorbents, and subsequent use of these
results to improve process know-how.

In the first part, the effect of the kinetic diameter (KD) of the reference adsorbate on the
accuracy of the Dubinin-Radushkevich (D-R) equation for predicting the adsorption isotherms of
organic vapors on microporous AC was investigated (Chapter 3). Adsorption isotherms for 13
VOCs on microporous beaded activated carbon (BAC) were experimentally measured, and
predicted using the D-R model and affinity coefficients. Choosing a reference adsorbate with a

KD similar to that of the test adsorbate resulted in better prediction of the adsorption isotherm.
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The proposed hypothesis was also used to explain reports of inconsistent findings among
published articles.

In the second part, the effect of operational parameters such as adsorption and
regeneration temperature (Chapter 4), BAC’s surface oxygen groups (Chapter 5), desorption
purge gas oxygen impurity (Chapter 6), and BAC’s pore size distribution (PSD; Chapter 7) on
the irreversible adsorption of a mixture of organic compounds typically emitted from automobile
painting operations was explored. Results indicated that increasing the adsorption temperature
from 25 to 45 °C increased heel buildup on BAC by about 30% irrespective of the regeneration
temperature possibly due to chemisorption. Conversely, increasing the regeneration temperature
from 288 to 400 °C resulted in 61% reduction in the heel at all adsorption temperatures, possibly
due to more effective desorption of chemicals from narrow micropores. PSD and pore volume
reduction confirmed that the heel was mainly formed in narrow micropores, which can be
occupied or blocked by some of the adsorbates. Microporous BAC was treated with hydrogen to
remove oxygen groups or treated with nitric acid to add oxygen groups. Derivative
thermogravimetric (DTG) results showed heel formation due to physisorption for heat-treated
and hydrogen-treated BACs, and weakened physisorption combined with chemisorption for
nitric acid-treated BAC. Microporous BAC was also regenerated using different concentrations
of oxygen (< 5 — 10,000 ppm,) in the nitrogen desorption purge gas. With increasing O,
concentration, mass balance cumulative heel increased by up to 35% and the fifth cycle
adsorption capacity decreased by up to 55% relative to baseline scenario (< 5 ppm, O; in Ny).
DTG analysis showed heel formation due to physisorption for <5 ppm, O, and a combination of
physisorption and chemisorption for other samples. Finally, five BAC samples with varying

PSDs but similar elemental compositions were tested. Heel formation was linearly correlated
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with BAC micropore volume. Meanwhile, first cycle adsorption capacities and breakthrough
times correlated linearly with BAC total pore volume. Overall, results showed that highly
microporous adsorbents turn a higher portion of adsorbed species into heel due to higher share of
high energy adsorption sites in their structure.

In summary, it was found that high adsorption temperature, low regeneration
temperature, high levels of surface oxygen groups on adsorbents, oxygen impurities in
desorption purge gas, and high adsorbent microporosity may increase heel formation. Some of
the outcomes of this research have been implemented in full scale adsorbers controlling VOC
emissions from automobile painting operations, resulting in longer adsorbent lifetime and lower

solid waste generation.
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CHAPTER 1. INTRODUCTION AND RESEARCH

OBJECTIVES

1.1 General Introduction

Volatile organic compounds (VOCs) are defined as liquids (at ambient temperatures)
with low boiling points and high vapor pressures, and are commonly emitted from industries that
handle paints, varnishes, chemical cleaners, solvents, lubricants, and liquid fuels (Khan and
Ghoshal, 2000). The United States Environmental Protection Agency (USEPA) defines VOC as
“any compound of carbon excluding carbon monoxide, carbon dioxide, carbonic acid, metallic
carbides or carbonates, and ammonium carbonate, which participate in atmospheric
photochemical reaction” (USEPA, 2009). VOCs are among the most common environmental
contaminants (Khan and Ghoshal, 2000; Parmar and Rao, 2009). They can negatively impact
human health and are precursors to photochemical smog (Parmar and Rao, 2009; Kim, 2011).
Exposure to VOCs can cause headaches, eye, nose, and throat irritations, nausea, dizziness,
memory loss, and damages to the liver, central nervous system, and lungs (Leslie, 2000; Kampa
and Castanas, 2008). In 2013, a total of 2.1 megatonnes of VOCs were emitted in Canada, with
oil and gas sector, industries handling paints and solvents, and agricultural activities being the
largest contributors (31, 15, and 12%, respectively) (Environment Canada, 2015). Increasingly
stringent regulations on VOC emissions warrant continuous research to develop more effective
technologies to mitigate emissions of these pollutants.

On average, 6.58 kg of VOCs is used as paint solvents per vehicle in typical car
manufacturing plants in North America (Kim, 2011). Automotive painting operation is a major

source of VOC emissions from car manufacturing sector (Papasavva et al., 2001). These
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emissions consist of a mixture of low and high molecular weight compounds from different
organic groups including aromatic hydrocarbons, aliphatic hydrocarbons, alcohols, ketones,
esters, ethers, polyaromatic hydrocarbons, etc. (Kim, 2011). Since VOCs can adversely affect
public health, VOC laden streams need to be treated before discharging to the atmosphere.

Mitigation techniques such as adsorption, absorption, oxidation, biofiltration,
condensation, and membrane separation are used to control VOCs (Parmar and Rao, 2009).
Adsorption is widely used to remove organic compounds from gas (Shonnard and Hiew, 2000;
Gupta and Verma, 2002; Lapkin et al., 2004; Hung and Bai, 2008; Ramos et al., 2010) and
aqueous systems (Pelekani and Snoeyink, 1999; Dabrowski et al., 2005; Efremenko and
Sheintuch, 2006) systems because it is inexpensive, flexible, efficient, and effective even at low
contaminant concentrations. It also provides the potential for adsorbent reuse, adsorbate
recovery, and multi-pollutant control (Shonnard and Hiew, 2000; Gupta and Verma, 2002;
Lapkin et al., 2004).

Activated carbon (AC) is one of the most frequently used adsorbents in air and water
treatment due to its cost effectiveness and large surface area (Kawasaki et al., 2004; Alvarez et
al., 2005; Aktas and Cecen, 2006). AC is inexpensive and can have high adsorption capacity for
organic compounds (Popescu et al., 2003; Kawasaki et al., 2004; Alvarez et al., 2005; Dabrowski
et al., 2005; Hashisho et al., 2005, 2008; Aktas and Cecen, 2006, 2007). AC is also available in
many physical forms including fibers, powders, beads, monoliths, and granules, implying that it
can be used in nearly any shape or size reactor. It is resistant to acidic and basic conditions, can
have tailored physical and chemical properties, can be regenerable, is thermally stable in anoxic

conditions, and is inexpensive (Yang, 2003).



1.2 Problem Statement

The adsorption capacity of AC is of concern for the design of a reliable adsorption
system. Experimentally determining the adsorption capacity of AC needs considerable effort,
time, and cost especially at low concentrations (Hung and Lin, 2007). Hence, there is interest in
developing reliable models to predict the adsorption capacity of adsorbents (Wu et al., 2002).

A challenge with controlling organics by adsorption onto AC is the occurrence of
strongly, or even permanently, adsorbed species. Irreversible adsorption, which can also be
described as heel formation, prevents complete regeneration of the sorbent, decreasing its
capacity and lifetime and therefore removing a key advantage of using AC. This increases
operation and maintenance costs because more frequent replacement of the adsorbent is
necessary to maintain a high adsorption capacity. A better understanding of the factors enhancing
the irreversible adsorption is instructive in finding ways to decrease heel buildup and eventually

increasing the lifetime of the adsorbent.
1.3 Research Objectives and Originality

1.3.1 Adsorption Capacity Prediction
One objective of this research is to enhance the prediction of the adsorption capacity of
organic vapors on carbonaceous adsorbents. For this purpose, the impact of the reference
adsorbate kinetic diameter (KD) on the accuracy of the organic compounds adsorption capacity
prediction is probed (Chapter 3). It is hypothesized that the accuracy of the Dubinin-
Radushkevich (D-R) equation would increase if the reference and test adsorbates have similar

kinetic diameters. To the best of our knowledge, no report has investigated this hypothesis.



1.3.2 Irreversible Adsorption

Adsorbent lifetime can be maximized and operating conditions can be optimized if
factors promoting irreversible adsorption are better understood. Adsorption reversibility is
exhaustively investigated in aqueous solutions (Dabrowski et al., 2005 and references therein).
To the best of our knowledge, however, there is little or no information about the irreversible
adsorption of organic compounds from air onto AC, particularly novel forms of AC such as
beaded activated carbon (BAC). Oxidative coupling is the main contributor to aqueous phase
irreversible adsorption (Dabrowski et al., 2005). Since this phenomenon has not been reported in
the gas phase, results cannot be expected to directly transfer to the gas phase. In addition,
previous investigations mainly focused on irreversible adsorption of phenols (Dabrowski et al.,
2005 and references therein) while heel buildup during adsorption of non-phenolic organic
compounds is also important, warranting scientific investigation.

The main objective of this study, therefore, is to study the reason and mechanism for
irreversible adsorption of organic vapors on AC adsorbents. The impact of various operational
parameters on the irreversible adsorption of a mixture of organic compounds commonly found in
many environmental systems particularly vehicle painting operations is investigated. The effect
of various operational parameters such as adsorption and regeneration temperature (Chapter 4),
adsorbent’s surface oxygen groups (Chapter 5), desorption purge gas oxygen impurity (Chapter
6), and adsorbent’s pore size distribution (PSD; Chapter 7) are evaluated.

1.4 Organization of Thesis

This dissertation consists of eight chapters. General overview of VOC adsorption onto
AC, problem statement, research objectives and originality, and organization of thesis are

provided in Chapter 1. Chapter 2 contains a literature review of available models for predicting
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adsorption capacity of adsorbents as well as influential parameters on irreversible adsorption of
organic compounds and relevant techniques for characterizing this phenomenon. The
experimental methodologies, and the results and discussion of this study are presented in
Chapters 3 to 7.

Chapter 3 investigated the effect of the KD of the reference adsorbate on the accuracy of
the D-R equation for predicting the adsorption isotherms of organic vapors on microporous AC.
Adsorption isotherms for 13 organic compounds on microporous BAC were experimentally
measured, and predicted using the D-R model and affinity coefficients. The affinity coefficients
calculated based on molar volumes, molecular polarizabilities, and molecular parachors were
used to predict the isotherms based on four reference compounds (4.3 < KD < 6.8A). The
proposed hypothesis was also used to explain reports of inconsistent findings among published
articles.

The effect of adsorption and regeneration temperature on the irreversible adsorption of a
mixture of organic compounds was investigated in Chapter 4. A bench-scale
adsorption/regeneration system was built and cyclic adsorption of the organic vapors mixture
onto microporous BAC and regeneration of the saturated BAC were completed under different
adsorption and regeneration temperatures. The BAC was analyzed for irreversible adsorption in
terms of the amount of accumulated adsorbates and changes in adsorption capacity. Thermo-
gravimetric analysis (TGA) and micropore surface analysis were also used to characterize
irreversible adsorption.

In Chapter 5, the effect of AC’s surface oxygen groups (SOGs) on irreversible adsorption
of organic vapors was investigated. BAC was treated with hydrogen to remove oxygen groups or

treated with nitric acid to add oxygen groups. Micropore surface analysis, X-ray photoelectron
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spectroscopy (XPS), point of zero charge measurements (pHpzc), derivative thermo-gravimetric
(DTG) analysis, Boehm titration, and thermo-gravimetric analysis-mass spectrometry (TGA-MS)
were used to assess differences in the physical and chemical properties of these adsorbents. The
samples had similar physical properties but different chemical characteristics, allowing for
isolating the contribution of AC’s SOGs to heel buildup. Samples were tested for 5 consecutive
adsorption/regeneration cycles using a mixture of nine organic compounds. Regenerated samples
were then characterized using micropore surface analysis, XPS, DTG analysis, and TGA-MS to
assess the changes in the physical and chemical properties of the adsorbent as a result of
irreversible adsorption.

The effect of desorption purge gas oxygen impurity on irreversible adsorption of organic
vapors was studied in Chapter 6. BAC was tested for 5 adsorption/regeneration cycles using a
mixture of nine organic compounds representing industrially-relevant organic groups. Different
concentrations of oxygen (< 5 — 10,000 ppm,) were used in the nitrogen desorption purge gas.
Micropore surface analysis, XPS, and DTG analysis were used to assess the changes in the
physical and chemical properties of the adsorbent as a result of irreversible adsorption.

Chapter 7 explored the effect of AC’s PSD on heel formation during adsorption of
organic vapors. Five BACs were used for this purpose. Micropore surface analysis, XPS, Boehm
titration, and DTG analysis were used to assess differences in the physical and chemical
properties of these adsorbents. The samples had similar chemical characteristics but different
physical properties, allowing for isolating the contribution of AC’s porosity to heel formation.
The samples were tested for 5 consecutive adsorption/regeneration cycles using a mixture of nine

organic compounds representing different organic groups. The regenerated samples were then
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characterized using micropore surface analysis, XPS, and DTG analysis to evaluate the changes
in the physical and chemical properties of the adsorbent due to irreversible adsorption.

Finally, dissertation overview, summary of findings, significance of the research, and

recommendations for future work are presented in Chapter 8.
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CHAPTER 2. LITERATURE REVIEW

2.1 Adsorption Capacity Prediction

2.1.1 Definition of Adsorption Isotherm
Adsorption isotherm describes the equilibrium relationship between adsorbate and
adsorbent at a certain temperature (El-Khaiary, 2008). Adsorption capacity of AC for any
adsorbate can be found from the corresponding adsorption isotherm (Foo and Hameed, 2010).
Some of the most widely used adsorption isotherm models are described in the following section.
2.1.2 Adsorption Isotherm Models
2.1.2.1 Langmuir Isotherm Model
The Langmuir adsorption isotherm model describes the adsorption of gases on solid
sorbents (Langmuir, 1916). Adsorption is assumed to occur in monolayer and on a certain
number of homogenous sites with no lateral interaction and steric hindrance (Foo and Hameed,

2010). The Langmuir adsorption isotherm model can be presented as (Tefera et al., 2013a):

_ qmbc

Qe 1+ bc

and

—AH
b = b, exp< RTad)

where g, 1s the adsorbent equilibrium capacity, g, the adsorbent maximum equilibrium capacity,
b the temperature-dependent Langmuir affinity coefficients, ¢ the gas phase concentration, by the
pre-exponential constant, AH,q the heat of adsorption, R the ideal gas constant, and T the

temperature.
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2.1.2.2 Freundlich Isotherm Model
The Freundlich adsorption isotherm model is an empirical model and describes non-ideal
and reversible adsorption (Freundlich, 1906). Adsorption may occur in multilayer and on
heterogeneous sites with various affinities and heats of adsorption given that adsorption occurs
on strong sites first (Foo and Hameed, 2010). This model suffers from lack of thermodynamic
basis and does not approach to Henry’s law constant at low concentrations (Foo and Hameed,

2010). Freundlich adsorption isotherm model can be presented as (Foo and Hameed, 2010):

1
qe = KrCg

where . is the adsorbent equilibrium capacity, C, the equilibrium concentration of adsorbate in
solution, and K; and n are constants for a given adsorbate and adsorbent at a particular
temperature. n is between 0 and 1 and indicates surface heterogeneity (Haghseresht and Lu,
1998).

2.1.2.3 Dubinin-Radushkevich Isotherm Model

D-R adsorption isotherm model is an empirical model and was initially developed for
adsorption of vapors onto microporous adsorbents with heterogeneous surface (Dubinin and
Radushkevich, 1947). The model successfully predicts adsorption capacities at intermediate and
high concentrations but fails to approach to Henry’s law constant at low concentrations (Foo and

Hameed, 2010). D-R adsorption isotherm model can be presented as (Foo and Hameed, 2010):

82
W = W,exp (—k E)

and

= RTI fo
E = TlP



13
where W is the volume of adsorbed adsorbate per gram of adsorbent, W, the limiting pore
volume of the adsorbent, k a constant related to the adsorbate as well as adsorbent, 3 the affinity
coefficient which permits the comparison of the adsorption potential of the test adsorbate to that
of a reference adsorbate, R the ideal gas constant, T the temperature, P, the saturated vapor
pressure of the test adsorbate at test temperature, and P the equilibrium vapor pressure of the test
adsorbate.

2.1.2.4  Brunauer-Emmett-Teller Isotherm Model

Brunauer-Emmett-Teller (BET) adsorption isotherm model is a theoretical model and
applicable to gas-solid systems (Brunauer et al., 1938). The model covers multilayer adsorption
with relative pressures between 0.05 and 0.3 (Foo and Hameed, 2010). The model can be
presented as (Foo and Hameed, 2010):

qsCperCe
(s = €1+ Coer — DED)]

e =

where Cggr 1s the ratio of monolayer and multilayer heats of adsorption, Cs the adsorbate
monolayer saturation concentration, gs the theoretical isotherm saturation capacity, and q. the
equilibrium adsorption capacity. Since Cggr 1s significantly larger than unity, the model can be
simplified as (Foo and Hameed, 2010):

g = —3
e — Ce

1- (¢

2.2 Irreversible Adsorption

2.2.1 Mechanisms for Irreversible Adsorption
Adsorption can be reversible or irreversible (Aktas and Cecen, 2007). Reversible

adsorption is often attributed to physical interactions, such as van der Waals’ forces, between the
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adsorbate and the adsorbent (Yonge et al., 1985; Lowell and Shields, 1991; Khan and Ghoshal,
2000; Aktas and Cecen, 2007). Popescu et al. (2003) stated that, as a general rule, the heat of
desorption resulting from physical adsorption, or physisorption, is similar to or slightly greater
than the heat of vaporization. In most cases, physisorption is reversible due to its low heat of
adsorption (20 — 70 kJ/mol) (Ruthven, 1984; Khan and Ghoshal, 2000; Ramirez et al., 2005).
Van der Waals’ forces may be strong enough to prevent desorption under the selected
regeneration parameters. This scenario may be associated with adsorbates with high boiling point
and/or molecular weight, or adsorbates with molecular diameters that are very close to that of the
adsorbent’s pore width. In this case, strong dispersive forces acting on adsorbate molecules in
narrow micropores makes regeneration difficult due to overlapping attractive forces from
opposing pore walls. These non-desorbed physisorbed species decrease the capacity of the
adsorbent in subsequent adsorption cycles.

Adsorbates that are irreversibly adsorbed to carbon cannot be removed with a selected
regeneration technique, and often cannot be removed without destroying the carbon adsorbent.
Most of the previous research on irreversible adsorption of organic compounds focused on their
removal from aqueous solutions, and similar studies in gas phase are limited. Since adsorption
fundamentals are similar in gas and aqueous phases, the outcomes of irreversible aqueous phase
adsorption of organic compounds have also been reviewed to help identify the relevant
operational parameters in gas phase capture of VOCs.

Three scenarios can result in irreversible adsorption: 1) strong interactions between
adsorbent and adsorbate, often associated with bonding between the species (chemisorption), 2)
adsorbate coupling leading to higher molecular weight/boiling point compounds that are difficult

to desorb due to their large size (trapping of molecules within the narrow pores due to coupling
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reactions catalyzed by the activated carbon — small molecules enter the narrow pores and react to
form larger molecules with new dimensions that prevent desorption), or 3) adsorbate
decomposition during regeneration, resulting in coke deposition inside the pores of adsorbent.

2.2.1.1 Chemisorption

Chemisorption occurs when the adsorbate and adsorbent are united by chemical bonds,
especially covalent bonds (Yonge et al., 1985; Lowell and Shields, 1991; de Jonge et al., 1996b;
Ha and Vinitnantharat, 2000; Aktas and Cecen, 2007). Hence, the heat of adsorption is high (up
to 400 kJ/mol), approaching the energy of chemical bonds (Lowell and Shields, 1991; Wark et
al., 1998). Chemisorption is associated with an activation energy related to bond formation
(Lowell and Shields, 1991). Gases or liquids react with carbon’s surface functional groups
(SFGs), or with the carbon itself, to form chemical bonds. Unlike physical adsorption, which
relies on carbon’s accessible pore volume, chemisorption relies on carbon’s accessible
adsorption sites. When an active site bonds to an adsorbate molecule, it is deactivated and the
adsorption potential decreases (Langmuir, 1918). Because chemisorption requires surface
reactions, adsorbates can only form a monolayer on the adsorbent — a key difference between
physical and chemical adsorption (Langmuir, 1918). Increased surface area only enhances
chemisorption if there is an associated increase in the number of adsorption sites accessible to
the contaminant (Langmuir, 1918). By varying the chemistry of the surface, the extent of
chemical adsorption can change. Increased temperatures and reduced pressures that do not
degrade the adsorbent or adsorbate may not be sufficient to break the bonds formed via chemical
adsorption. This can increase operational costs, but may also increase selectivity. As such,
chemical adsorption occurs most frequently for removing trace contaminants. Environmental

applications include mercury removal via surface functionalized ACs (Liu and Vidic, 1998) and
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adsorptive removal of chlorine (Tobias and Soffer, 1985). Chemical adsorption may also occur
through additives added to the adsorbent (e.g. sulfur for adsorbing mercury) (Liu and Vidic,
1998). Chemisorption results in diminished adsorption capacity in successive adsorption cycles
and a shorter lifetime of the adsorbent (Goto et al., 1986).

2.2.1.2 Oxidative Coupling

In the aqueous phase, oxidative polymerization of phenolic compounds also contributes
to irreversible adsorption (de Jonge et al., 1996b; Vinitnantharat et al., 2001; Soto et al., 2011).
Several studies show that irreversible adsorption of phenols can be attributed to oxidative
coupling (Vidic et al., 1990, 1992, 1993, 1997; Vidic and Suidan, 1991, 1992; Nakhla et al.,
1992; Abuzaid and Nakhla, 1994, 1997; Cooney and Xi, 1994; Abuzaid et al., 1995; Uranowski
et al., 1998; Garner et al., 2001). Upon losing a hydrogen atom, a phenol molecule is converted
to a phenoxy radical that can oligomerize with others. The reaction can occur at room
temperature in an activated carbon pore — the carbon functions as an oxidation catalyst (Vidic et
al., 1993; Cooney and Xi, 1994). Oxidative coupling promotes irreversible adsorption because
the larger compounds have higher boiling points. Additionally, if coupling occurs in a larger void
space accessible only through narrow channels, the oligomers can become trapped. Several
factors, including the chemical properties and pore size distribution of the adsorbent (Sorial et
al., 1993; Vidic et al., 1993, 1997; de Jonge et al., 1996a, 1996b; Vinitnantharat et al., 2001; Lu
and Sorial, 2004a, 2004b, 2007; Aktas and Cecen, 2006), the presence of oxygen in adsorption
medium (de Jonge et al., 1996b; Dabrowski et al., 2005), and, to a lesser extent, the presence of
metals and metal oxides on adsorbent’s surface (Grant and King, 1990; Leng and Pinto , 1997,

Kilduff and King, 1997; Terzyk, 2003) can affect oxidative coupling. Oxidative coupling of
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phenols has been documented many times in aqueous phase applications, but, to the best of our
knowledge, has not been reported in gas phase adsorption applications.

2.2.1.3 Adsorbate Decomposition

Organic adsorbates may decompose during regeneration due to exposure to high
temperature, resulting in coke formation inside the pores of the AC, which subsequently
decreases the performance of AC adsorbents (Ania et al., 2007; Niknaddaf et al., 2016). Suzuki
et al. (1978) performed one of the very first comprehensive studies on the behavior of adsorbates
during thermal regeneration. Using TGA, they showed that adsorbed phenols decompose to form
carbon deposits inside the pores of the AC, which remain there even at 800 °C (Suzuki et al.,
1978). The carbon deposits may be removed when heated at temperatures > 600 °C under
oxidizing environments such as steam (Liu et al., 1987). Adsorbate decomposition results in
diminished adsorption capacity during successive adsorption/regeneration cycles and a shorter
lifetime of the adsorbent (Niknaddaf et al., 2016).

2.2.2 Impacts of Adsorption Conditions on Irreversible Adsorption

Adsorption conditions, including adsorption environment, adsorption temperature, and
adsorption duration, affect the irreversible adsorption of organic compounds. It is important to
identify conditions that promote or hinder irreversible adsorption so that its industrial occurrence
can be understood and minimized (Table 2-1).

2221 Adsorption Environment

Dissolved oxygen (DO) increases activated carbon’s adsorption capacity for aqueous
phase phenols due to increased oxidative coupling and, consequently, increases irreversible
adsorption (Grant and King, 1990; Vidic and Suidan, 1991; Chatzopoulos et al., 1993; de Jonge

et al., 1996b; Vinitnantharat et al., 2001; Alvarez et al., 2005; Dabrowski et al., 2005; Aktas and
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Cecen, 2007; Terzyk, 2007). De Jonge et al. (1996b) found that oxic conditions enhanced
adsorption of o-cresol (a phenolic compound) but had no impact on adsorption of 3-
chlorobenzoic acid (a non-phenolic compound). A linear relationship between the consumption
of DO and irreversibly adsorbed phenols has been shown (Vidic et al., 1993).

Table 2-1. Adsorption conditions used to investigate irreversible adsorption.

Adsorption Medium Temperature (°C) Reference(s)

Water (oxic) 25 Yonge et al., 1985;
Alvarez et al., 2005

Water (oxic and anoxic) 35 Vidic et al., 1990
Water (oxic and anoxic) 21 Vidic et al., 1993,
1997; Abuzaid and
Nakhla, 1994
Water (oxic and anoxic) 21 and 35 Vidic and Suidan,
1991
Water (oxic and anoxic) 23 Abuzaid et al., 1995;

Lu and Sorial,

2004a, 2004b, 2007

Water (oxic and anoxic) 25,53, and 80 Grant and King,
1990
Water (oxic) 20, 30, and 40 Garcia-Araya et al.,
2003
Water (oxic) 5,25, and 50 Ravi et al., 1998
Air 30 Park and Lee, 1993

During oxic phenol adsorption from neutral water at 21°C, adsorption kinetics and

capacity are limited by the adsorbate’s polymerization rate, not by the physisorption rate (Vidic
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et al., 1994a). DO increased carbon’s capacity for o-cresol and 4-nitrophenol, and, more
generally, oxidizing conditions increased adsorption of phenols (Vidic et al., 1994a).

Oxidative coupling of phenols under oxic conditions decreases the regeneration
efficiency of the loaded adsorbent during solvent extraction (Vidic et al., 1997). For activated
carbon loaded with 2-methylphenol, regeneration (extraction) efficiencies were 100% and 10 —
30% under anoxic and oxic conditions, respectively (Vidic et al., 1994b). With oxygen present,
adsorbate polymerization caused irreversible adsorption. Nakhla et al. (1994) confirmed these
results, showing regeneration efficiencies for phenol-loaded carbon of 80% and 25% in anoxic
and oxic conditions, respectively. All the aforementioned studies investigated the effect of
oxygen on aqueous phase adsorption of phenols. To the best of our knowledge, however, no
previous report has explored the effect of oxygen on gas-phase irreversible adsorption of organic
compounds.

2.22.2 Adsorption Temperature

Adsorption of organics onto activated carbon is exothermic; increasing adsorption
temperature decreases adsorption capacities (Garcia-Araya et al., 2003; Das et al., 2004;
Kawasaki et al., 2004; Ramirez et al., 2004; Dabrowski et al., 2005). Furthermore, providing
additional thermal energy increases the likelihood of polymerization reactions (Mattson et al.,
1969; Grant and King, 1990; Ravi et al., 1998), decreases diffusion limitations (Costa et al.,
1989; Chiang et al., 2001; Das et al., 2004), and increases bond-forming chemisorption (Magne
and Walker, 1986; Schnelle and Brown, 2002). Clearly, temperature is a crucial parameter for
determining the occurrence of irreversible adsorption.

In the liquid phase, contradictory results have been reported for temperature’s impact on

polymerization of adsorbed phenols. Grant and King (1990) and Nakhla et al. (1994) reported



20

higher adsorption capacities and more irreversible adsorption at higher adsorption temperatures
due to increased polymerization and chemisorption. It is recommended, therefore, that adsorption
of phenols occur at the lowest possible temperature (Magne and Walker, 1986; Grant and King,
1990; Nakhla et al., 1994). Vidic and Suidan (1991), however, found that polymerization was
independent of adsorption temperature. While no explicit explanation was provided for this
counter-intuitive result, it may be notable that the temperature range tested by Vidic and Suidan
(1991) was 21 — 35 °C, while Grant and King (1990) tested a wider range, 25 — 80 °C. The
impact of adsorption temperature on the irreversible adsorption of VOCs in the gas phase has not
yet been described in the literature.

2.2.2.3 Adsorption Duration

Aqueous phase irreversible adsorption of phenols increases when more adsorption time is
provided (Yonge et al., 1985; Grant and King, 1990). To justify these observations, Tamon et al.
(1996) proposed a two-state adsorption model that includes an energy barrier between a
precursor and an irreversible state (Figure 2-1). The initial energy barrier is higher for electron-
attracting compounds, so they cannot proceed to the irreversible state. The barrier is weaker for
electron-donating compounds, allowing them to more readily become irreversibly adsorbed. In
order to obtain the needed activation energy, the electron-donating compounds need a long
contact time with the adsorbent (Tamon et al., 1996).

Wang et al. (2012) investigated gas-phase irreversible adsorption of a mixture of 8
organic compounds on BAC, using gas chromatography-mass spectrometry (GC-MS) analysis of
the effluent gas during adsorption and regeneration. At the beginning of breakthrough, the outlet
gas consisted of low boiling point compounds, including 1-butanol and n-butylacetate (Wang et

al., 2012). The authors attributed this to displacement by high boiling point compounds due to
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competitive adsorption (Wang et al., 2012). Smaller, low boiling point compounds adsorb
weakly compared to the heavier compounds. Since the heavier compounds have a higher
tendency to accumulate on the surface of the carbon, irreversible adsorption increases as
adsorption continues past breakthrough (Wang et al., 2012). While it may not be industrially
practical to continue adsorption past breakthrough, these results are fundamentally important,
providing evidence to justify the role of adsorbate properties on irreversible adsorption, which is
discussed later in this chapter.
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Figure 2-1. Two-state adsorption model (Tamon et al., 1996; reproduced with permission from
Elsevier).

2.2.3 Impacts of Adsorbate Properties on Irreversible Adsorption
An adsorbate’s properties, including its molecular size, boiling point, molecular weight,

and functional groups, impact its proclivity to irreversibly adsorb. It is important to identify these
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properties and quantify their relevance to irreversible adsorption, and researchers have
investigated a wide range of single adsorbates (Table 2-2) as well as mixtures of adsorbates
(Table 2-3) to discern these trends.

2.23.1 Single Adsorbates

Adsorbates with electron-donating groups (Grant and King, 1990; Tamon et al., 1990,
1996; Tamon and Okazaki, 1996; Tanthapanichakoon et al., 2005), and high molecular weight
and/or boiling point (Fayaz et al., 2011) are most likely to irreversibly adsorb. It is well-
established that, in the aqueous phase, phenols adsorb irreversibly on activated carbon (Suzuki et
al., 1978; Grant and King, 1990).

Table 2-2. Single adsorbates used to investigate irreversible adsorption.

Adsorbate (phase) Chemical Structure Reference(s)

phenol (aqueous) OH Yonge et al., 1985; Grant
and King, 1990; Vidic et
al., 1990, 1993; Vidic and
Suidan, 1991; Abuzaid and
Nakhla, 1994; Abuzaid et
al., 1995; Lu and Sorial,
2004a, 2007; Ravi et al.,
1998; Alvarez et al., 2005

2-methylphenol OH Yonge et al., 1985; Vidic
(aqueous) CHs, etal., 1990, 1993, 1997;
Vidic and Suidan, 1991;

Abuzaid and Nakhla,

1994; Abuzaid et al., 1995;
Ravietal., 1998; Lu and
Sorial, 2004a, 2004b, 2007
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Adsorbate (phase)

Chemical Structure

Reference(s)

3-methylphenol

(aqueous)

CHj;

Vidic et al., 1993; Ravi et
al., 1998

4-methylphenol

(aqueous)

O 4

CHj

Vidic et al., 1993; Ravi et
al., 1998

2-nitrophenol (aqueous)

NO,

Vidic et al., 1993; Lu and
Sorial, 2007

3-nitrophenol (aqueous)

NO,

Vidic et al., 1993

4-nitrophenol (aqueous)

s iaive

NO,

Grant and King, 1990;
Vidic et al., 1993; Abuzaid
et al., 1995; Alvarez et al.,
2005; Lu and Sorial, 2007
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Adsorbate (phase)

Chemical Structure

Reference(s)

2-chlorophenol

(aqueous)

Vidic and Suidan, 1991;
Vidic et al., 1993, 1997;
Lu and Sorial, 2007

3-chlorophenol

(aqueous)

Vidic et al., 1993

4-chlorophenol

OH
f Cl
OH
% Cl
OH
Cl

Grant and King, 1990;

(aqueous) Vidic et al., 1993; Alvarez
et al., 2005; Lu and Sorial,
2007
methyliodide (gas) HsC I Park and Lee, 1993
2, 4, 6-trichlorophenol OH Vidic et al., 1993
(aqueous) cl \©/c
o]
benzylalcohol (aqueous) CH,OH Ravi et al., 1998
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Adsorbate (phase)

Chemical Structure

Reference(s)

nitrobenzene (aqueous)

NO,

s

Grant and King, 1990

2-methoxyphenol

(aqueous)

OCH,

Qg

Yonge et al., 1985

4-methoxyphenol

(aqueous)

OH

a¥a

OCH,4

Grant and King, 1990

2, 4-dichlorophenol

(aqueous)

OH

Cl

O

Cl

Vidic et al., 1993

aniline (aqueous)

NH,

s

Grant and King, 1990;
Vidic et al., 1993
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Adsorbate (phase)

Chemical Structure

Reference(s)

2,4-dimethylphenol

(aqueous)

OH

CHj

CHs

Grant and King, 1990;
Vidic et al., 1993

n-heptane (gas)

Fayaz et al., 2011

n-decane (gas)

Fayaz et al., 2011

n-dodecane (gas)

Fayaz et al., 2015a

1-butanol (gas)

Fayaz et al., 2011

methylisobutylketone CHs o Fayaz et al., 2011
(gas)
HaC CHs
2-heptanone (gas) 0 Fayaz et al., 2011
HSC/\/\)LCH3

n-butylacetate (gas)

Hsc/\/\o)kcm

Fayaz et al., 2011

tetrahydrofuran (gas)

Fayaz et al., 2011

2-butoxyethanol (gas)

OH
HSC/\/\O/\/

Fayaz et al., 2011, 2014
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Adsorbate (phase)

Chemical Structure

Reference(s)

toluene (gas)

CHj

-

Fayaz et al., 2011

m-xylene (gas)

CHj;

CHj

O

Fayaz et al., 2011

p-xylene (gas)

CHj;

as

CHj;

Fayaz et al., 2011

1,2,4-trimethylbenzene

Fayaz et al., 2011, 2014,

(gas) CHs 2015b; Niknaddaf et al.,
2014, 2016
CH,
1-ethyl-2- CH2CH; Fayaz et al., 2011

methylbenzene (gas)

CHs

acetone (gas)

>:o

H3C CHjy

Fayaz et al., 2011
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Adsorbate (phase)

Chemical Structure

Reference(s)

cumene (gas)

HsC CH,

I

Fayaz et al., 2011

2,2- CHs Fayaz et al., 2011
dimethylpropylbenzene
CHj
(gas) HsC

pentamethylbenzene CHs Fayaz et al., 2011

(gas) CHa

HsC CHs

CHs

naphthalene (gas) “ Fayaz et al., 2011
indan (gas) CQ Fayaz et al., 2011

diethanolamine (gas)

Fayaz et al., 2011

methyldiethanolamine

(gas)

Fayaz et al., 2011
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Adsorbate (phase) Chemical Structure Reference(s)
o-xylene (gas) CHs Fayaz et al., 2011
CHs
benzene (gas) Fayaz et al., 2011

The potential for oxidative coupling on activated carbon depends on the adsorbate’s
critical oxidation potential (COP), which controls polymerization of phenols and subsequent
irreversible adsorption. Electron withdrawing groups (e.g. nitro and chloro) increase COP (and
decrease irreversible adsorption) by making it harder for the compound to lose a hydrogen atom
(Grant and King, 1990; Lu and Sorial, 2004a, 2004b). Electron donating groups (e.g. methyl and
ethyl) decrease COP (and increase irreversible adsorption). A trend for liquid phase irreversible
adsorption on activated carbon has been established for the following compounds: p-
methoxyphenol > 2,4-dimethylphenol = p-chlorophenol > phenol > aniline > p-nitrophenol = p-
hydroxybenzaldehyde (Grant and King, 1990). Electron donating substituents have similarly
been ranked based on their potential to promote oxidative coupling: OCH3; > CH; > Cl > H >
COOH > CHO > NO; (Osei-Twum et al., 1996). Tamon et al. (1996) compared aqueous
adsorption of electron-donating (phenol, aniline, L-phenylalanine, L-tyrosine) and electron-
attracting (p-nitroaniline and nitrobenzene) compounds on activated carbon. In the presence of
electron-donating groups (e.g. -NH, and -OH), irreversible adsorption occurs, while in the

presence of electron-attracting groups (e.g. -NO,) adsorption is reversible (Tamon et al., 1996).
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Tamon and Okazaki (1996) evaluated desorption of 11 aromatic compounds from
activated carbon: phenol, benzaldehyde, aniline, P-naphthol, p-nitroaniline, m-cresol,
nitrobenzene, p-nitrophenol, p-cresol, p-nitrobenzoic acid, and p-chlorophenol. Consistent with
the group’s previous studies, irreversible adsorption occurred for compounds with electron-
donating groups (phenol, aniline, B-naphthol, m-cresol, p-cresol, and p-chlorophenol) and
reversible adsorption occurred for compounds with electron-attracting groups. The authors
suggested that the energy difference between the adsorbate’s highest occupied molecular orbital
(HOMO) and the adsorbent’s lowest unoccupied molecular orbital (LUMO) contributes to
reversibility. Adsorption is most likely to be reversible when this difference is large. To promote
reversible adsorption, therefore, the authors used wet oxidation of the activated carbon to
decrease the carbon’s LUMO (Tamon and Okazaki, 1996). Since the adsorbate’s HOMO, which
represents its electron donating ability, is fixed, it cannot be adjusted to promote reversibility.
Another study ranked the HOMO for 4 organic adsorbates: aniline > phenol > benzoic acid >
nitrobenzene (Koh and Nakajima, 2000). This order is consistent with the adsorbate’s likelihood
to irreversibly adsorb on activated carbon.

Tanthapanichakoon et al. (2005) explored activated carbon prepared from waste tires and
a commercial activated carbon as adsorbents for dilute phenol and reactive dyes (Black 5 and
Red 31). They found, similar to previous reports, that electron-donating hydroxyl groups
promote irreversible adsorption on activated carbon (Tanthapanichakoon et al., 2005).

2.2.3.2  Mixture of Adsorbates

Lu and Sorial (2004a) studied aqueous phase irreversible adsorption of binary (phenol/2-
methylphenol) and ternary (phenol/2-methylphenol/2-ethylphenol) mixtures. For both scenarios,

no irreversible adsorption was observed. The authors attributed this to decreased oligomerization
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resulting from the adsorbent’s narrow pore width (< 0.8 nm), which is comparable to the
molecular size of the considered adsorbates, preventing adjacent adsorption of two adsorbate
molecules. In another study, the same authors found that oxidative coupling was less likely in
mixtures compared to individual compounds, again attributing the differences to decreased
oligomerization (Lu and Sorial, 2004b). Oxidative coupling occurs when the same adsorbate is
adsorbed on adjacent sites, which is less likely in mixtures due to competition for adsorption

sites.

Table 2-3. Adsorbate mixtures used to investigate irreversible adsorption.

Mixture

Reference(s)

Binary mixture of phenol and 2-methylphenol

Lu and Sorial,

2004a

Binary mixture of 2-ethylphenol and 2-methylphenol

Lu and Sorial,

2004a, 2004b

Binary mixture of 2-ethylphenol and phenol

Lu and Sorial,

2004a, 2007

Ternary mixture of 2-ethylphenol, 2-methylphenol, and
phenol

Lu and Sorial,

2007

Binary mixture of 2-methylphenol and 2-chlorophenol

Lu and Sorial,

2007

Binary mixture of 2-methylphenol and 2-nitrophenol

Lu and Sorial,

2007

Binary mixture of n-decane and n-heptane Wang et al.,
2012

Mixture of n-decane, 1-butanol, 2-heptanone, n-butylacetate, | Wang et al.,
2-butoxyethanol, 1,2,4-trimethylbenzene, indan, and 2,2- 2012

dimethylpropylbenzene
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Wang et al. (2012) investigated gas-phase irreversible adsorption of a binary mixture of
n-heptane and n-decane. As time elapsed during adsorption, n-heptane was displaced by n-
decane. Irreversible adsorption increased as a result of this displacement, because n-decane is
larger, heavier, and has a higher boiling point than n-heptane. The same study then used a
mixture of 8 organic compounds and found that competitive adsorption results in additional
irreversible adsorption due to accumulation of heavy, strongly-adsorbed compounds (Wang et
al., 2012).

These results are important because most of the polluted aqueous or gaseous streams
contain a mixture of organic compounds. Furthermore, the stark differences between gas and
aqueous phase multi-component adsorption are notable. In the gas phase, irreversible adsorption
is enhanced with mixtures, while only the opposite trends have been reported in the liquid phase.

2.2.4 Impacts of Adsorbent Properties on Irreversible Adsorption

Table 2-4 lists activated carbons used to investigate irreversible adsorption of organic
compounds in the literature. GAC, BAC, PAC, and ACC represent granular activated carbon,
beaded activated carbon, powdered activated carbon, and activated carbon cloth, respectively.
BET surface area is also included in Table 2-4 to provide more information about the physical
properties of the adsorbents.

2.2.4.1 Pore Size Distribution

The pore size distribution of AC, which is influenced by the organic starting material and
the activation method and conditions, has a critical role in its adsorption behavior (Lillo-
Rodenas, 2005; Li et al., 2011). Previous studies showed that narrow pore sizes hamper oxidative
coupling of phenolics, decreasing irreversible adsorption (Lu and Sorial, 2004a, 2004b, 2004c,

2007, 2009; Yan and Sorial, 2011). Other studies show that narrow pore sizes promote
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adsorption energy, increasing irreversible adsorption (Qin et al., 2009). Lu and Sorial (2004b)
studied adsorption of o-cresol and 2-ethylphenol under oxic and anoxic conditions using four
ACCs (ACC-10, ACC-15, ACC-20, ACC-25) and one GAC (Filtrasorb 400) to test the effects of
pore size on irreversible adsorption. They found significantly higher regeneration efficiency
(about 3-fold) and reversible adsorption for ACC-10 compared to other adsorbents. They
attributed this behavior to the smaller pore width of ACC-10 compared to the other ACCs tested

(Lu and Sorial, 2004b), concluding that small pores hamper oligomerization.

Table 2-4. Adsorbents used to investigate irreversible adsorption of organic compounds.

Adsorbent Supplier BET Surface Reference(s)
Area (mZ/g)
AQ40 GAC Chemviron 864 Alvarez et al., 2005
Carbon
SA4 PAC Norit 800 de Jonge et al., 1996b; Aktas and
Cecen, 2006
CA1l PAC Norit 1400 de Jonge et al., 1996b; Aktas and
Cecen, 2006
PKDA GAC Norit 850 Aktas and Cecen, 2006
CAgran GAC Norit 1400 Aktas and Cecen, 2006
Filtrasorb 400 | Calgon Carbon 993 Yonge et al., 1985; Vidic et al.,
GAC Corp. 1990, 1993; Vidic and Suidan,
1991; Abuzaid and Nakhla, 1994;
Nakhla et al., 1994; Abuzaid et al.,
1995; Lu and Sorial, 2004a, 2004b,
2007; Alvarez et al., 2005
ACC-10 Nippon Kynol 900 Lu and Sorial, 2004a, 2004b, 2007,
Niknaddaf et al., 2014, 2016
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Adsorbent Supplier BET Surface Reference(s)
Area (mz/g)
ACC-15 Nippon Kynol 1137 Lu and Sorial, 2004a, 2004b, 2007;
Niknaddaf et al., 2014, 2016
ACC-20 Nippon Kynol 1456 Lu and Sorial, 2004b; Niknaddaf et
al., 2014, 2016
ACC-25 Nippon Kynol 2014 Lu and Sorial, 2004b
Columbia Witco 900 Grant and King, 1990
GAC Chemical Co.
Filtrasorb 100 | Calgon Carbon 800 Grant and King, 1990
GAC Corp.
Norit Row 0.8s American 650 Grant and King, 1990
GAC Norit Co.
Supersorb Amoco 2350 Grant and King, 1990
GX031 GAC | Research Corp.
Witcarb 950 Witco 1050 Grant and King, 1990
GAC Chemical Co.
Filtrasorb 300 | Calgon Carbon 970 Chatzopoulos et al., 1993, 1994;
GAC Corp. Chatzopoulos and Varma, 1995
Hydraffin P110 | Donan Carbon 967 Garcia-Araya et al., 2003
GAC GmbH & Co.
Coconut-based | Sam Chul Ri 1483 Park and Lee, 1993
activated Carbon Co.
carbon Ltd.
SGL Calgon Carbon 950-1050 Chakma and Meisen, 1989
Corp.
DARCO Norit 600-650 Chakma and Meisen, 1989

Lu and Sorial (2007) also investigated adsorption of phenol, 2-methylphenol, 2-

ethylphenol, 2-chlorophenol, 2-nitrophenol, 4-chlorophenol, and 4-nitrophenol using GAC



35

(F400) and ACC (ACC-10 and ACC-15). For ACC-10, < 3% difference in adsorption capacity
was observed for 2-ethylphenol, 2-chlorophenol, 2-nitrophenol, 4-chlorophenol, and 4-
nitrophenol under oxic and anoxic conditions (Lu and Sorial, 2007). For these five adsorbates,
the narrow pore widths of ACC-10 hampered oxidative coupling, preventing irreversible
adsorption of the contaminants (Lu and Sorial, 2007). For the two smallest adsorbates, phenol
and 2-methylphenol, there were notable differences in capacity under oxic and anoxic conditions
(Lu and Sorial, 2007). These adsorbates are small enough to penetrate into the narrow pores of
ACC-10 and oligomerize in the presence of oxygen, leading to higher adsorption capacities (>
15%) compared to anoxic conditions (Lu and Sorial, 2007). Similar results have been noted for
adsorbate mixtures, where competitive adsorption also contributes to decreases in
oligomerization (Lu and Sorial, 2009). Similar studies investigating adsorbent’s porosity impacts
on irreversible adsorption have not been completed for gas phase applications. Differences
between the two phases are expected because oxidative coupling has not been reported in the gas
phase.

2242 Surface Functional Groups

Edge-site carbon atoms are saturated with heteroatoms, including O and N. These atoms
contribute to SFGs, which are important to understand because of their impact on the activated
carbon’s adsorption properties (Lillo-Rodenas, 2005; Li et al., 2011). The effect of SFGs on
irreversible adsorption of organics, especially aqueous phase phenolic compounds, has been
described (Vidic et al., 1993, 1997; Tessmer et al., 1997; Terzyk, 2003; Lu and Sorial, 2007).
Terzyk (2007) reported that oxidative coupling was proportional to the inverse of the carboxylic
group concentration. That is to say, an acidic activated carbon resulting from carboxylic group

was less likely to cause oxidative coupling. Conversely, saturated SFGs (e.g. methyl, ethyl,
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methoxy) enhance the phenomenon, causing increased irreversible adsorption (Yonge et al.,
1985). Acidic SFGs decrease irreversible adsorption of phenols by hindering oxidative coupling
(Magne and Walker, 1986). This can be attributed to the hydration of the SFGs, where higher
water adsorption reduces the possibility of oxidative coupling (Coughlin and Ezra, 1968).

Alvarez et al. (2004) showed that acidic functional groups on AC impact phenol
adsorption by: 1) decreasing dispersive interactions during m-electron removal from carbon, 2)
forming water clusters in pores to prevent phenol diffusion, 3) preventing irreversible adsorption
of phenol on activated carbon under oxic conditions by preventing oxidative coupling reactions,
4) promoting phenol chemisorption on carbonyl groups through donor-acceptor mechanisms, and
5) promoting phenol chemisorption on carboxylic groups via esterification. The net impact of
these five mechanisms is expected to be a decrease in overall irreversible adsorption because the
main contributor, oxidative coupling, is hampered.

Leng and Pinto (1997) found that aqueous phenol adsorption on AC proceeded via
physisorption and surface polymerization. Interactions between phenol and carbon’s basal planes
and surface oxygen groups control physisorption. Adsorption capacity decreased with increased
carboxylic groups because dispersion interactions with basal planes weakened. Surface
polymerization occurred under oxic conditions, but could be suppressed by increasing the
number of acidic oxygen groups on AC. Basic oxygen groups catalyzed polymerization,
increasing irreversible adsorption. Similar studies investigating functional group impacts on
irreversible adsorption have not been completed for gas phase applications. Differences between

the two phases are expected because SOG hydration is not necessarily relevant in the gas phase.
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2243 Effect of Metals and Metal Oxides

Previous studies suggest that ash content (typically consisting of trace metals and mineral
content) diminishes the regeneration efficiency of activated carbon after aqueous phase
irreversible adsorption of organic compounds (Suzuki et al., 1978; Grant and King, 1990; Kilduff
and King, 1997; Soto et al., 2011). Grant and King (1990) found that regeneration efficiency of
KMnOg4-treated activated carbon was significantly decreased compared to non-treated activated
carbon (Grant and King, 1990). There is also evidence suggesting that metals promote phenol
polymerization (Leng and Pinto, 1997). Conversely, Vidic et al. (1997) found no significant
relationship between irreversible adsorption and ash and/or metal content of activated carbon.
These contradictory conclusions might be attributable to different metal/metal salts and/or
different treatment techniques used in the aforementioned studies. Similar studies investigating
the effect of metals and metal oxides on irreversible adsorption have not been completed for gas
phase applications.

2.2.5 Impacts of Regeneration Conditions on Irreversible Adsorption

Regeneration of saturated adsorbents is expected to remove adsorbates from pores with
minimal impact on the physical or chemical properties of the adsorbent, or the chemical
composition of the adsorbate. Ideally, adsorption capacity of the regenerated adsorbent matches
the starting material (Aktas and Cecen, 2007). During regeneration, factors such as environment,
temperature, and heating rate affect irreversible adsorption as discussed below.

2.2.5.1 Regeneration Environment

Alvarez et al. (2004) studied thermal and ozone regeneration of activated carbon
saturated with phenol from aqueous solution. Regeneration efficiency > 90% was achieved only

when performed in an oxidizing atmosphere (CO,), which decomposed the carbon (15% burn
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off). When heated in nitrogen, spent carbons recovered < 50% of their initial adsorption
capacities. Room temperature ozonation of spent AC removed physisorbed and chemisorbed
phenol, eliminating about 80% of the adsorbate.

Activated carbon loaded with phenol, p-chlorophenol, and p-bromophenol was
regenerated via catalytic oxidation in air at 240 — 300 °C (Matatov-Meytal, 1997). Samples were
impregnated with transition metal oxide catalysts before adsorption, decreasing the BET surface
area and adsorption capacity by 23-25% and 12-18%, respectively, due to pore blockage. While
phenol adsorption capacity decreased, catalytic oxidation completely regenerated the sorbent — a
notable improvement compared to thermal desorption methods (40% regeneration efficiency at
similar temperature). Only partial regeneration, however, was achieved for p-chlorophenol and
p-bromophenol adsorbates because halide (CI" and Br’) desorption poisoned the catalyst,
decreasing its oxidation activity (Matatov-Meytal, 1997). Similar studies investigating the effect
of regeneration environment on irreversible adsorption have not been completed for gas phase
applications.

2252 Regeneration Temperature

Regeneration of activated carbon saturated with m- or o-chlorophenol occurred in three
temperature ranges (Ferro-Garcia, 1995). At low temperatures (< 227 °C), physisorbed
chlorophenol was reversibly desorbed or transformed into chemisorbed chlorophenol (Ferro-
Garcia, 1995). At moderate temperatures (327 °C < T < 627 °C), chemisorbed chlorophenol
decomposed and was released as light gases (e.g. H,O and CO,) (Ferro-Garcia, 1995). At > 627
°C, ring condensation and hydrogen desorption occurred (Ferro-Garcia, 1995). Similar studies
investigating the effect of regeneration temperature on irreversible adsorption have not been

completed for gas phase applications.
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2.2.53 Regeneration Heating Rate

Faster heating rate can shorten regeneration duration, resulting in shorter downtime of the
capture system between cycles. Ferro Garcia et al. (1995, 1996) were the first group studying the
effect of heating rate on irreversible adsorption of organic compounds. They reported that using
high heating rates (as high as 40 °C/min) during regeneration of adsorbents loaded with o- and
m-chlorophenol, decreased the reversibility of adsorption on carbon and resulted in conversion
of physisorbed adsorbate into chemisorbed adsorbate (Ferro-Garcia et al., 1995, 1996).

Fayaz et al. (2015b) investigated the effect of regeneration heating rate on irreversible
adsorption of organic vapors typically emitted from automotive painting booths. Two BACs
(88% and 46% microporous) were loaded with 1,2,4-trimethylbenzene and regenerated at 288 or
400 °C with different heating rates (25, 50, 100, and 150 °C/min). For the higher regeneration
temperature (400 °C), increasing heating rate increased heel buildup by as much as 92% and
169% for the mainly microporous and partially microporous BACs, respectively. The elevated
heel formation at higher heating rates was attributed to adsorbate coking due to exposing a high
concentration desorbate stream to high temperature. Conversely, for the lower regeneration
temperature (288 °C), increasing the heating rate did not significantly affect the amount of heel
buildup (< 16% and < 10% increase for the mainly microporous and partially microporous
BAG:s, respectively). This was attributed to the lower regeneration temperature, which provided
insufficient conditions for coking.

2.2.6 Characterizing Irreversible Adsorption
Previous studies used heat of adsorption, thermal analysis, adsorption breakthrough

curve, and nitrogen adsorption isotherm to characterize irreversible adsorption (Table 2-5).
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Table 2-5. Techniques used to characterize irreversible adsorption.

Characterization Summary Reference(s)
Method
Heat of Physisorption and chemisorption are | Lukomskaya et al., 1986; Popescu
adsorption distinguished by their heats of et al., 2003

adsorption, allowing for a prediction of
irreversibility (i.e., most chemisorbed

species are irreversibly adsorbed).

Thermal analysis

Weight loss as a function of
temperature identifies the mass of
adsorbed species that cannot be
removed by heating to a given
temperature. Irreversibly adsorbed
species are not desorbed, even at very

high temperatures.

Suzuki et al., 1978; Magne and
Walker, 1986; Ferro-Garcia et al.,
1993, 1995; Salvador and
Merchan, 1996; Humayun et al.,
1998; Nevskaia et al., 1999

Adsorption Breakthrough is achieved more rapidly | Goto et al., 1986; Chatzopoulos
breakthrough in successive adsorption cycles as and Varma, 1995; Sheintuch and
curve irreversible adsorption decreases the Matatov-Meytal, 1999; Li et al.,
capacity of carbon. 2001; Delmas et al., 2009
Nitrogen Irreversible adsorption results in pore Rivera-Ultrilla et al., 2003
adsorption blockage, causing decreased surface
isotherm area, lower pore volume, and
downward shifts in the pore size
distribution of an adsorbent.
2.2.6.1 Heat of Adsorption

Heat of adsorption is the sum of an adsorbate’s heat of vaporization and the energy it

loses in bonding with the adsorbent (Ramirez et al., 2005). Thus, heat of vaporization makes a

significant contribution to the heat of adsorption, especially when bonding energy is negligible
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(i.e., physical adsorption) (Ramirez et al., 2005). Comparing the heat of adsorption to the
tabulated heat of vaporization for a given adsorbate provides an indication of adsorption strength.
When the difference is high, irreversible chemisorption may occur. While the technique has the
potential to quantitatively provide information about subtle differences in adsorption strength, it
can be difficult to use because a high-resolution temperature measurement system is required to
determine small amounts of heat released during adsorption.

Popescu et al. (2003) observed that butanol’s heat of adsorption was > 100% higher than
its heat of vaporization, attributing the difference to adsorbate/adsorbent interactions. In this
case, a strong endothermic reaction between butanol and activated carbon’s SOGs occurred,
contributing to the increased heat of adsorption. Conversely, there was no significant difference
(< 30%) between the heat of adsorption and heat of vaporization of toluene and n-butylacetate,
suggesting that physisorption was the main adsorption mechanism (Popescu et al., 2003).
Lukomskaya, et al. (1986) studied adsorption of o-xylene on carbon, concluding that
chemisorption occurred because the heat of adsorption (75 kJ/mol) exceeded the heat of
vaporization (46 kJ/mol). The relatively small difference between the values, however, suggested
that chemisorption was weak and possibly reversible.

2.2.6.2 Thermal Analysis

Thermal analysis is used extensively to characterize irreversible adsorption. It is an easy,
automated method that allows for determination of desorption temperatures based on mass loss
during heating. Multiple peaks corresponding to desorption at different temperatures allows for
quantification of adsorption strength. Accordingly, slow heating rates (< 2 °C/min) should be
used to ensure that all desorption peaks are distinguishable, especially when the adsorbate

contains multiple components. Artifacts may occur at high temperatures due to pyrolysis of the



42
carbon adsorbent, so differential experiments are generally used for comparing the mass loss
curves of virgin and saturated sorbents. Combining thermal analysis with mass spectroscopy
(MS) is useful for identifying desorbed species and thermal degradation byproducts.

Different weight loss peaks may be observed during TGA, possibly representing different
adsorption states (Salvador and Merchan, 1996; Maroto-Valer et al., 2006). For similar results,
Magne and Walker (1986) attributed the first TGA peak (80 — 323 °C) to physical adsorption and
subsequent peaks (350 — 950 °C) to chemical adsorption. Maroto-Valer ef al. (2006) concluded
that peaks at moderate temperatures (e.g. 400 °C) represent weak chemisorption. Salvador and
Merchan (1996) used temperature-programmed desorption (TPD) to study aqueous phase
adsorption and desorption of phenol, 2-dichlorophenol, 2,6-dichlorophenol, 4-nitrophenol, and
2,6-dichloro-4-nitrophenol. ~Adsorption strength was proportional to the adsorbate’s
electrophilicity and comparable to hydrogen bonding in terms of energy.

Qin et al. (2009) used TGA to study dibenzothiophene desorption from polystyrene-based
AC with different microporosities, finding two peaks, in all cases, from physisorption and
chemisorption. The peak temperature corresponding to chemisorption increased with the
carbon’s narrow micropore (pores with widths comparable to common organic molecules)
volume (Qin et al., 2009). Similar associations between porosity and strength of
adsorbent/adsorbate bonding have been reported (Ferro-Garcia et al., 1995). Thermal analysis on
spent activated carbons used for gas-phase methyl iodide adsorption yielded two peaks, again
attributed to different adsorbate/adsorbent interactions (Park and Lee, 1993). Liu et al. (2003)
examined thermal desorption of alkanes, alkenes, and aromatic hydrocarbons from GAC using
TGA. Regeneration profiles for low molecular weight alkanes and alkenes (< Cg) had a single,

broad derivative weight loss and a correspondingly broad endothermic peak, associated with
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physical desorption. Heavier straight-chain hydrocarbons (> Cg) produced additional peaks due
to thermal decomposition.

2.2.6.3 Nitrogen Adsorption Isotherm

Comparing the surface area and pore size distribution, obtained from nitrogen adsorption
isotherms, of virgin and regenerated adsorbents provides information about pore blockage
associated with irreversible adsorption. Rivera-Utrilla et al. (2003) found that irreversible
adsorption of o-chlorophenol causes partial pore blockage, the amount of which is proportional

to changes in surface area and pore volume.
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CHAPTER 3. EFFECT OF THE ADSORBATE KINETIC DIAMETER
ON THE ACCURACY OF THE DUBININ-RADUSHKEVICH
EQUATION FOR MODELING ADSORPTION OF ORGANIC VAPORS
ON ACTIVATED CARBON'

3.1 Introduction

Microporous adsorbents such as activated carbon can be effectively used for controlling
organic vapors emission from a wide range of industrial gas streams (Sullivan et al., 2004;
Ramirez et al., 2005; Kotdawala et al., 2008; Li et al., 2011). The adsorption capacity of
activated carbon is an important parameter for the design of a reliable adsorption system.
Experimentally determining the adsorption capacity of AC needs considerable effort, time, and
cost especially at low concentrations or for the case of hazardous compounds (Wood, 1992;
Duchowicz et al., 2006; Hung and Lin, 2007). Hence, there is interest in developing reliable
models to predict the adsorption capacity of adsorbents (Wu et al., 2002; Duchowicz et al., 2006;

Hung and Lin, 2007).

The D-R equation, based on Polanyi’s potential theory of physical adsorption, could be
used for estimating the adsorption capacity for VOCs on microporous adsorbents such as
activated carbon (Wood 2001; Hung and Lin, 2007). The D-R equation can include the effect of
temperature as well as the properties of both adsorbent and adsorbate (Wood 2002). According

to the D-R equation, the volumetric adsorption capacity (W) is related to the adsorption potential

I A version of this chapter has been published as: Jahandar Lashaki, M.; Fayaz, M.; Niknaddaf, S.; Hashisho, Z.
Effect of the adsorbate kinetic diameter on the accuracy of the Dubinin-Radushkevich equation for modeling
adsorption of organic vapors on activated carbon. J. Hazard. Mater. 2012, 241-242, 154—163. Reproduced with
permission from Elsevier.
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(¢) as given by (Golovoy and Braslaw, 1981; Urano et al., 1982; Ramirez et al., 2004; Jiun-

Horng et al., 2008; Long et al., 2012):

£2
W = W,exp <—k ,8_2> (1D
and

Py
€= RTln? (2)

3
where W is the volume of adsorbed adsorbate per gram of adsorbent (%), W, is the limiting

3
pore volume of the adsorbent (%), k is a constant related to the adsorbate as well as adsorbent

(L)_2 (Qi et al., 2000), B is the affinity coefficient which permits the comparison of the

mol

adsorption potential of the test adsorbate to that of a reference adsorbate, R is the ideal gas
constant (8.314 ﬁ), T is the absolute temperature (K), P, is the saturated vapor pressure of the

test adsorbate at test temperature, and P the equilibrium vapor pressure of the test adsorbate. The
affinity coefficient depends on the properties of the adsorbate and is independent of the
adsorbent properties; therefore, it could be a reliable basis for developing a model for predicting
the adsorption capacity (Nirmalakhandan and Speece, 1983).

To predict the adsorption capacity of an adsorbent for an adsorbate with Eq. 1, the
affinity coefficient has to be calculated based on the dominant force of adsorption. For nonpolar
and weakly polar adsorbates, dispersion (London potential) force is the dominant force of
adsorption. In this case, B could be estimated using the ratio of the molar volumes of the test (V)

and reference (V..r) adsorbates (Golovoy and Braslaw, 1981; Wood, 2001):

B = (3)
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For cases where forces and interactions other than dispersion forces are important, 3
could be calculated based on the ratio of electronic polarization of the test (P,) and reference

(Pe,p f) adsorbates (Golovoy and Braslaw, 1981; Wood, 2001):

— Pe 4
P=p )
and

(P -1M
P @

where n is the refractive index of the adsorbate in liquid phase, M is the molecular weight of the

adsorbate (ﬁ), and p is the density of the adsorbate in liquid phase (C;%).

B could also be estimated based on the ratio of molecular parachors, Q (Golovoy and

Braslaw, 1981; Wood, 2001):

p="2 ©)
-Qref
and
i M
y4 *
0= 7
p (7)

. . dynes
where v is the surface tension ( Cy —

2

) of the adsorbate in liquid phase.

Substituting Eqgs. 3, 4, or 6 for B in the D-R equation (Eq. 1) yields the following

equations to predict the adsorption capacity of the adsorbent:

EZ(Vref)z) (8)

W = W,exp <—k 72
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£ (P eref)2

W =W,exp| —k )7 9
W = W,exp <—k 8(.-((22—rzef)> (10)

Previous research (Reucroft et al., 1971; Golovoy and Braslaw, 1981; Noll et al., 1989)
mainly focused on the effect of the polarity of the adsorbates and reference compounds;
however, contradictory results were obtained for the effect of this parameter. The experimental
adsorption capacities for 15 organic adsorbates on microporous activated carbon were compared
to those obtained with the D-R model based on polarizabilities and parachors of the adsorbates.
The results showed that using a reference adsorbate with similar polarity to the test adsorbate
could reduce the deviation from experimental values particularly when polarizability-based 3
values are used for polar adsorbates (Reucroft et al., 1971). Similarly, Noll et al. (1989) used
molar volumes, molecular parachors, and polarization methods and revealed that using a
reference adsorbate with similar polarity to the test adsorbate could decrease the error in
calculating the affinity coefficients of the test adsorbates. Conversely, Golovoy and Braslaw
(1981) used all of the aforementioned equations for calculating 3 and the adsorption capacity for
14 organic adsorbates on microporous activated carbon and compared the results to
experimentally determined adsorption capacities (from breakthrough tests). They selected three
reference adsorbates with different polarities and found that using a reference adsorbate with
similar polarity to the test adsorbate doesn’t necessarily improve the fit between measured and
calculated affinity coefficients. Wu et al. (2002) calculated the affinity coefficients of eight
organic compounds from different organic groups based on the adsorbates’ physico-chemical
properties such as molar volume, molecular weight, the interaction energy between the adsorbate

and the adsorbent (Ei) and compared the yielded coefficients to those based on molar
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polarizability, molar volume, and parachor. Their model could predict the experimental results
with relatively lower root-mean-square errors of predication (RMSEP=0.09 compared to 0.18,
0.18, and 0.14 in case of using affinity coefficients based on parachor, molar volume, and molar
polarizability, respectively); however; inconsistencies in Eiyer prediction were reported. These
contradictory results and inconsistencies show the lack of understanding of the parameter(s)
influencing the accuracy of the D-R model.

Based on molecular size exclusion characteristics of the adsorbent, narrow pores are not
available for adsorbates with kinetic diameters larger than the width of the pore while the
specified pore might be accessible for a smaller adsorbate. As a result, the limiting pore volume
(W,) of the adsorbent may vary based on the kinetic diameter of the adsorbate. The purpose of
this paper is to investigate the effect of the choice of the reference adsorbate on the accuracy of
the D-R equation in predicting the adsorption capacity of organic compounds. We hypothesize
that the accuracy of the D-R equation would increase if the reference and test adsorbates have
similar kinetic diameter. To the best of our knowledge, no report has investigated this
hypothesis. Four reference adsorbates with distinct kinetic diameters were used to calculate the
affinity coefficients using molar volumes, electronic polarization, and molecular parachors. Then
the affinity coefficients were used with the D-R equation to calculate the adsorption capacity for
13 organic adsorbates on microporous activated carbon. Compounds are considered to have
similar kinetic diameter if the absolute difference in their kinetic diameters is < 0.6 A. This
criterion was developed to have at least one reference adsorbate with similar kinetic diameter for
all test adsorbates. The kinetic diameters for two of the reference adsorbates were similar to
explore the effect of dipole moment on the deviation of the model. Finally, the results were

compared to experimentally determined adsorption capacities over a wide range of relative
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pressure (0.01 to 0.9) to verify the above hypothesis. The outcomes of this study can be useful in
designing an effective abatement system for the purpose of organic vapors capturing from
polluted gaseous streams with minimal effort, time, and cost.

3.2 Materials and Methods

3.2.1 Adsorbent
The adsorbent used in this study was microporous BAC from Kureha Corporation. The
BAC has an average particle diameter of 0.70 mm while 99% by mass was between 0.60 and
0.84 mm. The BAC has a BET surface area, micropore and mesopore volumes of 1339 mz/g,
0.44 cm’/g and 0.12 cm’/g, respectively (Jahandar Lashaki et al., 2012a; Wang et al., 2012). Pore
size distribution of the BAC indicates that the majority of the pores lies in the micropore (< 20
A) as indicated in Figure 3-1. Prior to use, the BAC was dried in a laboratory oven at 150 °C for

24 hours and then kept in a desiccator.
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Figure 3-1. Pore size distribution of the beaded activated carbon.
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Thirteen adsorbates representing various organic groups were tested. Table 3-1 shows the

list of the adsorbates with their kinetic diameters and other relevant physical properties. These

compounds are commonly found in many environmental systems. Different kinetic diameters

were reported in the literature for some of the test adsorbates such as n-hexane, toluene, and

cumene. In this case, the value reported by multiple independent references was used.

Table 3-1. List of the adsorbates with their kinetic diameters (references provided in the table)

and physical properties (Knovel Critical Tables, 2008).

2007)

Compound | Chemical structure | Kinetic diameter v n p M P,
A) (dynes/cm?) (g/cm’) | (g/mol) | (mmHg)
n-hexane /\/\/’ 4.3 (Breck, 1974; 17.98 1.375| 0.656 | 86.16 | 151.38
Canham and
Groszek, 1992)
acetone 0 4.4 (Jones, 2010) 23.06 1.357| 0.786 | 58.08 | 229.52
1-butanol /\/\ 4.3 (Tuan et al., 25.67 1.397| 0.806 | 74.12 6.64
HO N
2002)
2-propanol OH 4.7 (Tuan et al., 22.4 1.375| 0.783 | 60.10 | 42.74
/K 2002)
2-butanone @) 5.25 (Monneyron 23.96 1.376| 0.799 | 72.11 | 90.00
\)k et al., 2003)
THF QO 6.3 (Leeetal., 24.98 1.405| 0.880 | 72.11 | 162.18
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and de Lasa, 2002)

Compound | Chemical structure | Kinetic diameter Y n p M P,
A) (dynes/cm?) (g/cm?) | (g/mol) | (mmHg)
cyclohexane 6.0 (Magalhaes et 24.65 1.424| 0.773 | 84.16 | 100.18
al., 1998)
benzene 5.85 (Tung et al., 28.22 1.497| 0.873 | 78.11 | 95.08
2000)
toluene 5.85 (Tung et al., 27.93 1.497| 0.865 | 92.14 | 28.56
2000; Dehdashti et
al., 2011)
p-Xylene 5.85 (Karsli et al., 27.92 1.493| 0.858 | 106.17 | 8.86
2003)
m-xylene 6.8 (Karsli et al., 28.26 1.497| 0.861 | 106.17 | 8.35
2003)
o-xylene 6.8 (Karsli et al., 29.6 1.503| 0.876 | 106.17 | 6.60
2003)
cumene :: 6.8 (Al-Khattaf 27.69 1.493| 0.860 | 120.19 | 4.56
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3.2.3 Reference Adsorbates
n-hexane, acetone, benzene, and m-xylene were selected as reference compounds. These
compounds have distinct kinetic diameters ranging from 4.3 to 6.8 A which allows investigating
the effect of this parameter on the accuracy of the model. The kinetic diameters of n-hexane and
acetone are similar (4.3 and 4.4 A, respectively) to survey the effect of dipole moment of the

reference compound on the goodness of fit.

3.2.4 Adsorption Experiments
The adsorption isotherms were obtained gravimetrically using a sorption analyzer (TA
Instruments, model VTI-SA) at 25 °C using nitrogen as carrier gas. The system logged the
equilibrium weight of the BAC sample (3 to 5 mg) in response to a step change in the
concentration of the adsorbate (relative pressure range of 0.01 to 0.9) in the carrier gas. The
equilibrium was assumed to be reached when the weight changed less than 0.001 wt% in 5 min.
Adsorption isotherms for all reference adsorbates and some of the test adsorbates were
duplicated and average values are reported herein.
3.2.5 Relative Error Calculation
The measured adsorption capacities were then compared to values predicted by the D-R
model at the same relative pressure. The mean relative error between the measured and predicted
results was used to quantitatively evaluate the goodness of fit for the experimental and modeled
results. The mean relative error between the measured and predicted adsorption isotherms was

calculated as follows:

N;
1 W, - W,
Mean relative error = —Z Il pred expl * 100 (11)
Ni =1 VVexp
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where Wpyreq 1s the amount of material adsorbed on the adsorbent predicted with the model; Wy,
is the amount of material adsorbed on the adsorbent based on the experiment; and A; is the
number of data points for a specified isotherm. Figure 3-2 demonstrates the flow chart of the

modeling procedure.

Calculate Calculate 17, Calculate Convert Compare
values using and k in eq. volumetric volumetric model and
data from \ | 1 using \ | W using \ | Wto \ | experiment
Table 3-1 isotherm of W, k, B, gravimetric results

and eq. 3, 4, a reference “/ and eq. 8§, “/ W using “/ using error

and 6 compound 9,and 10 density fromeq. 11
and 12

Figure 3-2. Flow chart for prediction of the adsorption capacity.
The total mean relative error between the measured and predicted adsorption isotherms
for all adsorbates was calculated as follows:

Nj

N;
1 |Wpred - VVexpl
— 100 12
Ni-Zl : (12)
1=

1
Total mean relative error = —
N; Wexp

j=1

where N, is the number of adsorption isotherms.

3.3 Results and Discussion

3.3.1 Reference Compounds
Experimental adsorption isotherms were fitted with the D-R model (Eq. 1) to calculate
W, and k of the reference compounds. Least squares analysis of the experimental data yielded the

following D-R correlations:

82
n — hexane: W = 0.522 * exp <—1O‘9 * E), r?2 =0.9887; Wo =0.522cm3/g (13)

2

€
acetone: W = 0.521 * exp <—2 * 1079 .ﬁ)' r?2=0.9847; Wo=0.521cm3/g (14)
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2

€
benzene: W = 0.487 * exp <—10‘9 * F), r?2 =0.9818; Wo = 0.487 cm3/g (15)

2

£
m — xylene: W = 0.444 = exp (—8 * 10710 % ﬁ—2>, r?2 =0.9961; Wo = 0.444 cm3/g (16)

The limiting pore volume for n-hexane and acetone are quite similar reflecting the fact
that both adsorbates have similar kinetic diameter. However, m-xylene has smaller limiting pore
volume than benzene or n-hexane possibly due to its larger kinetic diameter. In this case, a
portion of the narrow micropores are not accessible to the adsorbate. Based on the results, the
limiting pore volume of the adsorbent might be predicted using the pore size distribution of the
adsorbent and the kinetic diameter of the adsorbate (Hung and Lin, 2007).

3.3.2 Affinity Coefficients

Table 3-2 shows the calculated affinity coefficients (using Eqgs. 3 to 7) for each adsorbate
and corresponding relative errors between measured and predicted adsorption capacity (using
Egs. 8, 9, and 10).

Table 3-2. Affinity coefficients and corresponding relative errors considering different relative

pressure ranges (compounds with similar kinetic diameter to that of the reference adsorbate are

marked in bold).
Reference Test Affinity coefficients | Mean relative error | Mean relative error
adsorbate | adsorbate () (%) in W for (%) in W for
0.01<P/P,<0.9 0.01<P/P,<0.1
Eq.3 | Eq.4 | Eq.6 | Eq.8 |Eq.9 | Eq.10 | Eq.8 | Eq.9 | Eq. 10
n-hexane 1 1 1 0.7 0.7 0.7 1.2 1.2 1.2

acetone 0.562 | 0.538 | 0.599 | 3.2 4.0 2.2 6.8 8.9 4.6

1-butanol | 0.700 | 0.737 | 0.765 | 0.8 0.4 0.6 1.6 0.5 0.5

2-propanol | 0.584 | 0.585 | 0.617 | 5.1 5.2 6.3 6.9 7.0 9.5

2-butanone | 0.687 | 0.689 | 0.738 | 7.4 7.4 8.4 6.9 7.0 9.2
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Reference Test Affinity coefficients | Mean relative error | Mean relative error
adsorbate | adsorbate () (%) in W for (%) in W for
0.01<P/P,<0.9 0.01<P/P,<0.1
Eq.3 | Eq.4 | Eq.6 | Eq.8 | Eq.9 | Eq. 10 | Eq.8 | Eq.9 | Eq. 10

THF 0.624 | 0.668 | 0.677 | 7.8 9.0 9.2 53 7.9 8.4

n-hexane | cyclohexane | 0.829 | 0.923 | 0.897 | 11.5 | 12.6 | 12.3 12.8 | 153 14.7
benzene 0.681 | 0.871 | 0.762 | 4.8 7.9 6.4 2.0 8.6 54

toluene 0.811 | 1.036 | 0.905 | 6.1 8.2 7.2 3.9 8.6 6.2

p-xylene 0.942 | 1.196 | 1.051 | 7.1 8.7 7.9 7.1 10.7 9.0

m-xylene 0.939 | 1.200 | 1.051 | 18.7 | 20.6 | 19.7 | 204 | 225 24.5

o-xylene 0.923 | 1.191 | 1.045 | 17.9 | 199 | 19.0 | 20.7 | 253 23.2

cumene 1.064 | 1.351 | 1.185 | 25.0 | 26.8 | 26.0 | 38.3 | 423 40.4

n-hexane 1.778 | 1.858 | 1.671 1.9 2.1 1.6 3.9 4.3 3.2

acetone 1 1 1 1.5 1.5 1.5 2.8 2.8 2.8

1-butanol 1.245 | 1.369 | 1.278 | 2.0 2.8 2.2 4.0 5.8 4.5

2-propanol | 1.039 | 1.086 | 1.031 | 9.2 9.9 9.1 16.3 | 145 15.8

2-butanone | 1.221 | 1.279 | 1.233 | 10.2 | 10.7 | 103 | 13.2 | 143 13.4

THF 1.109 | 1.241 | 1.131 | 11.2 | 125 | 114 | 129 | 158 13.4

acetone cyclohexane | 0.792 | 0.797 | 0.795 | 134 | 144 | 135 | 173 | 194 17.6
benzene 1.211 | 1.618 | 1.274 | 7.5 9.8 8.0 8.1 13.1 9.1

toluene 1.442 | 1926 | 1.512 | 79 9.6 8.3 8.1 11.6 8.8

p-xylene 1.675 | 2.223 | 1.757 | 84 9.7 8.7 10.4 | 13.0 10.9

m-xylene 1.669 | 2.230 | 1.756 | 20.3 | 21.7 | 20.6 | 24.1 | 27.2 24.8
o-xylene 1.640 | 2.213 | 1.746 | 19.6 | 21.1 | 20.0 | 24.7 | 28.1 25.6

cumene 1.891 | 2.509 | 1.980 | 26.6 | 27.9 | 26.8 | 419 | 449 42.5

n-hexane 1.468 | 1.149 | 1.312 | 4.9 54 5.1 3.0 3.9 33

acetone 0.826 | 0.618 | 0.785 | 5.8 7.9 6.0 52 9.5 5.6

1-butanol 1.028 | 0.846 | 1.004 | 4.8 5.2 4.8 2.8 3.7 2.8

2-propanol | 0.858 | 0.810 | 0.671 | 6.9 4.5 6.3 12.7 | 6.5 11.3

2-butanone | 1.009 | 0.968 | 0.791 | 4.4 2.1 4.1 8.7 3.7 8.0
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Reference Test Affinity coefficients | Mean relative error | Mean relative error
adsorbate | adsorbate () (%) in W for (%) in W for
0.01<P/P,<0.9 0.01<P/P,<0.1
Eq.3 | Eq.4 | Eq.6 | Eq.8 | Eq.9 | Eq. 10 | Eq.8 | Eq.9 | Eq. 10
THF 0.916 | 0.767 | 0.888 | 5.5 3.7 52 9.0 4.8 8.3
benzene | cyclohexane | 1.217 | 1.060 | 1.176 | 6.9 6.0 6.7 11.6 | 9.8 11.2
benzene 1 1 1 1.7 1.7 1.7 3.8 3.8 3.8
toluene 1.190 | 1.190 | 1.187 | 1.7 1.7 1.7 3.0 3.0 3.0
p-Xylene 1.383 | 1.374 | 1.379 | 2.1 2.1 2.1 4.6 4.6 4.6
m-xylene 1.378 | 1.379 | 1.379 | 11.2 | 11.2 | 11.2 | 142 | 142 14.2
o-xylene 1.355 | 1.371 | 1.368 | 12.5 | 12.6 | 12.6 | 183 | 184 18.4
cumene 1.562 | 1.551 | 1.555 | 115 | 11.5 | 115 | 175 | 174 17.4
n-hexane 1.065 | 0.833 | 0952 | 13.6 | 149 | 14.1 | 12.1 | 15.0 13.3
acetone 0.599 | 0.448 | 0.570 | 149 | 19.8 | 15.6 | 15.0 | 255 16.6
1-butanol 0.746 | 0.614 | 0.728 | 13.8 | 158 | 14.0 | 12.5 | 16.9 12.9
2-propanol | 0.622 | 0.487 | 0.587 | 10.0 | 12.1 | 10.2 8.0 12.2 8.4
2-butanone | 0.732 | 0.574 | 0.702 | 7.0 9.7 7.2 54 | 113 5.8
THF 0.665 | 0.56 | 0.644 | 6.0 8.5 6.4 53 10.6 6.1
m-xylene | cyclohexane | 0.883 | 0.769 | 0.853 | 4.1 5.0 4.2 1.6 3.4 1.8
benzene 0.726 | 0.725 | 0.725 | 9.0 9.0 9.0 9.1 9.1 9.1
toluene 0.864 | 0.863 | 0.861 | 8.5 8.5 8.5 8.7 8.7 8.8
p-xylene 1.004 | 0.996 | 1.000 | 8.6 8.6 8.6 8.1 8.1 8.1
m-xylene 1 1 1 2.2 2.2 2.2 5.0 5.0 5.0
o-xylene 0.983 |1 0.992 | 0.994 | 4.5 4.4 4.4 8.4 8.3 8.3
cumene 1.133 | 1.125 | 1.128 | 5.8 5.8 5.8 10.7 | 10.7 10.7

Based on the results in Table 3-2, the affinity coefficients are independent of the method

of calculation when the reference and test adsorbates are from the same organic group. For

example, considering benzene as the reference adsorbate for aromatic adsorbates such as toluene,

m-xylene, o-xylene, p-xylene, and cumene will result in similar (< 1.2% difference) calculated
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affinity coefficients using equations 3, 4, and 6. In this case, the corresponding mean relative
errors in the prediction of the adsorption isotherms are also similar (< 1.2% difference). Same
conclusion is obtained when using acetone and m-xylene as reference adsorbate for 2-butanone
and aromatic compounds, respectively.

Table 3-2 also depicts the mean relative errors between measured and predicted
adsorption capacity based on different methods for B calculation. In most of the cases, the errors
are minimal when using equation 8 followed by values obtained from equations 9 and 10. The
total mean relative errors for all adsorbates using equations 8, 9, and 10 are 8.9, 9.7, and 10.1%,
respectively for n-hexane, 10.7, 10.9, and 11.8, respectively for acetone, 6.1, 6.1, and 5.8,
respectively for benzene, and 8.3, 8.5, and 9.6, respectively for m-xylene. The errors at low
relative pressure range (P/P,=0.01 to 0.1) are larger than that at higher relative pressure range
(0.1 £P/P,<0.9) possibly due to deviation of D-R equation from Henry’s law at low loading, as
reported by other researchers (Hutson and Yang, 1997; Sullivan et al., 2007). In order to have a
thermodynamically consistent isotherm, the isotherm should reach a finite Henry’s law slope at
low concentrations, while D-R equation reaches a Henry’s law slope of zero which results in
large deviation (Hutson and Yang, 1997; Sullivan et al., 2007). This phenomenon is more
significant in case of large molecules such as m-xylene, o-xylene, and cumene. Large errors in
predicting the isotherms of these compounds might be attributed to their large molecular size
which causes a slow diffusion at low relative pressure within the pores of the adsorbent. Due to
the aforementioned equilibrium criteria of 0.001% weight change in 5 minutes, the gravimetric
sorption analyzer might assume reaching equilibrium while adsorption is slowly progressing.

Similar observations are reported elsewhere (Yang et al., 2011).
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Based on the relative errors between measured and predicted adsorption capacities, a
difference in adsorption behavior of m-xylene, o-xylene, and p-xylene, could be observed. The
cross sectional areas of these compounds are 37.9, 37.5, and 38.0 Az, respectively, which are
quite similar (Guo et al., 2000). Despite this fact, the adsorption behavior of p-xylene could be
predicted with higher accuracy using benzene as the reference compound while that of o-xylene
is consistent with m-xylene prediction. This behavior could be because the kinetic diameter of p-
xylene (KD=5.85 A) is smaller than that of o-xylene (KD=6.8 A) or m-xylene (KD=6.8 A). Due
to the para position of the methyl groups on p-xylene, the adsorbate would enter the pores by its
smallest plane while m-xylene and o-xylene have to enter it by their largest plane; consequently a
number of pores are accessible to p-xylene only (but not to o-xylene or m-xylene) and the
limiting pore volume for p-xylene is consistent with that of benzene (Yang et al., 2011).

3.3.3 Adsorption Isotherms

Figure 3-3 depicts the experimental and predicted, gravimetric isotherms (calculated with
eqgs. 8, 9, and 10) for 1-butanol, toluene, THF, and o-xylene using n-hexane and acetone as
reference adsorbates. All measured and predicted adsorption isotherms (gravimetric and
volumetric) are provided in Appendix A. All experimental isotherms reached a plateau
approximately at P/P, > 0.2. Figure 3-3 qualitatively proves that using a reference adsorbate with
similar kinetic diameter to that of the test adsorbate yields a better fit between measured and
predicted adsorption capacity. Figure 3-3a-d show that the predicted isotherms are increasingly
deviating from the experimental isotherms as the kinetic diameter of the test adsorbate deviates

from that of n-hexane, the reference adsorbate.
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(a) 1-butanol (KD=4.3 A)

(b) toluene (KD=5.85 A)
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Figure 3-3. Measured and predicted, gravimetric adsorption isotherms for (a) 1-butanol, (b)

toluene, (c) THF, and (d) o-xylene using n-hexane (KD=4.3 A) as reference adsorbate and for (e)

1-butanol, (f) toluene, (g) THF, and (h) o-xylene using acetone (KD=4.4 A) as the reference

adsorbate.
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Same trend is observed when using acetone as reference adsorbate (Figure 3-3e-h). These
two reference adsorbates have kinetic diameters of 4.3 and 4.4 A and can penetrate into narrow
micropores, which are not accessible to larger molecules. If n-hexane and acetone were used for
predicting the adsorption isotherm of a compound with similar kinetic diameter such as 1-
butanol (KD=4.3 A), then the errors would be negligible (Figure 3-3a and e). Conversely, using
these compounds as reference adsorbate for larger adsorbates such as toluene (KD=5.85 A), THF
(KD=6.3 A), and o-xylene (KD=6.8 A) will overestimate their adsorption isotherms.

Figure 3-4 shows the experimental and predicted, gravimetric isotherms for 1-butanol,
toluene, THF, and o-xylene using benzene and m-xylene as the reference compound. Choosing
benzene (KD=5.85A) as the reference adsorbate results in the best fit for toluene (KD=5.85 A)
because of the similarity of their kinetic diameters (Figure 3-4b), while, it underestimates the
adsorption isotherm for 1-butanol (KD=4.3 A) and overestimates the adsorption isotherm for o-
xylene (KD=6.8 A) because the former has a smaller kinetic diameter while the latter has a larger
kinetic diameter than benzene. Similarly, m-xylene (KD=6.8 A) has the best fit for o-xylene
(with same kinetic diameter) but it underestimates the isotherms for all other adsorbates possibly
due to its large kinetic diameter.

THF isotherms could be the best example for demonstrating the hypothesis. THF kinetic
diameter is between those of benzene and m-xylene. Based on the hypothesis, it is expected to
obtain an isotherm which could be estimated by both of these reference compounds. Figure 3-4¢
and g depicts the predicted isotherms versus the experimental ones for THF. It is obvious that
THF’s experimental isotherm lied between the isotherms predicted with benzene and m-xylene
as reference adsorbates, as it is slightly overestimated (mean relative error of 4.7%) and

underestimated (mean relative error of 6.9%) by benzene and m-xylene, respectively.
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(b) toluene (KD=5.85 A)
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Figure 3-4. Measured and predicted, gravimetric adsorption isotherms for (a) 1-butanol, (b)

toluene, (c) THF, and (d) o-xylene using benzene (KD=5.85 A) as reference adsorbate and for (e)

1-butanol, (f) toluene, (g) THF, and (h) o-xylene using m-xylene (KD=6.8 A) as the reference

adsorbate.
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3.3.4 Effect of Adsorbate Kinetic Diameter

Figure 3-5 depicts the total mean relative errors between measured and predicted
adsorption isotherms for all 13 tested adsorbates as well as for adsorbates with kinetic diameters
similar (J[KDyeference — KDiest| < 0.6 A) and non-similar (JKDyeference — KDiest| > 0.6 A) to that of the
reference adsorbates for two pressure ranges. For 0.01 < P/P, < 0.9, the total mean relative error
ranged from 2.5 to 4.6% for test adsorbates with similar kinetic diameters to the reference
adsorbates while it ranged from 8.1 to 14.4% for test adsorbates with non-similar kinetic
diameters to the reference adsorbates.

As previously mentioned, the D-R equation might have large deviation at low relative
pressures; consequently, the goodness of the fit in this region is instructive in verifying the
hypothesis. Figure 3-5 illustrates that even for low relative pressure range the total mean relative
errors are smaller when using a reference adsorbate with similar kinetic diameter to the test
adsorbate. For 0.01 < P/P, < 0.1, the total mean relative error ranged from 4.2 to 7.8% for test
adsorbates with similar kinetic diameters to the reference adsorbates while it ranged from 10.1 to
19.0% for test adsorbates with non-similar kinetic diameters to the reference adsorbates. As a
result, it could be concluded that irrespective of the pressure range, using a reference adsorbate
with similar kinetic diameter to that of the test adsorbate will result in a better prediction of the

adsorption isotherm.
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Figure 3-5. Total mean relative errors when predicting the adsorption isotherms of all 13
adsorbates, adsorbates with similar (|KDreference — KDest| < 0.6 A) and non-similar (IKDreference —
KDyest| > 0.6 A) kinetic diameters for 0.01 <P/P,<0.9 and 0.01 <P/P,<0.1.

Another important point that should be considered is the total mean relative error for each
reference adsorbate considering all test adsorbates. Acetone has the highest relative error at both
relative pressure ranges (Figure 3-5) possibly due to its large dipole moment (2.88 D). Previous
studies showed large deviation when the D-R equation is used for predicting the adsorption
isotherms of compounds with a dipole moment greater than 2 Debye (Yao et al., 2009; Carter et
al., 2011). In addition to its large dipole moment, acetone has small kinetic diameter (KD=4.4
A). For all relative pressure ranges, benzene has the best fit amongst the reference adsorbates.
This also might be attributed to the closeness of its kinetic diameter (5.85 A) to the average

kinetic diameter of all compounds (5.63 A).
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Figure 3-6 depicts the mean relative error between measured and predicted adsorption
isotherms versus the absolute difference in the kinetic diameters of the reference and test
adsorbates. Generally, the mean relative error increases as the absolute difference in the kinetic
diameter increases. This supports the above hypothesis that using a reference compound with
similar kinetic diameter to that of the test adsorbate would result in better prediction of the
adsorption isotherm. Moreover, the degree of over-estimation and/or under-estimation seems to
be proportional to the differences between the kinetic diameters of the reference and test

adsorbates.

30
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Figure 3-6. Mean relative error versus absolute difference in the kinetic diameter between the
reference and test adsorbates ([KDieference — KDtest|)-
Figure 3-6 also shows that even when the test and reference adsorbates have similar
kinetic diameters, there is some difference between measured and predicted adsorption capacities
which might be attributed to factors such as the large dissimilarities in dipole moments of the

compounds; although, the difference in the kinetic diameters seems to be the dominant factor.



74
The last few points in Figure 3-6 have the largest errors possibly due to the slow diffusion of the
large adsorbates such as m-xylene, o-xylene, and cumene inside the narrow micropores of the
BAC.

Figure 3-7 compares the predicted and measured adsorption capacities for all adsorbates
at all concentrations. For adsorbates with KD similar to that of the reference adsorbate, predicted
and measured adsorption capacities are distributed closer to the diagonal line, indicating a good
agreement. This is confirmed by calculating the RMSEP. RMSEP of the adsorbates with similar
KD to that of the reference adsorbate based on 18 isotherms is 0.02, while those based on all
adsorbates (52 isotherms) and compounds with non-similar KD to the reference adsorbate (34
isotherms) are 0.04 and 0.05, respectively.

An independent-samples t-test with unequal variance was conducted to compare
experimental and modeling adsorption capacities in case of similar and non-similar KD. The test
resulted in a t value of 11.4 for 731 degree of freedom. There was a significant difference at the
99% confidence level in the relative error values for cases of similar (mean=3.5%, standard
deviation=5.5%) and non-similar (mean=11.9%, standard deviation=14.2%) KD. These results
indicate that the difference in the KD of the reference and test adsorbate does have a significant
effect on the accuracy of the D-R equation for modeling adsorption of organic vapors on
activated carbon. Specifically, our results indicate that the D-R equation can better predict the
adsorption isotherm if a reference compound with similar KD to that of the test adsorbate was

used.



75

0.5
C; . ﬁ’@f &
~~ A A A
=) A A
~0.4 - A A A A Aph
2 A A HA oy
= R Xa0h08
= QA &O AO A &
] A Qo@é 0
= ° % &, %a s
3 o0 8 ST &
= %o N Afgﬂg LS
-2 0.3 - A o NE> N
~— A‘ A
Q-q o A A&% A
g @ AA A
wn A
=~ A
[~ A
=~
5}
D 02 -
3o
=
o Similar kinetic diameter a Non-similar kinetic diameter
0-1 T T T
0.1 0.2 0.3 04 0.5
Measured adsorption capacity (g/g)

Figure 3-7. Comparison between modeled and measured adsorption capacities for adsorbates
with similar (JKDreference — KDiese| < 0.6 A) and non-similar (|[KDeference — KDtest| > 0.6 A) kinetic
diameters.

3.3.5 Explanation of Previously Published Contradictory Results
The effect of the kinetic diameter can be used to explain contradictory results from
previous studies. For instance, Golovoy and Braslaw (1981) reported that the similarity in the
polarity of the reference and test adsorbate doesn’t necessarily improve the fit between measured

and calculated affinity coefficients, while Reucroft et al. (1971) and Noll et al. (1989) found that
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it does. Based on results by Golovoy and Braslaw (1981), using n-heptane (KD=4.3A) (Breck,
1974) as a reference adsorbate resulted in mean relative errors of 2.5, 5.1, and 27.9% when
calculating the experimental affinity coefficients of 1-butanol (KD=4.3A), acetone (KD=4.4 A),
and m-xylene (KD=6.8 A), respectively. Similarly, applying 1-butanol as the reference adsorbate
for n-heptane, acetone, and m-xylene resulted in mean relative errors of 6.4, 10.5, and 21.2,
respectively. Reucroft et al. (1971) used acetone (KD=4.4 A) as a reference adsorbate for n-
hexane (KD=4.3 A) and benzene (KD=5.85 A) and reported deviations of 11.7 and 21.2%,
respectively. These examples show that choosing a reference adsorbate with a kinetic diameter
similar to the test adsorbate results in better prediction of the adsorption isotherm while a
reference adsorbate with smaller kinetic diameter compared to the test adsorbate would

overestimate the adsorption capacity.
3.4 Conclusions

The choice of a reference adsorbate has an important effect on the accuracy of the D-R
equation for predicting the adsorption capacity of organic compounds on microporous activated
carbon. While the polarity of the reference adsorbate has often been investigated, conflicting
results about the impact of this parameter were reported in the literature. This paper demonstrates
that the kinetic diameter of the adsorbate is the main factor affecting the accuracy of the D-R
equation. The choice of the reference adsorbate in the D-R equation should take into
consideration the kinetic diameter of the adsorbate. Choosing a reference adsorbate with a kinetic
diameter similar to that of the test adsorbate results in better prediction of the adsorption
isotherm with the D-R equation while a reference adsorbate with smaller or larger kinetic
diameter compared to that of the test adsorbate would overestimate or underestimate the

adsorption capacity, respectively. The proposed model was successful in explaining previously
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published contradictory results that tried to relate the accuracy of the D-R model to the polarity
of the adsorbate. These results are important because they are useful for accurately predicting the

adsorption isotherms of pollutants and hazardous compounds and finally designing a reliable

system for their abatement.
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CHAPTER 4. EFFECT OF ADSORPTION AND REGENERATION
TEMPERATURE ON IRREVERSIBLE ADSORPTION OF ORGANIC
VAPORS ON BEADED ACTIVATED CARBON'

4.1 Introduction

Vehicle painting operations are the primary source of VOCs emissions from the
automobile manufacturing sector (Golovoy and Braslaw, 1981; Kim, 2011). These emissions
consist of a mixture of high and low molecular weight compounds including aromatic
hydrocarbons, esters, ketones, alcohols, and glycol ethers (Golovoy and Braslaw, 1981; Kim,
2011). On average, 6.58 kg of VOCs is used as paint solvents per vehicle in typical automotive
plants in North America (Kim, 2011). VOC emissions are of concern because of their health
effects and/or ozone formation potential (Fuertes et al., 2003; Das et al., 2004; Johnsen et al.,
2011; Kim, 2011), so, the gaseous stream needs to be treated before discharging to the
atmosphere (Emamipour et al., 2007). Methods to control emission of organic vapors include
adsorption, absorption, oxidation, biofiltration, condensation, and membrane separation
(Leethochawalit et al., 2001; Hunter and Oyama, 2002; Fuertes et al., 2003; Li and Moe, 2005;
Kim et al., 2006; Hashisho et al., 2007; Ramos et al., 2010; Mallouk et al., 2010; Johnsen et al.,
2011;). Amongst these methods, adsorption is widely used because of its cost effectiveness, high
efficiency at low concentrations (i.e., ppmy) for recovering the VOCs from gaseous streams, and
ability to recover the adsorbate for reuse (Golovoy and Braslaw, 1981; Shonnard and Hiew,

2000; Gupta and Verma, 2002; Lapkin et al., 2004; Dabrowski et al., 2005; Ramos et al., 2010).

I A version of this chapter has been published as: Jahandar Lashaki, M.; Fayaz, M.; Wang, H.; Hashisho, Z.;
Phillips, J.H.; Anderson, J.E.; Nichols, M. Effect of adsorption and regeneration temperature on irreversible
adsorption of organic vapors on beaded activated carbon. Environ. Sci. Technol. 2012, 46, 4083—4090. Reproduced
with permission from ACS Publications.
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Adsorption can be categorized into physical adsorption and chemical adsorption. In
chemical adsorption or chemisorption, the adsorbate reacts on the surface of the adsorbent and
adheres through chemical bonds; consequently, the heat of adsorption is high and approaches the
energy of chemical bonds (Khan and Ghoshal, 2000). Chemisorbed species are generally
difficult to desorb and as a result they accumulate on the surface of the adsorbent and reduce its
adsorption capacity. Higher temperatures during adsorption can favor chemisorption as it
provides the activation energy needed for the formation of adsorbate-adsorbent complex
(Schnelle and Brown, 2002). Other factors promoting chemisorption include the presence of
adsorbates with electron-donating functional groups such as amine (-NH,) and hydroxyl (-OH)
(Tamon and Okazaki, 1996; Tamon et al., 1996; Tanthapanichakoon et al., 2005; Fayaz et al.,
2011), the difference between the boiling point of the adsorbate and the regeneration temperature
(Fayaz et al., 2011), and n-n electron donor-acceptor interaction between the aromatic ring and
unsaturated bond on the carbon (Zhu and Pignatello, 2005).

Due to its low cost and high surface area, activated carbon is one of the most commonly
used adsorbents in air and water treatment (Popescu et al., 2003; Kawasaki et al., 2004; Alvarez
et al., 2005; Aktas and Cecen, 2006; Kim et al., 2006; Aktas and Cecen, 2007). One of the
challenges of capturing organic vapors from painting operations is the irreversible adsorption
(aka buildup of heel) of these compounds onto activated carbon which reduces the lifetime of the
adsorbent and increases the operation and maintenance cost of the system due to the cost of the
adsorbent, disposal of the spent adsorbent, and labor cost to replace the adsorbent. Irreversible
adsorption on an adsorbent surface can be described as the combined result of formation of
permanent bonds between the adsorbate and the surface (chemisorption) and the irreversible

transformation of the adsorbed species through chemical reactions catalyzed by the adsorbent
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surface (Chatzopoulos et al., 1993). Previous studies have investigated the irreversible adsorption
of organic compounds (particularly phenolic and aromatic compounds) from water onto
activated carbon, particularly the conventional granular activated carbon (Grant and King, 1990;
Chatzopoulos et al., 1993; Ferro-Garcia et al., 1995; Lu and Sorial, 2007; Lu and Sorial, 2009).
However, there is little or no information about the irreversible adsorption of organic compounds
from the gas phase onto activated carbon, particularly novel forms of activated carbon such as
BAC.

The objective of this study is to explore the effect of adsorption and regeneration
temperature on the irreversible adsorption of a mixture of vapor-phase organic compounds
commonly emitted from automotive painting operations. Understanding the factors promoting
irreversible adsorption is the first step for solving the problem of heel buildup and increasing the
lifetime of the adsorbent. For this purpose, a bench-scale adsorption-regeneration system was
built and adsorption and regeneration cycles of a mixture of organic compounds onto BAC were
completed at different temperatures. The BAC was also analyzed for irreversible adsorption in
terms of the amount of accumulated adsorbates and changes in adsorption capacity, specific area

and pore size distribution.

4.2 Materials and Methods

4.2.1 Adsorbent and Adsorbate
The adsorbent used in this study was Kureha beaded activated carbon (Anderson et al.,
2006). The BAC is characterized by its high microporosity, attrition-resistance, and narrow
particle size distribution (average particle diameter of 0.70 mm, 99% by mass between 0.60 and
0.84mm). Prior to use, the BAC was dried in air in a laboratory oven at 150 °C for 24 hours and

then kept in a desiccator. The BAC was tested with a mixture of compounds typically emitted
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from automotive painting operations and representative of various functional groups including

alkane, aromatic, ester, alcohol, ketone, polyaromatic hydrocarbon, and amine. To prepare the

mixture, equal volumes of each of the compounds were mixed as liquids. The density of the

mixture was 0.86 g/cm’, determined based on the weight of a known mixture volume. The

composition of the mixture is presented in Table 4-1.

Table 4-1. Composition of the test mixture.

Name Chemical structure Weight Concentration
percentage
(%) (ppmy) | (pmol/L)

n-decane N~ 9.01 36 1.43

1,2,4- 10.86 52 2.05
trimethylbenzene

2,2-dimethyl 10.55 41 1.61

propylbenzene
1-butanol /\/\ 9.99 77 3.05
HO
2-heptanone M 10.12 51 2.01
n-butylacetate O 10.86 54 2.12
O/\/\
2-butoxyethanol /\/\ /\/OH 11.10 54 2.13
@)
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Name Chemical structure Weight Concentration
percentage
(%) (ppmy) | (pmol/L)
naphthalene 14.06 63 2.49
diethanolamine H 13.45 73 2.90
SN NN
HO OH

4.2.2 Experimental Setup and Methods
The experimental setup used in this study is depicted in Figure 4-1. The setup consisted
of an adsorption-regeneration reactor, an adsorbate generation system, a gas detection system, a
power application module, and a data acquisition and control (DAC) system. The adsorption-
regeneration reactor consisted of a stainless steel tube (1.44 cm inner diameter, 15.24 cm long)
containing 7 to 8 g of dry virgin BAC. The BAC bed length was 8 cm. Glass wool was used at

the bottom and top of the reactor as a support for the BAC bed.
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Figure 4-1. Schematic diagram of the adsorption/regeneration setup.

The adsorbate generation system consisted of a syringe pump (kd Scientific, KDS-220)
used to inject the mixture into a 10 SLPM dry air stream. The air stream was purified using a
compressed air filter (Norman Filter Co.) to remove hydrocarbons and water. The injection rate
was calculated based on the ideal gas law using the average molecular weight and density of the
mixture. The flow rate of air was controlled with a 0-20 SLPM mass flow controller (Alicat
Scientific). The adsorbate detection system consisted of a photoionization detector (Minirae
2000, Rae Systems). The concentration at the outlet of the reactor during adsorption was
intermittently measured with the photoionization detector (PID) to avoid contaminating the PID
lamp with overexposure to high boiling point adsorbates. The PID was calibrated before each

adsorption test using the generated gas stream.
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The heat application module consisted of heating tape (Omega) wrapped around the
adsorption-regeneration reactor. Insulation tape (Omega) was wrapped outside the heating tape
to minimize heat loss. A 0.9 mm OD type K thermocouple (Omega) inserted at the center of the
reactor was used to measure the temperature of the BAC bed during adsorption and regeneration.
A solid-state relay was used to control the power application to the heating tape.

The DAC system consisted of Labview Software (National Instruments) and a data
logger (National Instruments, Compact DAQ) equipped with analog input and output modules.
The data logger was interfaced to the PID, thermocouple, and the solid state relay. During
adsorption and regeneration, temperature was measured using the thermocouple and a
proportional-integral-derivative algorithm was used to control the power applied to achieve the
set-point temperature. The DAC system controlled the power application to maintain a bed
temperature of 25, 35 or 45 °C during adsorption and 288 or 400 °C during regeneration. A mass
flow controller (Alicat Scientific) was used to provide 1 SLPM of high purity (99.998%) grade
nitrogen (Praxair) to purge both oxygen and desorbed compounds during regeneration.

Two-point calibration of the PID was completed with fresh air for zero and the steady
state concentration adsorbate stream from the adsorbate generation system for span. The
calibration was performed at the same gas flow rate as during adsorption to avoid any bias in the
PID readings. After calibration, the adsorbate gas stream was directed into the reactor to start
adsorption. The adsorption process continued until the BAC was fully saturated as indicated by
the PID. The reactor was weighed before and after adsorption to determine the adsorption
capacity, as follows:

Adsorption capacity (%)

_ Reactor weight after adsorption — Reactor weight before adsorption %100
B Weight of virgin BAC
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Regeneration was accomplished by heating the BAC with simultaneous purge with
nitrogen for 3 hours and then cooling for 50 minutes while continuing to purge with nitrogen.
The reactor was then weighed again. The difference in the reactor weight before the adsorption
cycle and after the regeneration cycle represented the amount of irreversible adsorption or heel
built up during that cycle. The mass balance cumulative heel after five complete
adsorption/regeneration cycles represents the total amount of heel building up throughout all five
cycles and is defined as follows:
Mass balance cumulative heel (%)

_ Reactor weight after last regeneration cycle — Reactor weight before 15t adsorption cycle X100
B Weight of virgin BAC

4.2.3 BAC Characterization

4.2.3.1 Thermo-Gravimetric Analysis

After completing five consecutive adsorption/regeneration cycles, the loaded BAC was
analyzed by TGA (TGA/ DSC 1, Mettler Toledo). The analysis was started with the temperature
at 30 °C and immediately increased to 120 °C and then maintained there for 15 minutes to
remove adsorbed moisture from the BAC. Then the temperature was increased to 288 or 400 °C
(depending on the temperature used for regenerating the BAC) and kept for 30 min to simulate
the basic regeneration process. Finally, it was raised to 1000 °C and maintained for 30 min to
desorb strongly adsorbed species from the BAC. Throughout the TGA test, the sample was
heated at 20 °C/min in 50 standard cubic centimeter per minute (SCCM) of N..

4.2.3.2  Micropore Surface Analysis

BAC samples were analyzed using a micropore surface analysis system (IQ2MP,

Quantachrome) with nitrogen as the testing gas with relative pressure range from 107 to 1 at
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77K. BAC samples of 30 to 50 mg were degassed at 120 °C for 5 hours to remove any moisture
within the pores of the material. BET surface area and micropore volume were obtained using
the relative pressure ranges of 0.01 to 0.07 and 0.2 to 0.4, respectively. The micropore volume
was determined by the V-t model. The mesopore volume and surface area were calculated by
subtracting the relevant micropore values from the total pore values. Pore size distributions were
also obtained from nitrogen adsorption/desorption isotherms using the density functional theory

(DFT) model for slit pores (Olivier, 1998).
4.3 Results and Discussion

4.3.1 Breakthrough Curves

Figure 4-2a and b depict the breakthrough curves for five consecutive adsorption cycles
of BAC regenerated at 288 and 400 °C, respectively. During the first cycle of all experiments,
the organic vapors were detected after about 2 hours by the calibrated PID at the reactor outlet
indicating occurrence of breakthrough. All tests were continued until full saturation of the BAC
as indicated by a stable concentration at the reactor outlet. For BAC regenerated at 288 °C, the
breakthrough time (tso,, 5% of influent concentration) decreased progressively with each cycle
indicating that regeneration at 288 °C was unsuccessful in desorbing the adsorbed chemicals
from some of the adsorption sites which led to accumulation of heel on the BAC. The largest
change in breakthrough time occurred after the 1 cycle and corresponded to the largest heel
buildup as measured by mass balance. Conversely, for BAC regenerated at 400 °C, the
breakthrough time remained almost unchanged after the 1% cycle indicating negligible heel

buildup.
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Figure 4-2. Breakthrough curves for adsorption on BAC at 35 °C and regeneration at (a) 288 °C

and (b) 400 °C.

Figure 4-3 depicts the difference in breakthrough time (tso;) between the first and all of

the following adsorption cycles as a function of mass balance cumulative heel expressed in % by

weight of virgin BAC. The reduction in the breakthrough time linearly increased with the mass

balance cumulative heel. For the configuration used in this study, a one percent increase in heel

resulted in 3.1 minutes reduction in the breakthrough time of the next adsorption cycle.

Completing additional cycles resulted in further reduction of the breakthrough time. Continuing

this pattern, the BAC will become completely spent and would need to be replaced with virgin

BAC. Considering a breakthrough time of 120 min, the adsorbent becomes completely spent

after reaching a cumulative heel of 38%. This heel is lower than the adsorption capacity due to

possible pore blockage as discussed later in the paper and the fact that the rear (outlet) portion of

the carbon is not completely spent when the 5% breakthrough occurs.
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Figure 4-3. Reduction in breakthrough time (tso,) with mass balance cumulative heel for all
adsorption and desorption temperatures.
4.3.2 Adsorption and Regeneration Temperature
The adsorption capacities on virgin BAC (i.e., for the first adsorption cycle) at different
adsorption temperatures are illustrated in Figure 4-4. For comparison, the adsorption capacities
of 1-butanol and n-decane at different adsorption temperatures were also obtained. These
compounds were selected because previous research (Fayaz et al., 2011) indicated that n-decane
formed heel on BAC while 1-butanol didn’t, suggesting that 1-butanol physisorbed while n-
decane may have been chemisorbed onto the BAC. The results of the present study showed that
the adsorption capacity (for the first cycle) of the mixture and n-decane remained almost
unchanged as the adsorption temperature increased while the adsorption capacity of 1-butanol
showed a 30% reduction as the temperature increased from 25 to 45 °C (Figure 4-4). The

behavior of the mixture and n-decane is consistent with the characteristics of chemisorption since
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a higher temperature provides the energy needed to overcome the activation energy for the
reactions between the adsorbate and adsorbent. Since chemisorption involves the formation of
chemical bonds between the adsorbate and the adsorbent, the adsorbates will typically occupy
certain adsorption sites on the surface of the activated carbon in a monolayer arrangement.
Henning et al. (1989) investigated the effect of temperature on adsorption mechanism and
adsorption capacity of vapor-phase cyclohexanone onto activated carbon. The adsorption
capacity for cyclohexanone remained unchanged as the adsorption temperature increased from
25 to 50 °C. This behavior was attributed to chemisorption of cyclohexanone and presence of
some unsaturated carbon bonds on the edge of carbonaceous layers, forming high energy “active-
centers” suitable for oxygen and hydrogen to bind (Henning et al., 1989). Another possibility is
that higher adsorption temperature might have enhanced the diffusion of the large chain

molecules (Chiang et al., 2001).
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Figure 4-4. Effect of adsorption temperature on adsorption capacity on virgin BAC.
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Measurements of heel percentage from the mass balance and the TGA are compared in
Figure 4-5 for BAC adsorbed with the tested mixture. For the same regeneration temperature,
increasing the adsorption temperature from 25 to 35 °C resulted in greater accumulation of
adsorbates on the BAC while further increase in temperature to 45 °C had no effect possibly due
to a similar adsorption mechanism at 35 and 45 °C. Previous researchers reported that high
temperature is favorable for chemisorption (Chatzopoulos et al., 1993; Schnelle and Brown,
2002) thus the greater heel remaining may be attributable to occurrence of chemisorption. At
higher temperature, the adsorption mechanism likely shifts from physisorption (reversible state)

to chemisorption (irreversible state) and the adsorption becomes irreversible (Tamon et al.,

1996).
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Figure 4-5. Heel percentages as determined by mass balance and TGA for BAC adsorbed with
tested mixture and regenerated at 288 or 400 °C. Legends are labeled as Mass balance- or TGA-x
where x corresponds to the regeneration temperature in °C.

The effect of regeneration temperature on irreversible adsorption was also evaluated

(Figure 4-5). Comparing the heel remaining after regeneration at 288 and 400 °C it can be seen
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that using a higher regeneration temperature resulted in 60-61% reduction in mass balance
cumulative heel since more adsorbates are desorbed from the pores. In this case, the difference
between the regeneration temperature and the boiling point of the tested adsorbates, which
ranged from 118 to 271 °C, is larger which provides a greater driving force for desorption. Qin et
al. (2009) investigated the irreversible adsorption of dibenzothiophene from n-heptane solution
and concluded that because of the tendency for adsorbate to remain inside the micropores,
applying higher temperatures during the regeneration process may increase the regeneration
efficiency.

The difference between heel as determined from mass balance and TGA may be
attributed to irreversible chemisorption. Heel determination with TGA is based on the change in
the sample weight between the regeneration temperature (288 or 400 °C) and a higher
temperature (1000 °C). It is assumed that all of the adsorbate is desorbed at 1000 °C. However, if
irreversible adsorption occurs (as is the case in chemisorption), some of the adsorbate will
remain adsorbed to the BAC even after exposure to high temperature; hence the TGA heel will
be less than the mass balance heel. The difference between the mass balance heel and the TGA
heel is larger for 35 and 45 °C than for 25 °C which may be due to increased chemisorption at 35
and 45 °C. The chemisorbed material is harder to desorb even after heating to high temperature
(1000 °C); consequently, the difference would be greater in this case.

4.3.3 BET Surface Area and Pore Size Distribution

The BET surface area and pore size distribution of all virgin and regenerated BAC
samples were determined to find the effect of irreversible adsorption on these parameters. The
BET surface area of the BAC linearly decreased with the mass balance cumulative heel

(Figure 4-6). This indicates that as heel accumulates, some adsorption sites remain occupied by
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adsorbates since regeneration is unsuccessful in removing them from the active sites, and as a
result, the number of vacant available sites will decrease. The effect of irreversible adsorption on
the total and micropore volumes is similar to its effect on BET surface area (Figure 4-6). On
average, for every 1% of mass balance cumulative heel, BET area, micropore, mesopore, and

pore volume decreased by 2.7, 2.8, 2.0, and 3.0%, respectively.
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Figure 4-6. Relationship between mass balance cumulative heel on BET surface area and pore
volume of regenerated BAC. Values for virgin BAC are presented for comparison.
Determining pore size distribution for the regenerated carbon helps identify the location

of the heel. Figure 4-7a indicates that irreversible adsorption resulted in blockage of the
micropores, particularly the narrow micropores (5-7 A). As the adsorption temperature increased,
more chemisorption occurred, and more heel accumulated resulting in blockage of more

micropores. Figure 4-7a indicates that irreversible adsorption greatly decreased the number of
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micropores. Irreversible adsorption reduced the number of available mesopores below 100 A at

all adsorption temperatures (Figure 4-7b).
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Figure 4-7. Effect of adsorption and regeneration temperature on pore size distribution of BAC.
Legends are labeled as x-y where x and y correspond to the adsorption and regeneration

temperatures in °C, respectively.
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Increasing the regeneration temperature from 288 to 400°C enhanced the desorption of
some of the adsorbates from the micropores including narrow (5-7 A) micropores (Figure 4-7¢)
and mesopores (Figure 4-7d). Qin et al. (2009) revealed similar conclusions about the effect of
regeneration temperature on the elimination of adsorbates from narrow micropores. BAC
containing adsorbed dibenzothiophene regenerated at 400°C had a similar pore size distribution
to virgin BAC except that the narrow micropores in the regenerated BAC were not fully
desorbed.

The volume of the accumulated adsorbates (i.e., heel) inside the pores of the BAC could
be calculated based on weight and bulk density of the adsorbed mixture or directly measured
based on the reduction in pore volume from N, adsorption isotherms. The measured decrease in
pore volume was consistently higher than the calculated value (Figure 4-8). This may be
attributed to pore blockage by compounds with large kinetic diameter. For instance, the kinetic
diameter of naphthalene, one of the main contributors to irreversible adsorption and a primary
constituent of the test gas stream, is 6.2 A (Long et al., 2008) while 19% of the total pore volume
(based on integration of the PSD of the adsorbent) of the BAC corresponds to pores smaller than
6.2 A in diameter. In this case, naphthalene molecules could block the entrance of these narrow
micropores making them unavailable for adsorption, consequently, these sites are vacant but are
not able to adsorb anymore. Another mechanism which might have contributed to heel formation
could be the oligomerization of adsorbates producing materials that are more difficult to desorb
due to their higher boiling points. The difference between calculated and measured pore volume
reduction increased as the mass balance cumulative heel increased, consistent with the above

hypothesis but increasing in extent.
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Figure 4-8. Relationship between mass balance cumulative heel and pore volume reduction.
4.4 Conclusions

The effect of adsorption and regeneration temperature on the irreversible adsorption of a
mixture of organic compounds typically emitted from automobile painting operations was
investigated. Increasing the adsorption temperature from 25 °C to 45 °C will increase heel
buildup on BAC by about 30% independent of the regeneration temperature. In this case, the
BAC progressively loses its adsorption capacity with more cycles; consequently, it is better to
complete the adsorption process at the lowest possible temperature to preserve the adsorption
capacity of the BAC. Applying more energy by increasing the regeneration temperature
enhances the regeneration efficiency independent of the adsorption temperature and will
eliminate more adsorbates from the narrow micropores and increase the lifetime of the BAC.
BET area and pore volumes of the BAC decreased significantly because of higher cumulative
heel. Pore size distribution confirmed that narrow micropores have a significant role in the

accumulation of adsorbates inside the pores of the BAC. The measured reduction in pore volume
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due to heel formation was larger than calculated one possibly due to blockage of narrow

micropores.
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CHAPTER 5. THE ROLE OF BEADED ACTIVATED CARBON’S
SURFACE OXYGEN GROUPS ON IRREVERSIBLE ADSORPTION OF
ORGANIC VAPORS'

5.1 Introduction

Paint booths are a major source of VOCs in the auto manufacturing sector (Kim, 2011).
These emissions are typically controlled through adsorption and/or oxidation (Kim, 2011).
Adsorption on AC is widely used in air (Hashisho et al., 2005, 2007, 2008; Ramos et al., 2010)
and water treatment (Dabrowski et al., 2005; Lu and Sorial, 2007, 2009; Busca et al., 2008), for
controlling organic contaminants. One challenge in removing VOCs from gas streams is
irreversible adsorption, or heel formation (Kim, 2011). Accumulation of adsorbed species on the
adsorbent shorten the lifetime of the adsorbent, and increases the operation and maintenance
costs for the system increase (Jahandar Lashaki et al., 2012a). Heel formation is attributed to
stronger interactions, as might occur with chemisorption, adsorbate decomposition, or
oligomerization. While physisorption is generally considered reversible (Popescu et al., 2003),
scenarios exist where physical adsorption is difficult to reverse under practical regeneration
conditions. These scenarios may be associated with adsorbates with high boiling point and/or
molecular weight (Wang et al., 2012), or adsorbates with dimensions close to that of the
adsorbent’s pore width (Jahandar Lashaki et al., 2012a). In this case, strong dispersive forces
acting on adsorbate molecules make regeneration difficult due to overlapping attractive forces

from neighboring pore walls (L1 et al., 2011). Chemisorption occurs when the adsorbate and

I A version of this chapter was presented at a conference as: Jahandar Lashaki, M.; Atkinson, J.D; Hashisho, Z.;
Phillips, J.H.; Anderson, J.E.; Nichols, M. Effect of surface oxygen groups on the irreversible adsorption of organic
vapors. In proceedings of 107" Air & Waste Management Association Annual Conference and Exhibition, Long
Beach, CA, 2014.
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adsorbent are united by chemical bonds, especially covalent bonds (Yonge et al., 1985; de Jonge
et al., 1996b). Adsorbates may decompose during regeneration, resulting in coke deposition
inside the pores of adsorbent (Ania et al., 2004; Niknaddaf et al., 2016). In aqueous systems,
oxidative polymerization (oligomerization) of phenolic compounds also contributes to
irreversible adsorption (Dabrowski et al., 2005; Soto et al., 2011).

Surface functional groups impact the AC’s adsorption properties by changing its polarity
and/or acidity (Li et al., 2011). Functional groups are formed on or removed from the AC surface
during activation, or during post-activation heat and/or chemical treatments (Qiao et al., 2002;
Stavropoulos et al., 2008). For example, SOGs form on AC due to chemisorption of oxygen,
which can result from AC treatment with HNO;, O;, O3, NO;, or KMnO4 (Boehm, 2002;
Stavropoulos et al., 2008). SOGs can be removed from AC by high temperature treatments in N,
or H, (Hashisho et al., 2009).

The impact of activated carbon’s SOGs on its adsorption behavior has been well
documented (Rivera-Utrilla et al., 2011 and references therein) but lesser studies are available on
the effect of SOGs on adsorption reversibility of organic compounds during regeneration. The
effect of SOGs on irreversible adsorption of organics, especially phenolics, has been described
for the aqueous phase. Phenolic compounds interact with SOGs on the AC (de Jonge et al.,
1996a). Terzyk (2007) reported that oxidative coupling was inversely proportional to the
concentration of carboxylic groups. Acidic SOGs decrease irreversible adsorption of phenolics
by inhibiting oxidative coupling (Radovic et al., 2001; Terzyk et al., 2008) due to hydration of
the SOGs, which is prevalent in aqueous environments (Coughlin and Ezra, 1968; Mahajan et al.,
1980). Alvarez et al. (2004) showed that acidic SOGs prevent irreversible adsorption under oxic

conditions by hampering oxidative coupling, while phenol chemisorption on carbonyl and
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carboxyl groups may be promoted through donor-acceptor mechanisms and ester formation,
respectively. Leng and Pinto (1997) found that phenol polymerization occurred under oxic
conditions, but was suppressed by increasing acidic SOGs on AC.

The aforementioned studies investigated the effect of AC’s SOGs on adsorption
reversibility of phenols in water. Oxidative coupling is the main contributor to aqueous phase
irreversible adsorption of phenols (Dabrowski et al., 2005; Soto et al., 2011). Since this
phenomenon has not been reported in the gas phase, results cannot be expected to directly
transfer to the gas phase. The effect of SOGs on irreversible adsorption of non-phenolic organic
compounds is also important and warrants scientific investigation. To the best of our knowledge,
however, there is little or no information about the impact of SOGs on irreversible adsorption of
non-phenolic organic compounds from air onto AC, particularly heel formation during cyclic
adsorption/regeneration. The objective of this study, therefore, is to determine the contribution of
SOGs to irreversible adsorption during cyclic adsorption/regeneration of a mixture of organic
vapors commonly found in industrial systems, including vehicle-painting operations. A better
understanding of the factors contributing to heel buildup can be helpful for finding ways to

reduce heel formation and increase the adsorbent’s useful lifetime.
5.2 Materials and Methods

5.2.1 Adsorbent Preparation
Three treated BACs were used. Virgin petroleum pitch-based BAC (G-70R; Kureha
Corporation) was used in all treatments. The BAC has very low ash content (< 0.05%) (Kureha
Corporation Website), ruling out the possible complexities associated with catalytic reactions
(Matatov-Meytal and Sheintuch, 1998). Virgin BAC was treated with nitric acid to add oxygen.

Carbon was stirred for 16 h in 5.3 M HNO;, washed with deionized water until neutral pH, and
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then heated at 150 °C overnight to eliminate water (labeled as BAC-O-N). The carbon was then
heated to 400 °C under 1.0 standard liter per minute (SLPM) N, for 3 h to remove adsorbed
nitrate groups (Stavropoulos et al., 2008) (identified as BAC-0). Virgin BAC was heat treated at
400 °C under 1.0 SLPM N, for 3 h before characterization and use (identified as BAC-V).
Hydrogen was added to virgin BAC, displacing residual SOGs. Carbon was treated in hydrogen
(0.5 SLPM) for 3 h at 850 °C to remove surface oxygen functionalities (Sullivan et al., 2007;
Hashisho et al., 2009). For consistency, this sample was then heat-treated at 400 °C under 1.0
SLPM N; for 3 h before characterization and use (identified as BAC-H).

5.2.2 Adsorbates

The adsorbates were tested individually as well as a mixture. The mixture was primarily
prepared by mixing equal parts (by volume) of nine organic compounds, representing different
organic groups commonly present in automotive paint solvents. The mixture was subsequently
tested in gas phase (total concentration of 500 ppm,). The concentration of the mixture
components in the gas phase were as follows (all in ppmy): n-decane, 36; 1,2,4-trimethylbenzene,
52; 2,2-dimethylpropylbenzene, 41; n-butylacetate, 54; 2-butoxyethanol, 54; 1-butanol, 77; 2-
heptanone, 51; naphthalene, 63; and diethanolamine, 72 (Jahandar Lashaki et al., 2012a). The
components of the mixture have a wide range of boiling points (118 to 271 °C) and kinetic
diameters (4.3 to 6.8 A) (Jahandar Lashaki et al., 2012b), and previously showed a high tendency
to form heel (Jahandar Lashaki et al., 2012a; Wang et al., 2012). Using a mixture of organic
compounds (with different functionalities) as test adsorbate provides an adsorbate stream that is
more representative of VOCs generated from vehicle painting operations (Kim, 2011; Jahandar
Lashaki et al., 2012a; Wang et al., 2012). All components of the test mixture were also

individually tested to verify the hypothesis proposed in this article.
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5.2.3 Setup and Methods

The experimental setup consisted of a stainless steel adsorption/regeneration tube, VOC
vapor generation system, gas-phase VOC detection system, power application module, and DAC
system (Jahandar Lashaki et al., 2012a; Wang et al., 2012; Tefera et al., 2013a). Adsorption
experiments were completed at 25 °C using 7+0.1 g of dry treated BACs. Adsorption cycles
lasted 120 min, providing partial loading (approximately 70% by weight of maximum adsorption
capacity) of treated BACs. Partial loading avoids preferential adsorption of high molecular
weight adsorbates due to competitive adsorption, hence allows for adsorption of all species of the
test mixture. This is also representative of the industry practice where adsorption is stopped
before reaching breakthrough for more efficient VOC capture.

Regeneration was completed at 288 °C to simulate industrial operational conditions
(Anderson et al., 2006; Kim, 2011), and allow for desorption of adsorbed species while
minimizing potential damages to the structure of adsorbent as a result of exposure to high
temperature (Salvador et al., 2015). The adsorption/regeneration tube was heated to 288 °C for 3
h while purged with 1 SLPM N, then cooled to 50 °C for 50 min while continuing the N, purge.

The term “mass balance cumulative heel” is used to characterize the total accumulated

adsorbate after 5 adsorption/regeneration cycles and is calculated as follows:

War = Wea 100
WBAC

Mass balance cumulative heel (%) =

where W ar is the BAC weight after the last (5™ regeneration cycle, Wga the BAC weight before
adsorption, and Wgac the initial dry BAC weight. Regenerated BACs were labeled as x-5C
where x corresponds to the treated BAC used during cycling. All regenerated BAC samples were

characterized after the 5™ adsorption/regeneration cycle, and adsorption/regeneration
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experiments were completed in duplicates to assess reproducibility. A blank (no adsorbate) 5-
cycle adsorption/regeneration experiment was also completed on BAC-O (identified as BAC-O-
Blank-5C) using the aforementioned experimental conditions to support the hypothesis proposed
in this work.

Screening experiments individually tested each component of the mixture on small
samples (15-20 mg) of the treated BACs. The BACs were spiked with 20—40 mg of the
adsorbates and were then left in ambient air for 2 to 4 days (depending on their vapor pressure)
to vaporize excess adsorbate. The loaded samples were subsequently regenerated in a TGA as
described below.

5.2.4 BAC Characterization

Virgin, treated, and regenerated BAC samples were characterized before and after
cycling using a micropore surface analyzer (iIQ2MP, Quantachrome). N, adsorption was
performed at -196 °C after degassing the samples for 5 h at 120 °C. Specific surface area was
calculated by the BET method (Brunauer et al., 1938) from relative pressures ranging from 0.01
to 0.07, which allowed for high coefficient of determination (R?) values and positive BET
constants (C). Total pore volume was recorded at P/Py = 0.975 (Quantachrome Autosorb 1
Operating Manual, 2006). The quenched solid density functional theory (QSDFT) method
provided pore width distributions, and the V-t method provided micropore volume
(Quantachrome Autosorb 1 Operating Manual, 2006).

The pHpzc for virgin and treated BACs was measured with a pH meter (Oakton, model
pH-700) as described elsewhere (Atkinson et al., 2013). Aqueous dispersions containing 2 wt%

carbon (approximately 540 mg in 27 mL deionized H,O) were stirred for 20 h. After the
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suspensions settled, the pH of the solution was measured in duplicates and the average was taken
as the pHpyc for that material.

Surface elemental composition (C, O, and N) of virgin, treated, and regenerated BACs
was determined with XPS using an AXIS 165 spectrometer (Kratos Analytical). High resolution
scans (with signal to noise ratio of >10) were collected for binding energy spanning from 1100
eV to 0 eV with analyzer pass energy of 20 eV and a step of 0.1 eV. CasaXPS Software was used
to process the scans and the results were reported in terms of atomic concentration.

The thermal stability of treated and regenerated samples and the relative concentration of
SOGs were assessed using derivative thermo-gravimetric (TGA/DSC 1, Mettler Toledo).
Samples were heated from 25 to 900 °C at 1 °C/min in 50 SCCM of N,.

Treated BACs loaded with the single adsorbates were regenerated using the above
mentioned TGA instrument. The temperature was increased from 25 °C to 288 °C at 10 °C/min
and was then maintained at 288 °C for 180 min to simulate the regeneration process. The
temperature was then raised to 900 °C at 1 °C/min. Throughout the test, the BAC samples were
heated in 50 SCCM of N,. The results are presented for temperature > 288 °C for clearer
depiction of high temperature peaks associated with materials not desorbed under the standard
288 °C condition.

Select virgin, treated, and regenerated BAC samples were analyzed using Boehm titration
to determine the concentration of different SOGs (Boehm, 1994). Triplicate 50 mg of BAC
samples were shaken in 5 mL of 0.05 M NaHCOs3, Na,CO3, and NaOH for 24 h using a wrist
shaker (Burrell Scientific). The solution was separated from the carbon sample. Excess 0.05 M
HCI (2:1 volume ratio for NaHCO3; and NaOH, and 3:1 volume ratio for Na,CO3) was then

added to ensure acidity, followed by one or two drops of phenolphthalein indicator. Finally, the
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solutions were back-titrated with 0.05 M NaOH solution until reaching a faint but permanent
pink color. NaOH solution was standardized daily using 0.05 M potassium hydrogen phthalate.
The concentrations of various SOGs were calculated assuming NaHCO3 neutralizes carboxylic
groups (including carboxylic anhydrides), Na,COs neutralizes carboxylic and lactonic groups,
and NaOH neutralizes carboxylic, lactonic, and phenolic groups (Boehm, 1994).

TGA-MS of select virgin, treated, and regenerated samples was completed to evaluate the
gases evolved during thermal analysis. Thermal analysis was performed using TGA (TA
Instruments, Q500) from 25 to 900 °C at 10 °C/min in 150 SCCM of Ar. The mass spectrometer
(Pfeiffer, Omnistar QMA 200) was connected to the TGA with a stainless steel adapter and a
0.64 cm (inner diameter) T-fitting. The capillary was positioned at the center of the tee, close to
the furnace exhaust, to sample evolved gases. Experiments were run in multiple ion detection

mode with fragments at mass to charge ratios (m/z) of 18 and 44 tracked at 200 ms intervals.
5.3 Results and Discussion

5.3.1 BAC Characterization
Treated BACs were characterized prior to cyclic adsorption/regeneration experiments
(Table 5-1). Treatments to add or remove SOGs did not cause significant changes (< 3%) in BET
surface area, micropore volume, and total pore volume as compared to virgin BAC. The
treatments, however, changed the amount of oxygen on the BAC surface, with BAC-O
containing more than twice as much surface oxygen as BAC-H (Table 5-1). Additionally, pHpzc
measurements indicate that BAC-O is notably more acidic than BAC-H (Table 5-1), potentially

due to added acidic SOGs (Atkinson et al., 2013).
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Table 5-1. Physical and chemical properties of virgin, treated, and regenerated BACs before and

after adsorption/regeneration cycling.

Physical Properties

Surface Composition

Carbon Carbon BET Micropore Pore

Description Sample Surface Volume Volume | pHpzc ¢ 0 N

) . i @) | %) | (%)*
Area (m“/g) | (cm’/g) (cm’/g)

Virgin BAC | Virgin BAC| 1371£21 | 0.50+0.01 | 0.57+0.01 | 6.67 | 94.0 | 6.0 | 0.0
BAC Before| BAC-O 1355 0.49 0.57 6.09 | 91.7 | 83 | 0.0
Ads/Des BAC-H 1359 0.50 0.57 725 | 962 | 3.8 | 0.0
Cycles BAC-V 1334 0.49 0.56 6.79 | 946 | 54 | 0.0
BAC After | BAC-O-5C 1053 0.38 0.45 NA | 87.7 | 10.6| 1.7
Ads/Des | BAC-H-5C 1131 0.42 0.49 NA | 932 | 58 | 1.0
Cycles BAC-V-5C 1136 0.42 0.48 NA | 926 | 65 | 09

? Relative atomic percentages (%C + %0 + %N = 100); Other elements were not considered in surface composition

PSDs for all treated BACs were measured (Figure 5-1a). No significant difference among

the unused treated BACs was observed. All samples were microporous with pore sizes

comparable to the molecular size of common VOCs, which provides high affinity towards the

VOC:s studied (Jahandar Lashaki et al., 2012b). Overall, these characterization results satisfy our

primary purpose of investigating carbons with similar physical properties (i.e., porosity) but

different chemical properties (i.e., SOGs).
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Figure 5-1. Pore size distributions (a) and DTG analysis (b) of unused treated BACs.

DTG analysis was performed to evaluate the thermal stability of the treated BACs and to
provide a qualitative description of SOGs on the treated BACs (Figure 5-1b). For all samples, the
first DTG peak (at 50 °C) is attributed to desorption of water vapor adsorbed during exposure to
ambient air prior to analysis (Popescu et al., 2003). This peak was highest for BAC-O due to
hydrophilicity associated with SOGs (Sullivan et al., 2007). Additional mass loss did not occur
until 400 °C because all samples were preheated at this temperature. Beginning from 400 °C, a
wide peak was observed for BAC-O. This peak is attributed to removal of SOGs deposited onto
the surface of the carbon that can be liberated at high temperatures (Nevskaia et al., 1999). All
other samples showed negligible weight loss until temperatures > 700 °C, which is most likely
due to carbon decomposition.

Boehm titration was completed on select samples to determine the concentration of
various acidic SOGs. Phenol functional groups were detected on all samples. Phenol groups
decompose at > 550 °C (de la Puente et al., 1997), so no difference was observed between virgin
BAC and BAC-V (heat-treated at 400 °C) while a 43% reduction in phenol groups’ concentration

was observed for BAC-H due to hydrogen treatment at 850 °C. Acid-treated BAC before heat
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treatment (BAC-O-N) showed the highest level of acidity due to presence of carboxylic, lactonic,
and phenolic groups. Following heat treatment at 400 °C (BAC-0), part of the carboxylic groups
(33%) was removed. The remaining carboxylic groups are most likely due to carboxylic

anhydrides, which are more stable (Perrard et al., 2012).
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Figure 5-2. Contribution of various SOGs based on Boehm titration.

To further assess the type of SOGs, TGA-MS analysis of select samples was completed
(Figure 5-3). For virgin BAC, CO, was evolved at > 600 °C, most likely due to carbon
decomposition and/or SOGs removal, as discussed before. CO also evolved at T > 800 °C,
possibly because of SOGs decomposition (de la Puente et al., 1997). Following HNOs treatment
(BAC-O-N), H,O and NO were released with CO,. CO, evolves due to decomposition of
carboxylic and lactone groups, added via nitric acid treatments, which are expected to be
removed at < 350 °C and 350-550 °C, respectively (de la Puente et al., 1997). Furthermore, some

carboxylic groups may transform to anhydride groups (carboxylic anhydrides) (Boehm, 1994;
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Perrard et al., 2012), which can then evolve at > 450 °C (de la Puente et al., 1997; Perrard et al.,

2012).
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Figure 5-3. TGA-MS results of BAC samples.

Before acid treatment (virgin BAC), no CO; evolved at temperatures < 600 °C, but, after

acid treatment (BAC-O-N), CO, evolution occurs as early as 125 °C due to presence of

carboxylic groups (de la Puente et al., 1997) as previously confirmed by titration results

(Figure 5-2). NO generation is attributed to the removal of residual nitrate groups (Stavropoulos
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et al.,, 2008). Water desorption at temperatures as high as 600-700 °C might be due to
dehydration of the SOGs (Otake and Jenkins, 1993; Moreno-Castilla et al., 1997; Perrard et al.,
2012). Following heat treatment at 400 °C (BAC-O), carboxylic (excluding carboxylic
anhydride) and nitrate groups are completely removed; consequently, CO, evolution starts at >
400 °C because of carboxylic anhydride and lactone groups’ decomposition (de la Puente et al.,
1997; Perrard et al., 2012), and NO is no longer generated.

5.3.2 Cyclic Adsorption/Regeneration
After characterizing the treated BACs, they were used in 5 adsorption/regeneration
cycles. Duplicates 5-cycle cumulative heels for the BACs are presented in Figure 5-4. The
cumulative heel after 5 adsorption/regeneration cycles was 14 and 20% higher for BAC-O-5C
and BAC-H-5C, respectively, relative to BAC-V-5C. Since the physical properties of the treated
samples were similar (Table 5-1), differences in their chemical properties may justify the trends.
These results suggest that pre-treatments to tailor the chemical properties of BACs (i.e.,

oxidation or reduction) may worsen performance for the considered application.
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Figure 5-4. Mass balance cumulative heel after 5 adsorption/regeneration cycles.
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5.3.3 Regenerated BAC Characterization

5.3.3.1 DTG Analysis of 5-Cycle Samples

DTG curves for the regenerated BACs after 5 adsorption/regeneration cycles were
obtained at a low heating rate (1 °C/min) to allow high peak resolution (Figure 5-5a). Multiple
peaks corresponding to desorption at different temperatures allow for quantification of
adsorption strength and contribution of physisorption and chemisorption (Ferro-Garcia et al.,
1993). All samples exhibited a peak at approximately 400 °C, which was higher than the
regeneration temperature (288 °C) and the boiling points of the mixture components (ranging
from 118 to 271 °C). This peak could be attributed to accumulation of physisorbed and/or
chemisorbed species as will be discussed in subsequent sections. The physisorbed species may
accumulate on adsorbent due to superposition of wall effects in pores comparable in size (< 7 A)
to adsorbed species (4.3 to 6.8 A) (Jahandar Lashaki et al., 2012b) and/or diffusion limitations
associated with the narrow micropores of the adsorbent, especially in the case of bulky
adsorbates (e.g. naphthalene and diethanolamine) (Jahandar Lashaki et al., 2012a). The earliest
peak was observed for BAC-O-5C and is most likely a result of weakened interactions between
the adsorbates and the adsorbent due to acidic SOGs, which has been suggested previously for
aqueous-phase naphthalene adsorption on AC (Ania et al., 2007). This hypothesis will also be

discussed in upcoming sections.
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The only regenerated sample showing weight loss at high temperature (500 to 800 °C) is
BAC-O-5C (Figure 5-5a). However, the unused BAC-O sample lost more weight in this
temperature range (Figure 5-5b), possibly due to removal or consumption of SOGs during
cycling. A 5-cycle blank (no adsorbate) experiment performed on BAC-O (BAC-O-Blank-5C)
resulted in no mass loss, indicating that SOGs are not removed during cycling in absence of
adsorbate. Furthermore, the DTG profile for this blank sample matches the unused sample
(BAC-0), suggesting that SOGs in BAC-O-5C were not removed (Figure 5-5b) as a result of
exposure to regeneration temperature. Titration results also demonstrated no significant change
(< 15%) in the concentrations of SOGs on the blank sample compared to unused BAC-O

(Figure 5-2) compared to unused BAC-O. Consequently, SOGs could have been consumed due



120

to reactions with adsorbed species on BAC-O (Ania and Bandosz, 2005), possibly forming new
volatile byproducts and/or chemisorbed species. During regeneration at 288 °C, these species
may either come off the adsorbent (volatile ones) or accumulate on it (chemisorbed ones). The
chemisorbed species could develop due to formation of large (i.e., high boiling point) oxidation
byproducts or bonding between the adsorbates and SOGs. This hypothesis is consistent with
titration results that showed a 48, 22, and 42% reduction in the concentrations of carboxylic,
lactonic, and phenolic groups, respectively, on BAC-O-5C compared to unused BAC-O
(Figure 5-2).

53.3.2 DTG Analysis of 1-Cycle Samples

Since the mixture tested here consists of compounds with different functionalities and a
wide range of boiling points, the byproducts of the reactions between the SOGs of the BAC-O
and the adsorbates may widely vary in terms of thermal stability, warranting further
investigation. For this purpose, 1-cycle adsorption/regeneration experiments were completed on
BAC-O, BAC-V, and BAC-H adsorbing each component of the mixture individually. In all
cases, BAC-O loaded with a single adsorbate exhibited larger weight loss at moderate
temperature (300 to 500 °C) and lower mass loss at higher temperature (500 to 800 °C),
compared to unused BAC-O (Figure 5-6). This may confirm the SOGs consumption hypothesis
made earlier where SOGs may be consumed through reacting with adsorbed species on BAC-O,
likely resulting in formation of volatile and/or chemisorbed byproducts, which may subsequently
be desorbed at low (< 300 °C) and moderate (300 to 500 °C) temperatures, respectively.

In most cases, lower weight loss at moderate temperature was observed for BAC-V and
BAC-H loaded with single adsorbates relative to their BAC-O counterparts (Figure 5-6). This

can be due to a different adsorption mechanism on these samples compared to BAC-O. In
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general, physisorbed species with relatively low boiling point such as 1-butanol (118 °C), n-
butylacetate (126 °C), and 2-heptanone (151 °C) can be completely desorbed during regeneration
at 288 °C, which is well beyond their boiling points, and therefore will not appear in DTG curves
(starting at 288 °C). The lack of a DTG peak for BAC-V and BAC-H samples loaded with these
adsorbates confirm that their adsorption mainly occurred via physisorption. For adsorption on
BAC-0O, however, these compounds may have undergone chemical reactions with the SOGs
(supported by lower mass loss at high temperature), resulting in accumulation of high boiling
point species, which subsequently appears as a DTG peak at 300 to 400 °C (Figure 5-6). A
possible example for this could be oxidation of 1-butanol by SOGs to form volatile
(formaldehyde) and large (oxalic acid) byproducts (Popescu et al., 2003).

Similarly, physisorbed 1,2,4-trimethylbenzene and 2-butoxyethanol can mostly be
removed during regeneration at 288 °C. Both compounds are bulky with relatively high boiling
points (170 and 171 °C, respectively), therefore, diffusion limitations may cause minor heel
formation on BAC-V and BAC-H, which subsequently appears as a small DTG peak
(Figure 5-6). This peak is higher for BAC-H loaded with 2-butoxyethanol than its BAC-V
counterpart, which is unexpected because they have similar physical properties and both have
low surface oxygen content (Table 5-1). This could be justified by the effect of high temperature
thermal treatment on activated carbon’s surface, which may leave a surface with high affinity
towards oxygen adsorption. Thermal treatment at 950 °C with simultaneous hydrogen purge has
been recommended to stabilize the surface (Menendez et al., 1996). Since a lower temperature of
850 °C was used in our study, this may cause 2-butoxyethanol (an oxygen-containing adsorbate)
to interact with BAC-H, resulting in a higher adsorbate accumulation compared to BAC-V. For

BAC-O, however, 1,2,4-trimethylbenzene and 2-butoxyethanol may consume the SOGs to form
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chemisorbed species, resulting in higher mass loss at moderate temperature, compared to BAC-V
and BAC-H. A possible example of this could be H-bonding between SOGs and methyl group (-
CH3) of 1,2,4-trimethylbenzene (Franz et al., 2000; Arafat et al., 2004).

For n-decane and 2,2-dimethylpropylbenzene, the DTG peaks coincided for all the
treated samples (Figure 5-6), possibly due to accumulation of physisorbed species. It is possible
that some volatile oxidation byproducts were formed during their adsorption on BAC-O (lower
mass loss at high temperature) but were eliminated during regeneration at 288 °C, resulting in a
similar DTG peak to BAC-V and BAC-H.

Diethanolamine and naphthalene may also accumulate on all samples due to the
regeneration temperature of 288 °C, which was likely insufficiently high relative to the boiling
points of these compounds (271 and 218 °C, respectively) (Figure 5-6). For diethanolamine,
BAC-O depicted the highest DTG peak. This higher DTG peak may be explained by a
condensation reaction between its amino group (-NH;) and SOGs (Tamon et al., 1996; Tamon
and Okazaki, 1996), resulting in formation of chemisorbed species. The DTG peak for BAC-H
loaded with diethanolamine was also slightly higher than that of BAC-V, possibly due to high
affinity of BAC-H to this oxygen-containing compound, as discussed earlier. Finally, for
naphthalene, the lowest and earliest peak was observed for BAC-O, most likely due to weakened
dispersive interactions between the carbon surface and naphthalene as a result of m-electrons
removal from the carbon surface by SOGs, as previously suggested in the literature for aqueous

phase naphthalene adsorption (Ania et al., 2007).
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Heel Formation Mechanism for 5-Cycle Samples

The results from the single cycle tests help explain the heel formation mechanism for the

5-cycle samples loaded with the adsorbate mixture. The DTG peak of physisorbed species (e.g.

n-decane and 2,2-dimethylpropylbenzene) may overlap with the DTG peak of species with heel

contributions from both physisorption and chemisorption (e.g. 2-butoxyethanol and 1,2,4-

trimethylbenzene). Combining the findings of the DTG analyses from Figure 5-5 and Figure 5-6,

it can be concluded that for BAC-V-5C and BAC-H-5C heel formation was due to physisorption.

In contrast, a combination of physisorption and chemisorption contributed to heel formation on
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BAC-0O-5C. DTG results support the cumulative heel percentages for the tested BACs
(Figure 5-4) where BAC-O-5C exhibited larger mass balance cumulative heel compared to BAC-
V-5C, possibly because two mechanisms (i.e., physisorption and chemisorption) were
contributing heel. Higher heel formation on BAC-H-5C relative to BAC-V-5C could be
explained by higher affinity of hydrogen-treated BAC to oxygen-containing compounds (i.e., 2-
butoxyethanol and diethanolamine). The results from single cycle naphthalene adsorption
(weakened physisorption on BAC-O; Figure 5-6) may also justify the earlier DTG peak for
BAC-0O-5C as compared to BAC-V-5C and BAC-H-5C samples (Figure 5-5).

5334  TGA-MS of 5-Cycle Samples

BAC-0O-5C was also analyzed using TGA-MS (Figure 5-3). CO, evolution started at >
300 °C, slightly higher than the regeneration temperature during cycling (288 °C) showing that
decomposed heel compounds as well as the previously described decomposed carboxylic
anhydride and lactone groups are contributing mass losses. Comparing BAC-O and BAC-O-5C,
especially at high temperatures, less CO, is generated after cycling than before cycling,
supporting the SOGs consumption argument made earlier.
53.3.5  XPS of 5-Cycle Samples

XPS analysis was completed on the regenerated samples to assess changes in surface
elemental composition following adsorption/regeneration cycling (Table 5-1). Notable increases
in oxygen and nitrogen content were observed when comparing treated BACs before and after
cycling. Nitrogen increases, in all cases, were attributed to accumulation of diethanolamine,
since this is the only nitrogen-containing compound among the species in the test mixture.
Diethanolamine has a high boiling point (271 °C) and has previously been shown to be a major

heel contributor (Jahandar Lashaki et al., 2012a). The largest increase in nitrogen content was
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observed for BAC-O-5C compared to BAC-V-5C and BAC-H-5C (Table 5-1) possibly due to
reactions between diethanolamine and BAC-O, as discussed earlier. Since diethanolamine has
two hydroxyl groups, this can also partially explain the increase in oxygen content of all samples
after cycling.

5.3.3.6  Micropore Surface Analysis of 5-Cycle Samples

Regenerated BACs were characterized to quantify the effect of irreversible adsorption on
their physical properties (Table 5-1). Some adsorption sites remained occupied by adsorbates
after regeneration, and, as a result, the number of vacant sites quantified with N, adsorption
decreased. Reduction in total pore volume after cycling was 21%, 14%, and 14% for BAC-O-5C,
BAC-V-5C, and BAC-H-5C, respectively. The reduction in BET surface area after cycling was
22%, 17%, and 18% for BAC-O-5C, BAC-V-5C, and BAC-H-5C, respectively. The largest
reduction in the aforementioned physical properties was observed for BAC-O-5C, which may
result from additional pore blockage caused by large, chemisorbed species. No significant
differences were observed between BAC-V-5C and BAC-H-5C.

PSDs for the regenerated BACs help to identify the location of the formed heel in terms
of pore size. Irreversibly adsorbed compounds occupied a portion of the micropores, but in
different pore size ranges (Figure 5-7). Blockage occurred mainly in narrow micropores (< 7 A)
for BAC-V-5C and BAC-H-5C (Figure 5-7c and d). These pores were comparable in size to the
tested adsorbates (4.3 to 6.8 A) (Jahandar Lashaki et al., 2012b), which may cause pore blockage
due to strong dispersive forces caused by superposition of wall effects (Li et al., 2011). This
supports DTG results (Figure 5-5) that showed physisorption as the primary mechanism for heel
formation on BAC-V-5C and BAC-H-5C. Conversely, no significant blockage of narrow

micropores (< 7 A) was observed for BAC-O-5C. Instead, blockage shifted to micropores
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between 7 and 12 A (Figure 5-7b). It is possible that large, chemisorbed byproducts and

physisorbed species accumulated in these pores. Since the pores (7-12 A) were larger, the

superposition of wall effects and diffusion limitations were decreased compared to the narrow

micropores, so physical adsorption was weaker, resulting in an earlier DTG peak for BAC-O-5C

(Figure 5-5a). Moreover, acidic SOGs can remove 7n-electrons from the carbon surface, causing

weakened dispersive interactions between the carbon surface and adsorbates such as naphthalene

(Ania et al., 2007), as discussed earlier.
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Figure 5-7. PSD of: (a) BAC-O-5C, BAC-V-5C, and BAC-H-5C, (b) BAC-O and BAC-
0-5C, (¢) BAC-V and BAC-V-5C, and (d) BAC-H and BAC-H-5C.
5.4 Conclusions

The effect of adsorbent surface oxygen groups on the irreversible adsorption of a mixture

of organic compounds was investigated using three BACs tailored to have similar pore size



128
distributions but different amounts of surface oxygen groups. For these samples, higher mass
balance cumulative heel was observed for oxygen functionalized and hydrogen-treated BACs
compared to heat-treated BAC. Based on derivative thermo-gravimetric analysis, heel formation
due to accumulation of physisorbed species was observed for heat-treated and hydrogen-treated
carbons. In contrast, a combination of chemisorption and physisorption was responsible for heel
formation on oxygen functionalized BAC; surface oxygen groups were consumed by adsorbed
species to form chemisorbed species. Pore size distributions indicate that narrow micropores (< 7
A) have a significant role in the accumulation of adsorbates in heat-treated and hydrogen-treated
BACs. Larger micropores (7-12 A), however, were responsible for heel formation in nitric acid-
treated BAC, resulting in weakened physisorption. Fundamentally, these results help to explain
the irreversible adsorption mechanism by showing how surface oxygen groups impact adsorbate-

adsorbent interactions.
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CHAPTER 6. EFFECT OF DESORPTION PURGE GAS OXYGEN
IMPURITY ON IRREVERSIBLE ADSORPTION OF ORGANIC
VAPORS'

6.1 Introduction

Adsorption onto activated carbon is widely used for capturing organic pollutants from
gaseous and aqueous streams (Hashisho et al., 2007, 2009; Das et al., 2004) because it is cost
effective, and allows adsorbent reuse and the possibility of adsorbate recovery (Hashisho et al.,
2005, 2008; Dabrowski et al., 2005). A challenge for the use of adsorption onto activated carbon
is the irreversible adsorption or heel formation due to strongly, or even permanently, adsorbed
species (Jahandar Lashaki et al., 2012a; Niknaddaf et al., 2016). This prevents complete
adsorbent regeneration, decreasing its capacity and lifetime, which correspondingly increases
operation and maintenance costs due to the need for more frequent adsorbent replacement
(Jahandar Lashaki et al., 2012a; Niknaddaf et al., 2016).

Adsorbent physical and chemical properties (Chang and Savage, 1981; Vidic et al., 1993;
Lu and Sorial 2004a, 2004b), adsorbate size and chemical structure (Tamon and Okazaki, 1996;
Tanthapanichakoon, et al., 2005), dissolved oxygen in the adsorption solution (Vidic and Suidan,
1991; Abuzaid and Nakhla, 1994; Uranowski et al., 1998), and, to a lesser extent, metals and
metal oxides in/on the adsorbent (Grant and King, 1990; Kilduff and King, 1997; Leng and
Pinto, 1997), affect the extent of aqueous-phase irreversible adsorption of organic compounds.
This has been thoroughly described in the literature, but similar studies are not available for the

gas phase.

I A version of this chapter has been published as: Jahandar Lashaki, M.; Atkinson, J.D.; Hashisho, Z.; Phillips, J.H.;
Anderson, J.E.; Nichols, M.; Misovski, T. Effect of desorption purge gas oxygen impurity on irreversible adsorption
of organic vapors. Carbon 2015, doi:10.1016/j.carbon.2015.12.037. Reproduced with permission from Elsevier.
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Ideally, regeneration of saturated adsorbents should remove the adsorbates from the
adsorbent pores with minimal impact on the physical or chemical properties of the adsorbent, or
the chemical composition of the adsorbate. Most irreversible adsorption studies in the aqueous
phase use thermal decomposition at temperatures as high as 900 °C or solvent extraction for
regenerating activated carbon adsorbents saturated with organic pollutants (Salvador et al.,
2015). On the other hand, thermal desorption at < 300 °C is industrially used for regenerating
adsorbents loaded with gas phase pollutants, such as VOCs (Salvador et al., 2015).

During high-temperature thermal desorption, the adsorbent bed must be purged with an
inert gas to remove desorbed species and avoid bed fires caused by exposing the concentrated
organic compounds to temperatures higher than their ignition temperature (Zerbonia et al.,
2001). High purity N, is widely used in industrial regeneration applications and many facilities
use on-site N, generators for its production (Compressed Air Best Practices Website). Impurities
such as O, CO,, and H,O exist in the generated gas, but CO, and H,O concentrations are
typically small compared to the O, concentration (Compressed Air Best Practices Website).
During long-term use, operational experience by the authors (data not shown) suggests that trace
levels of oxygen may increase heel formation by initiating chemical reactions with adsorbents
(United States Naval Research Laboratory, 1984) and/or adsorbates at the regeneration
temperatures used in gas-phase thermal desorption.

Membrane separation and pressure swing adsorption (PSA) are widely used for nitrogen
separation from air. However, membrane separation is not recommended for large plants that
require high N, flow rates (Compressed Air Best Practices Website). Nitrogen purity impacts
operational costs associated with N, generation, specifically, electricity consumption. In a typical

PSA process, compressor power consumption increases from 37 to 56, 93, and 149 kW as N,
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purity increases from 95% to 99.5%, 99.99%, and 99.999%, respectively (Compressed Air Best
Practices Website). While using lower purity N, can reduce the cost of adsorbent regeneration, it
has potential to increase heel buildup and reduce adsorbent lifetime. Hence, the objective of this
work is to elucidate the impact of purge gas oxygen impurity on irreversible adsorption of
organic vapors. To the best of our knowledge, no previous research investigated the effect of
purge gas purity on gas-phase irreversible adsorption of organic vapors. Furthermore, a better
understanding of the factors contributing to irreversible adsorption can be constructive in finding

ways to reduce heel buildup and increase the adsorbent’s useful lifetime.

6.2 Materials and Methods

6.2.1 Adsorbent
Petroleum pitch-based beaded activated carbon (G-70R; Kureha Corporation) was used
for all tests. The BAC has very low ash content (< 0.05%) (Kureha Corporation Website), ruling
out the possible complexities associated with catalytic reactions (Matatov-Meytal and Sheintuch,
1998). Prior to use, the BAC was dried in air at 150 °C for > 24 h and then stored in a desiccator.

6.2.2 Adsorbates
Two adsorbate mixtures were used in this study (Table 6-1). Using a mixture of organic
compounds as test adsorbate provides a more realistic surrogate for VOCs emitted from
automotive painting operations. Mixture 1 consisted of compounds representing different organic
groups commonly present in automotive painting solvents (Jahandar Lashaki et al., 2012a). The
components of the mixture have a wide range of boiling points (118 to 271 °C) and kinetic
diameters (4.3 to 6.8 A) (Jahandar Lashaki et al., 2012b), and previously showed a high tendency
to form heel (Wang et al., 2012; Tefera et al., 2014). As such, Mixture 1 was used as worst case

scenario for heel formation. To prepare Mixture 1, equal volumes of each component were
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mixed. The density of the mixture was 0.86 g/cm’. A second mixture, Mixture 2, was used to
generate a VOC laden stream that is more representative of automotive painting booth air
streams. Mixture 2 was used in two 50-cycle adsorption/regeneration experiments to assess the
impact of long-term exposure to high O, concentrations on heel buildup. Overall, Mixture 2

consists of compounds with lower boiling point relative to Mixture 1.



Table 6-1. Composition of test mixtures.
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naphtha

Mixture 1
Compound CAS number | Boiling point (°C) | Volume fraction (%)
1-butanol 71-36-3 118 11.1
n-butylacetate 123-86-4 126 11.1
2-heptanone 110-43-0 151 11.1
1,2,4-trimethylbenzene 95-63-6 170 11.1
2-butoxyethanol 111-76-2 171 11.1
n-decane 124-18-5 174 11.1
2,2-dimethylpropylbenzene 1007-26-7 186 11.1
naphthalene* 91-20-3 218 11.1
diethanolamine* 111-42-2 271 11.1
Mixture 2

isopropanol 67-63-0 83 5.1
n-heptane 142-82-5 98 5.7
1-butanol 71-36-3 118 19.9
propylpropionate 106-36-5 123 8.1
n-butylacetate 123-86-4 126 13.7
butylpropionate 590-01-2 146 7.5
n-amylacetate 628-63-7 147 5.6
1,2,4-trimethylbenzene 95-63-6 170 11.7
light aromatic naphtha 64742-95-6 135-210 17.0
medium aliphatic solvent

64742-88-7 179-210 5.7

* Naphthalene and diethanolamine were measured by weight using the corresponding densities.
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6.2.3 Setup and Methods

The experimental setup and methods used here are consistent with our previous
irreversible adsorption studies (Jahandar Lashaki et al., 2012a; Wang et al., 2012; Tefera et al.,
2013a). A stainless steel adsorption/regeneration tube was filled with 4.0 = 0.1 g of dry BAC.
The VOC vapor stream was generated using a syringe pump to inject the adsorbate mixture into
a 10 SLPM air stream, generating a constant VOC concentration (500 ppm,). A PID (Minirae
2000, Rae Systems) intermittently measured total VOC concentration during adsorption to
generate breakthrough curves for Mixture 1. The PID was calibrated before each adsorption test
using the generated gas stream. Adsorption cycles lasted 240 min, allowing saturation of the
BAC.

During regeneration (thermal desorption), heating and insulation tapes (Omega) were
wrapped around the adsorption/regeneration tube. A DAC system with a LabVIEW program
(National Instruments) and a data logger (National Instruments, Compact DAQ) equipped with
analog input and output modules controlled and logged the adsorption bed temperature. A 0.9
mm diameter type K thermocouple (Omega) inserted at the center of the adsorption/regeneration
tube was used to measure the temperature of the BAC bed during adsorption and regeneration.
Temperatures of 25 °C and 288 °C were used during adsorption and regeneration, respectively.
The regeneration temperature of 288 °C was chosen to allow for elimination of adsorbed species
(with boiling points ranged from 118 to 271 °C) while minimizing potential damages to the
structure of adsorbent as a result of exposure to high temperatures (Salvador et al., 2015). For
regeneration, the adsorption/regeneration tube was heated for 3 h with 1 SLPM of purge gas, and
then cooled for 50 min while continuing to purge at the same flow rate. Different concentrations

of oxygen (< 5, 625, 1,250, 2,500, 5,000, and 10,000 ppmy) in N, were used as the purge gas,
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corresponding to N, purities between 99 and 99.9984%. The purge gases were generated by
mixing compressed air (99.999% pure, Praxair) and compressed N; (99.9984% pure, Praxair).
Mixing was performed using a 100 SCCM mass flow controller (Alicat Scientific) for air
(accuracy of 0.3 SCCM) and a 1 SLPM mass flow controller (Alicat Scientific) for N,
(accuracy of £3 SCCM). Since the compressed N, cylinder contained a maximum of 5 ppm, O,,
it was solely (i.e., with no mixing) used as purge gas for the < 5 ppm, O, case.

Gravimetric measurements were used to quantify irreversible adsorption. The difference
between initial BAC mass and pre-regeneration (i.e., post-adsorption) BAC mass is the amount
of VOC adsorbed during an adsorption cycle. The difference between the initial BAC mass and
the BAC mass after first regeneration cycle describes the amount of heel during first cycle. The
difference between the initial BAC mass and the BAC mass after fifth regeneration cycle
describes the amount of cumulative or five-cycle heel. Adsorbed mass, first cycle heel, and
cumulative heel are reported as percentages relative to the initial BAC mass. 5-cycle
adsorption/regeneration experiments were completed in duplicate and average values are
reported.

Other samples were wused for comparison purposes. Blank (no VOC)
adsorption/regeneration tests were performed using the carrier gas (i.e., air) during adsorption
and the purge gases during regeneration to assess changes that can be attributed exclusively to
the purge gas. Only the highest (10,000 ppmy) and lowest (< 5 ppm,) concentrations of O, in N,
were tested as purge gas for blank regeneration tests. Two regenerated Kureha BAC samples
previously used in 50 successive adsorption/regeneration cycles were also studied to evaluate the
effect of long-term exposure to high O, concentrations during regeneration. For these

experiments, 1 g of the virgin BAC was loaded with 0.2 mL of Mixture 2. Adsorption was
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completed at 35 °C for 35 min using 3.5 SLPM air as carrier gas. Regeneration of these samples
was completed for 2 h at 343 °C using 50 and 5,000 ppm, O, in N; as the purge gas (total purge
gas flow of 50 SCCM). The regeneration temperature used for 50-cycle experiments (343 °C)
was higher than the corresponding temperature for 5-cycle experiments (288 °C) to ensure
effective regeneration and be more representative of the current process conditions.

6.2.4 BAC Characterization

All BAC samples were characterized before and after cycling using a micropore surface
analysis system (iQ2MP, Quantachrome). N, adsorption was performed at -196 °C. Samples
were first degassed for 5 h at 120 °C. Specific surface area was calculated by the BET method
(Brunauer et al., 1938) from relative pressures ranging from 0.01 to 0.07, which allowed for high
coefficient of determination (R?) values and positive BET constant (C). Total pore volume was
recorded at P/Py = 0.975 (Quantachrome Autosorb 1 Operation Manual, 2006). PSDs were
obtained using the quenched solid density functional theory method and micropore volume was
obtained using the V-t method (Quantachrome Autosorb 1 Operation Manual, 2006).

Surface elemental composition (C, O, and N) of all BACs was determined with XPS
using an AXIS 165 spectrometer (Kratos Analytical). The base pressure in the analytical
chamber was lower than 3x10™® Pa. Monochromatic Al Ka source (hv = 1486.6 ¢V) was used at a
power of 168 W. The resolution of the instrument is 0.55 eV for Ag 3d and 0.70 eV for Au 4f
peaks. High resolution scans (with signal to noise ratio of > 10) were collected for binding
energy spanning from 1100 eV to 0 with analyzer pass energy of 20 eV and a step of 0.1 eV.
CasaXPS Software was used to process the XPS scans and the results were reported in terms of

atomic concentration.
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Temperature stability of the heel was assessed using DTG analysis (TGA/DSC 1, Mettler
Toledo). BAC samples were heated from 25 °C to 800 °C at 2 °C/min in 50 SCCM of N,.
Percentages of accumulated heel eliminated during DTG analysis were calculated. Cumulative
weight loss at 800 °C was corrected based on weight loss of the corresponding virgin BAC. This
was then divided by mass balance cumulative heel and multiplied by 100 to determine percent

heel removal.
6.3 Results and Discussion

6.3.1 Adsorption Breakthrough Curves of 5-cycle BAC samples

Adsorption breakthrough curves for all 5-cycle experiments using Mixture 1 as adsorbate
are described in Figure 6-1. During the first cycle of all experiments, 5% breakthrough was
achieved after 58 = 2 min for duplicate experiments of the six regeneration O, conditions
(average + standard deviation, n=12). With subsequent cycles, breakthrough time progressively
decreased, indicating that regeneration at 288 °C was not sufficient for eliminating all adsorbed
species from the BAC, resulting in heel buildup (Jahandar Lashaki et al., 2012a).

Breakthrough time reduction during subsequent adsorption cycles was more prominent
when high concentrations of O, were present in the regeneration purge gas. For regeneration
with < 5 ppm, O, the breakthrough time for the fifth cycle was 20 min, indicating that the
adsorbent maintained much of its VOC adsorption capacity after 5 cycles. For 625 ppm, O, in
the regeneration purge gas, breakthrough occurred shortly after starting the fifth cycle.
Immediate breakthrough occurred during the fourth cycle for 1,250 ppm, O, and during the third
cycle for 2,500, 5,000, and 10,000 ppm, O,. Two 5-cycle blank experiments (no adsorbate) using
the lowest and highest considered purge gas O, concentrations in N; (< 5 ppmy and 10,000 ppmy)

resulted in no heel (Figure 6-2a), showing that the presence of O, in the purge gas alone cannot
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explain the aforementioned trends. As a result of exposure to higher O, concentrations during

regeneration, non-desorbed species are either permanently occupying or blocking a higher share

of the BAC’s active sites or causing diffusion limitations that hinder adsorption, decreasing

breakthrough times.
600 - 600 -
’g 500 - 500 -
& g
& 400 - £ 400 A
g =
=}
£ 300 £ 300 -
= g
= 200 - E 200 -
54 )
= (3]
8 100 A g 100 -
Q
0 ; ; ; . 0 . . . ; .
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
600 - 600 -
1,250 ppm
= 500 = > 500 -
-y, =TT -, >
i ,’ = ",..,v\’i\/tt. X g
£ 4004 1 s " & 400
= ! Cycle 1 =
=] .
£ R O Cycle 2 £ 300 1
= ;- == ==Cycle3 g
E 200 1 l':' I, ......... Cycle4 E 200 1
v 1y yele b5 s
% L A Cycle 5 2 100 ¢
& U S
R ; ; ; . 0
Time (min) Time (min)
600 - 600 -
5,000 ppm, 10,000 ppmv
~
E> 500 - l’\\ - ,’\-\ l\.l \l‘-. E 500 1 l—\ l 2
S | A Ve > \)“5‘* S
& a00 { /N & 400 4y
g ‘l Cycle 1 : " Cycle 1
= 300 "l ....... Cycle 2 .g 300 ':: ,, """" Cycle 2
g U ,: o= o= e = Cycle 3 E ,’ = e e« = Cycle 3
E 200 4° ’, Sl Cycle 4 E 200 P A Cycle 4
2 /S 4 emee- Cycle 5 8 I, S 4 T===- Cycle 5
g 1001 ,7 £ 100 - :
L4 . .
R © <
0 . T T T T ] 0 o=t = T T T ]
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)

Figure 6-1. Adsorption breakthrough curves for 5-cycle BAC samples exposed to different

concentrations of O, in the desorption purge gas.
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6.3.2 Mass Balance Heel of 5-Cycle BAC Samples

Measurements of mass balance heel (cumulative and first cycle) for 5-cycle BAC
samples as a function of O, concentration in the desorption purge gas are compared in
Figure 6-2a. Heel accumulated during five adsorption/regeneration cycles increased with
increasing O, concentration in the purge gas. The cumulative heel for the BAC sample
regenerated in > 625 ppm, O, was up to 34% greater than that for the sample regenerated with <
5 ppm, Os. Also, first cycle heel formation was as much as 47% higher for samples regenerated
in > 625 ppm, O, relative to baseline scenario (< 5 ppm, O;). These observations might be
attributed to higher chemisorption in the presence of oxygen, which is discussed in the following
sections. Greater heel accumulation causes a loss of adsorption capacity in subsequent cycles
(Jahandar Lashaki et al., 2012a), indicating that an increase in purge gas oxygen content
decreases the performance of the adsorption/regeneration system. In an industrial emissions
control system, increased oxygen in the purge gas leading to these impacts would necessitate
more frequent replacement of the adsorbent, increasing materials, reactivation and/or disposal,

and labor costs and possibly process downtime.
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Figure 6-2. (a) Cumulative (5 cycles) and first cycle mass balance heel of 5-cycle BAC samples
(b) Adsorption capacity of 5-cycle BAC samples for first and fifth cycles. Data labels are
presented as x = y where x and y correspond to mean and standard deviation (n=2), respectively.

6.3.3 Adsorption Capacity of 5-Cycle BAC Samples

Adsorption capacities during the first and fifth cycles are compared in Figure 6-2b, for 5-
cycle BAC samples. Similar adsorption capacity (range of 57.7+1.4%) was observed in the first
cycle for all conditions because all conditions used virgin BAC that had not been exposed to the
purge gas. For the fifth cycle, adsorption capacity decreased by 31 to 69% (compared to the first
cycle), corresponding to 1.6% to 2.7% average capacity loss (calculated over 5-cycle
experiments) per percent heel formed during cycling. For the 10,000 ppm, O, sample,
cumulative heel was 34% higher but the fifth cycle adsorption capacity was 53% lower
compared to < 5 ppm, O, sample, indicating exposure to more O, resulted in greater loss of

adsorption capacity for the heel accumulated.
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6.3.4 Characterization of 5-Cycle BACs

DTG results for virgin and 5-cycle adsorbents are shown in Figure 6-3. DTG analysis
was performed to evaluate the temperature stability of the heel generated during cyclic use. This
allows for quantification of even strongly adsorbed adsorbates, as temperatures as high as 800 °C
can break many chemical bonds to quantify chemisorption (Ferro-Garcia et al., 1993). Multiple
peaks corresponding to desorption at different temperatures give an indication of the range of
adsorption strength (Moreno-Castilla et al., 1995). A slow heating rate (2 °C/min) ensures
distinguishable desorption peaks.

For all samples, the first DTG peak occurred at about 50 °C and is attributed to removal
of water vapor that was adsorbed during ambient air exposure after adsorption, prior to analysis
(Popescu et al., 2003). This peak was higher for samples regenerated with additional O, (e.g.
2,500 and 5,000 in the purge gas, suggesting more hydrophilic surface functional groups on the
adsorbent (Sullivan et al., 2007).

All but the virgin BAC sample exhibited a peak at approximately 400 °C (Figure 6-3),
which was higher than the regeneration temperature (288 °C) and the boiling points of the
species in Mixture 1 (ranging from 118 to 271 °C). This peak is attributed to physisorption
resulting from superposition of wall effects in pores comparable in size to the adsorbed species
and/or diffusion limitations associated with the narrow micropores of the adsorbent, especially in
the case of bulky adsorbates (e.g. naphthalene, diethanolamine) (Jahandar Lashaki et al., 2012a).
Only one physisorption peak was observed despite the fact that Mixture 1 consists of nine
compounds, which could result in multiple peaks. This is most likely due to competitive
adsorption among the species in Mixture 1 that leaves only few high boiling compounds (e.g.

naphthalene, diethanolamine) on the adsorbent following adsorption (Jahandar Lashaki et al.,
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2012a; Wang et al., 2012). Also, the peak is broad, which could be attributed to the removal of
multiple compounds. This peak was highest for the sample regenerated with the least amount of
0; (£ 5 ppmy), implying the highest occurrence of physisorption, and it decreased with

increasing O, concentration.
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Figure 6-3. DTG analysis of 5-cycle BAC samples regenerated by different levels of O, in N,
(after 5 cycles).

Samples regenerated with 625, 1,250, 2,500, 5,000, and 10,000 ppm, O, in N, showed a
second wide peak between 500 and 800 °C (Figure 6-3). These peaks are attributed to stronger
adsorption interactions, such as chemisorption — consistent with previous literature (Magne and
Walker, 1986; Ferro-Garcia et al., 1993). The amplitude of this broad peak increased with
increasing O, concentration in the purge gas, contrary to the trend for the physisorption peak.
This may indicate that with increasing oxygen concentration, some compounds that would be
physically adsorbed in pure N, may undergo chemical reactions, forming chemisorbed species.

In summary, physisorption was the main contributor to heel formation with <5 ppm, O,, while a
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combination of physisorption and chemisorption contributed to heel formation at higher O,
levels. On a heel mass basis, these chemisorbed species appear to reduce the adsorption capacity
and shorten breakthrough time more than physisorbed species, as shown in Figure 6-1 and
Figure 6-2b, requiring more frequent replacement of the adsorbent.

The percentages of accumulated heel eliminated during thermal analysis of 5-cycle BAC
samples were calculated (Figure 6-4). The higher the heel removal percentage, the weaker the
energy of interaction associated with the formed heel. The highest removal percentage was
observed for < 5 ppm, O, while the rest of the cases were lower and similar. This is consistent
with the aforementioned heel formation mechanisms; physical adsorption for low O,
concentration (< 5 ppm, O;) in desorption purge gas and a combination of physisorption and

chemisorption for higher O, concentrations (625-10,000 ppm, O,).
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Figure 6-4. Percent of cumulative heel removed during DTG analysis (up to 800 °C) of different
5-cycle BACs. Data labels are presented as x + y where x and y correspond to mean and standard

deviation (n=2), respectively.
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XPS analysis was carried out on all BAC samples to determine surface elemental
composition (Table 6-2). Increases in oxygen and nitrogen content were observed when
comparing the regenerated 5-cycle BACs with virgin BAC. Nitrogen increases could be due to
accumulation of diethanolamine (the only nitrogen-containing compound in the test mixture) or
chemisorption of nitrogen from the purge gas. Similarly, oxygen increases could be due to
reactions between O, and adsorbates or chemisorption of oxygen from the purge gas to the
surface of the BACs. XPS analysis on a 5-cycle blank experiment (no adsorbate) performed on
virgin BAC showed only small increases in BAC nitrogen and oxygen content (Table 6-2),
indicating that the purge gas, independent of oxygen content, does not alter the chemical
properties of the BAC, and chemisorption of O, and N, is unlikely. Consequently,
diethanolamine is believed to be the main contributor to increases in BAC nitrogen content.
Diethanolamine has a high boiling point (271 °C) and has previously been shown to form heel
(Chakma and Meisen, 1989). Similarly, reactions between O, and organic adsorbates can form
oxygen-rich chemisorbed species, explaining the increase in surface oxygen content. Increases in
oxygen and nitrogen content were highest for 2,500, 5,000, and 10,000 ppm, O, and lowest for <
5 ppmy O,, which is consistent with and can be supported by mass balance cumulative heel
results (Figure 6-2).

BET surface area, micropore volume, and total pore volume of virgin, blank, and
regenerated BACs were measured to quantify the effect of heel on the adsorbent’s physical
properties (Table 6-2). Some adsorption sites remain occupied after regeneration, and, as a result,
the number of vacant sites quantified with N, adsorption decreased. Lower BET surface area,
total pore volume, and micropore volume were obtained for regenerated 5-cycle BACs compared

to virgin BAC. Reductions in BET surface area, micropore volume, and total pore volume for
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every 1% of mass balance cumulative heel were calculated (Table 6-2). Changes in micropore
volume and total pore volume were similar, confirming that heel was formed in micropores,
which comprise > 85% of the virgin BACs pore volume (Jahandar Lashaki et al., 2012a).
Previous research (with regeneration completed in < 5 ppm, O;) shows that BET surface area,
micropore volume, and pore volume decreases are linearly proportional to mass balance
cumulative heel (Jahandar Lashaki et al., 2012a), but this is not observed here. Cumulative heel
was 9, 16, 24, 35, and 34% higher for 625 ppm,, 1,250 ppm,, 2,500 ppmy, 5,000 ppm,, and
10,000 ppm, O,, respectively, compared to the < 5 ppm, O, sample, but BET surface area was 6
— 15% higher, micropore volume was 23 — 31% higher, and total pore volume was 8 — 16%
higher for samples exposed to > 625 ppm, O, during desorption. This is uncommon and
unexpected — as noted above, increased heel is expected to decrease surface area and pore
volumes (Jahandar Lashaki et al., 2012a). This behavior is not believed to be due to direct
reactions between O, and activated carbon sites that change the adsorbent’s physical properties
without depositing heel (i.e., pore widening or new pore formation to increase BET surface area,
total pore volume, and micropore volume). The 5-cycle blank experiment with 10,000 ppm, O,
(no adsorbate) had minimal impact on the physical properties and composition of BAC
(Table 6-2) and no significant mass loss/gain was observed (Figure 6-2a), indicating that even
the highest O, concentration used in this study does not alter the adsorbent’s structure.

Consequently, direct O,-C reactions are not likely.
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Table 6-2. Physical and chemical properties of virgin, blank, and regenerated (5-cycle and 50-cycle) Kureha BACs.

. . Change in Physical Chemical
Physical Properties . o .
Properties per 1% Heel | Properties
Carbon Carbon
Description Sample BET Micropore Total BET Micropore Total
Surface | BET C Volull)ne Pore Surface Volull)ne Pore C o N
Area constant (em’ /g) Volume Area (em’ /g) Volume | (%)* | (%) | (%)
(m’/g) (em’g) | (m’/g) (cm®/g)
Virgin Kureha 1371&2 413 0.50+0.01 | 0.57+0.01 NA NA NA 93.0 | 7.0 | 0.0
<sppm, | PR 0484001 | 0564000 | NA NA NA | 916 | 79 | 03
Blank Tests 132341 m
10,000 ppm, | > ? | 048:0.00 |0.57:001 | NA NA NA [ 919 | 76 | 03
<5ppm, | 484+19 243 0.13+0.01 | 0.25+0.02 | -46 -0.019 0.017 | 925 | 54 | 2.1
625 ppm, | 513423 274 0.1640.01 | 0.27+0.02 | -41 -0.016 0.014 | 81.4 | 11.4 | 7.2
B:dc/ﬁfter S| 1,250 ppm, | 523+5 298 0.16+0.00 | 0.28+0.00 |  -38 -0.015 0.013 | 79.2 | 12.1 | 8.7
S/Knegen
Cyclegs 2,500 ppmy | 533+12 329 0.16+0.01 | 0.28+0.01 -35 -0.014 0.012 | 752 | 13.7 | 11.1
5,000 ppm, | 558+9 348 0.17+0.01 | 0.28+0.01 -32 -0.013 0.011 | 76 | 133 | 10.7
10,000 ppmy | 552+7 334 0.17+0.01 | 0.27+0.01 32 -0.013 0012 | 753 | 13.8 | 109
BACSOAfter soppmy | 113322 | 2% | 040£0.00 |0.50£0.00 | NA NA NA | 927 72 | 01
Ads/Regen
Cycles 5,000 ppm, | NA NA NA NA NA NA NA | 797|197 | 0.6

? Relative atomic percentages (%C + %0 + %N = 100); Other elements not considered in surface composition
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The observed trends could be due to interactions between the quadrupole moment of N,
(adsorption probe molecule in this study) and oxygen-rich chemisorbed species (XPS results in
Table 6-2), which act as strong adsorption sites (Thommes et al., 2015), localizing the adsorption
(Gregg and Sing, 1982). As a result of localized adsorption, adsorbate molecules spend longer
times near these sites, which could make the adsorption kinetics slower, causing diffusional
limitations (Gregg and Sing, 1982). The aforementioned interaction could subsequently force the
nitrogen molecules to tilt away from parallel position on the adsorbent surface, resulting in a
smaller cross sectional area (as low as 13.5 A?) than the default one assumed in our calculations
(16.2 A?) (Jelinek and Kovats, 1994). In this case, nitrogen molecules are highly packed,
resulting in a potential overestimation of physical properties (i.e., BET surface area, pore
volume, etc.) by about 20% (Gregg and Sing, 1982; Jelinek and Kovats, 1994). The presence of
localized adsorption can be confirmed by a higher BET C constant (Gregg and Sing, 1982) for
samples regenerated in > 625 ppm, O, relative to < 5 ppm, O,, indicating higher adsorbent-
adsorbate interactions (Table 6-2). The BET C constant of regenerated samples (< 5 — 10,000
ppmy O,) was lower than the virgin, 5-cycle blank, and 50-cycle (50 ppm, O,) samples, because
regenerated samples have lower BET surface area and/or different history.

The presence of diffusional limitations is also supported by the time needed to achieve
the equilibrium criterion in obtaining N, adsorption isotherms on regenerated BACs. The
analysis duration was 111, 151, 160, 207, and 222 min per milligram of analyzed sample for 625
ppmy, 1,250 ppmy, 2,500 ppm,, 5,000 ppm,, and 10,000 ppm, O,, respectively, compared to
corresponding durations of 36 and 62 min per milligram of sample for virgin BAC and 5 ppm,
0O,, respectively. Specific surface areas of only these samples varied by ~15%, but the time

required for adsorption varied by 80-260%. Internal surface area is clearly accessible and not
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completely blocked or occupied, but the longer times required for adsorption indicate that greater
diffusion resistance has slowed the process, leading to earlier breakthrough (Figure 6-1) and
lower adsorption capacity (Figure 6-2b). Pore size distributions for regenerated 5-cycle BACs
were obtained to identify the location of the formed heel (Figure 6-5). In all cases, retained
adsorbates occupied micropores (pore width < 20 A). The BAC regenerated in < 5 ppm, O,
showed the greatest volume reduction for pores in the 5 — 8 A range. PSDs for all samples were
similar for pore width > 8 A. The lesser decrease in 5 — 8 A pores (peak at 6 A) at high oxygen
content (625 to 10,000 ppmy) despite greater heel accumulation is uncommon and unexpected.
This trend may again be explained by the specified interactions between oxygen-rich
chemisorbed species and quadrupole moment of nitrogen molecule, which may result in

overestimation of physical properties (PSD in this case).

0.2
—o— Virgin BAC
coodeee < § ppm
0.15 .
Increase in O, ====625 ppm
=% 1250 ppm

=@ =2500 ppm
= =5000 ppm
—& - 10000 ppm

d(V) (cm3/A/g)

4 g 2 16 20 40
Pore width (A)

Figure 6-5. Pore size distributions of 5-cycle BACs.
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6.3.5 Effect of Long-Term Exposure to Oxygen

Longer-duration adsorption/desorption testing was conducted using Mixture 2 as
adsorbate to confirm the shorter-duration (i.e., 5-cycle), more fundamental test results described
above. DTG analysis was carried out on two BAC samples that underwent 50
adsorption/regeneration cycles with regeneration occurring at 343 °C using a purge gas
composed of 50 ppm, and 5,000 ppm, O, in N, (Figure 6-6). Similar to samples from the earlier
experiments (Figure 6-3), a peak (higher for higher O, regeneration) was observed at 50 °C in
both 50-cycle samples due to desorption of water vapor. Unlike Figure 6-3, no physisorption
peak was observed near 400 °C. Two factors may have contributed to this difference. First,
regeneration for 50-cycle samples was completed at 343 °C, higher than the regeneration
temperature used for 5-cycle samples (288 °C). Second, the adsorbates of the nine-component
mixture (Mixture 1) have higher boiling points than the adsorbates of the industrial plant mixture
(Mixture 2). Overall, the greater volatility of Mixture 2 and the higher desorption temperature
resulted in more complete removal of physisorbed species during regeneration and no

physisorption peak in the DTG curve.
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Figure 6-6. DTG analysis of 50-cycle BACs regenerated with N, purge gas with two O,
concentrations.

The sample regenerated with 5,000 ppm, O, exhibited a broad chemisorption peak
centered at 600 °C, similar to that observed for the 5-cycle samples exposed to high O, in the
desorption purge gas (Figure 6-3). The sample regenerated with 50 ppm, O, showed no
chemisorption peak. Trends observed in the 5-cycle experiments, therefore, are consistent with
these 50-cycle experiments. Both experiments suggest purge gas purity (in terms of O, content)
should be as high as possible (operationally and economically) to minimize heel formation on
BAC and maximize its lifespan.

Oxygen content for the 5,000 ppm, 50-cycle sample was 181% greater than virgin BAC
(Table 6-2), an increase about double that of the 5,000 ppm, 5-cycle sample (90% increase).
While the chemisorption peaks from both the 5- and 50-cycle samples occurred around 600 °C,

the intensity (peak height) of the chemisorption peak for the 50-cycle sample is likewise more
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than twice (Figure 6-6) that of the 5-cycle sample (Figure 6-3). These differences are attributed
to increased heel buildup and chemisorption with the greater number of adsorption cycles. In
contrast to the 5,000 ppm, sample, only a minor increase (4%) in oxygen content was observed
for the 50 ppm, O, BAC at 50 cycles, which is consistent with the lack of a chemisorption peak
in the DTG curve, showing small heel formation. Together, these results suggest regeneration
with high O, concentration leads to the chemisorption peak shown with DTG. Nitrogen content
of the 50-cycle samples was negligible (comparable to 5-cycle blank experiments) due to lack of
nitrogen-containing VOC:s in the industrial adsorbate mixture.

Micropore surface analysis could not be completed for the 5,000 ppm, O, sample due to
an excessively slow N, adsorption rate (> 250 min per mg of sample), most likely resulting from
large diffusion resistance. The analysis exceeded 250 min per milligram of sample, which for a
sample with a typical weight of 50 mg will take more than 8 days and was aborted by the
instrument. This behavior is consistent with the previously presented data that showed longer
analyses for samples with chemisorbed species because of diffusion resistance caused by
interactions between oxygen-rich chemisorbed species and quadrupole moment of N,.

This study is the first evidence for the detrimental effect of oxygen impurity in the
desorption purge gas on activated carbon lifetime. This effect can be controlled by using high
purity nitrogen to purge the adsorbent bed during regeneration to decrease irreversible
adsorption. Using lower purity nitrogen (e.g. 625 to 10,000 ppm, O in N;) as regeneration purge
gas, results in higher heel formation and shorter adsorbent lifetime. In this case, more frequent
reactivation /replacement of the adsorbent would be necessary. Both scenarios increase the
operational costs of the VOC abatement process. Further research on optimum N, purity and

detailed cost analysis would be helpful to find the most cost effective regeneration conditions.
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6.4 Conclusions

The effect of desorption purge gas oxygen content on the irreversible adsorption of
volatile organic compounds commonly emitted from industrial painting operations was
investigated. Regeneration with high oxygen concentration (625 to 10,000 ppm,) in the
desorption purge gas resulted in shorter breakthrough time, greater loss of adsorption capacity,
and greater cumulative heel accumulation compared to a low level of oxygen (< 5 ppm,),
indicating that an increase in purge gas oxygen content decreases the performance of the
adsorption/regeneration system. Based on derivative thermo-gravimetric analysis, chemisorption
plays a relatively more significant role than physisorption as a result of adsorbent exposure to
oxygen during regeneration. Micropore surface analysis confirmed increased diffusion resistance
likely associated with accumulation of chemisorbed species. Long-term exposure (50 cycles)
during regeneration with oxygen-containing purge gas resulted in trends similar to that of short-
term exposure (5 cycles). Fundamentally, these results help to explain mechanisms of
irreversible adsorption by evaluating how the degree of oxygen exposure during regeneration

impacts heel formation.
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CHAPTER 7. THE ROLE OF BEADED ACTIVATED CARBON’S
PORE SIZE DISTRIBUTION ON HEEL FORMATION DURING
CYCLIC ADSORPTION/DESORPTION OF ORGANIC VAPORS'

7.1 Introduction

Automotive painting booths are a major source of VOCs emissions in car manufacturing
sector (Papasavva et al., 2001; Kim, 2011). The emissions consist of aromatic hydrocarbons,
aliphatic hydrocarbons, esters, ketones, alcohols, ethers, etc. (Kim, 2011). Adsorption is an
established technology for removing VOCs from air (Hashisho et al., 2005, 2007, 2008; Ramos
et al., 2010) because it is relatively low cost, allows for adsorbate recovery, and is efficient, even
for low concentration contaminants (Dabrowski et al., 2005). However, a challenge with
adsorbing VOCs onto activated carbon is irreversible adsorption, or heel formation, which
prevents complete adsorbent regeneration and decreases its capacity and lifetime (Jahandar
Lashaki et al., 2012a). This increases operation and maintenance costs because more frequent
adsorbent replacement is necessary to maintain compliance with local regulations (Jahandar
Lashaki et al., 2012a).

Heel formation can be due to chemisorption (Yonge et al., 1985; de Jonge et al., 1996b),
adsorbate coupling (Dabrowski et al., 2005), or adsorbate decomposition (Ania et al., 2004;
Niknaddaf et al., 2014, 2016; Fayaz et al., 2015b). While physisorption is generally reversible
(Popescu et al., 2003), conditions exist where physical adsorption is difficult to reverse. These

scenarios may be associated with adsorbates with high boiling point and/or molecular weight

' A version of this chapter was presented at a conference: Jahandar Lashaki, M.; Atkinson, J.D; Hashisho, Z.;
Phillips, J.H.; Anderson, J.E.; Nichols, M. The impact of activated carbon’s pore size distribution on heel formation
during adsorption of organic vapors. In proceedings of American Institute of Chemical Engineers Annual Meeting,
Salt Lake City, UT, 2015.
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(Wang et al., 2012), or adsorbates with dimensions close to that of the adsorbent’s pores
(Jahandar Lashaki et al., 2012a). In the latter case, which is the focus of this work, strong
dispersive forces acting on adsorbates make regeneration difficult due to overlapping attractive
forces from neighboring pore walls (Jahandar Lashaki et al., 2012a).

The effect of various operational parameters on irreversible vapor-phase adsorption of
VOCs has been described in previous studies. An increase in the adsorption temperature from 25
to 45 °C increased irreversible adsorption of a mixture of nine organic compounds by about 30%
(Jahandar Lashaki et al., 2012a). An increase in the regeneration temperature from 288 to 400
°C, however, improved regeneration efficiency by 61% (Jahandar Lashaki et al., 2012a). The
effect of activated carbon’s SOGs on irreversible adsorption of organic vapors was investigated
(Jahandar Lashaki et al., 2014). Thermal analysis identified physisorption as the main heel
formation mechanism for adsorbents with low levels of SOGs (Jahandar Lashaki et al., 2014).
For adsorbent with high levels of SOGs, however, irreversible adsorption was attributed to
weakened physisorption combined with chemisorption due to consumption of SOGs by adsorbed
species (Jahandar Lashaki et al., 2014). The effect of desorption purge gas oxygen content (< 5
to 10,000 ppm,) on irreversible adsorption of two mixtures of organic vapors has also been
investigated (Jahandar Lashaki et al., 2015a). With increasing O, concentration from < 5 to
10,000 ppmy, accumulated heel increased by up to 35% and the fifth cycle adsorption capacity
decreased by up to 55% (Jahandar Lashaki et al., 2015a). Thermal analysis showed heel
formation due to physisorption for < 5 ppm, O, and a combination of physisorption and
chemisorption for samples regenerated at high O, concentrations (625 to 10,000 ppm,) (Jahandar

Lashaki et al., 2015a).
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The PSD of activated carbon, which is influenced by the organic precursor and the
activation method, affects adsorption performance (Chiang et al., 2002; Qiao et al., 2002; Lillo-
Rodenas et al., 2005; Li et al., 2011). With activated carbon being used in many environmental
engineering applications, carbon adsorbents with different PSDs can, generally, be readily
obtained from suppliers. The choice of the optimal PSD for a given application, however, can
prove difficult — especially when treating challenging adsorbates that promote heel formation.
Previous studies showed that narrow pores hamper oxidative coupling of phenols, decreasing
aqueous-phase irreversible adsorption (Lu and Sorial 2004a, 2004b, 2004c, 2007, 2009; Yan and
Sorial, 2011). Other studies show that narrow pores promote physical adsorption, increasing
irreversible adsorption (Qin et al., 2009; Jahandar Lashaki et al., 2012a). From an adsorption
perspective, micropores enhance adsorption capacity due to their higher adsorption energy
(Hashisho et al., 2007). Their presence in the structure of the adsorbent, therefore, is necessary to
ensure the effectiveness of the mitigation process. Larger pores, however, are often associated
with lower organic adsorption capacities because of decreased adsorption energy, resulting in
higher adsorbate elimination during regeneration (i.e., lower heel formation). A balance between
reversibility and capacity, therefore, must be sought when selecting the most effective activated
carbon adsorbent for systems using on-site regeneration.

Previous studies of the effect of adsorbent porosity on irreversible adsorption of organic
compounds focused on phenols (e.g. phenol, 2-methylphenol, 2-ethylphenol) in water, for which
oxidative coupling is the main contributor to irreversible adsorption (Dabrowski et al., 2005;
Soto et al., 2011). Such coupling has not been reported in the gas phase, thus it is also essential
to expand these studies to include non-phenolic compounds of industrial significance. Therefore,

it is important to assess the contribution of adsorbent porosity to heel formation during gas-phase



165
capture of a mixture of industrially-relevant organic compounds. A better understanding of the
factors contributing to heel formation can aid in the reduction of heel buildup and maximization
of carbon lifetime. Specifically, considering the one-time cost of adsorbent preparation versus
repeated energy consumption during regeneration cycles over the lifetime of the adsorbent, it
may be more efficient and cost effective to develop physically-tailored materials that resist heel
buildup than it is to intensify regeneration techniques to remove formed heel. This work,
therefore, provides data to help identify preferred PSDs for gas-phase, industrial adsorbents used

in adsorption/regeneration systems for control of VOCs.

7.2 Materials and Methods

7.2.1 Adsorbents
Five BACs (B100777, B101412, B102546, and B102076 supplied by Blucher GmbH,
and G-70R supplied by Kureha Corporation) were used. The BACs were selected because they
have similar surface chemical compositions but varying physical properties, allowing for
isolating the PSD contributions to heel formation. Prior to use, BACs were dried in air at 150 °C
for 24 h and stored in a desiccator.
7.2.2 Adsorbate
The adsorbates were tested as a mixture primarily prepared in liquid phase by mixing
equal parts (by volume) of nine organic compounds, representing different organic groups
commonly present in automotive paint solvents including aliphatic hydrocarbons, aromatic
hydrocarbons, esters, ethers, alcohols, ketones, polyaromatic hydrocarbons, and amines. The
mixture was subsequently tested in gas phase (total concentration of 500 ppmy). The
concentration of the mixture components in the gas phase were as follows (all in ppm,): n-

decane, 36; 1,2,4-trimethylbenzene, 52; 2,2-dimethylpropylbenzene, 41; n-butylacetate, 54; 2-
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butoxyethanol, 54; 1-butanol, 77; 2-heptanone, 51; naphthalene, 63; and diethanolamine, 72
(Jahandar Lashaki et al., 2012a, 2014, 2015a). The components of the mixture have a wide range
of boiling points (118 to 271°C) and kinetic diameters (4.3 to 6.8 A) (Jahandar Lashaki et al.,
2012b), and previously showed a high tendency to form heel (Jahandar Lashaki et al., 2012a;
Wang et al., 2012). Using a mixture of organic compounds as test adsorbate provides an
adsorbate stream that is more representative of VOCs generated from vehicle painting operations
(Kim, 2011; Jahandar Lashaki et al., 2012a; Wang et al., 2012).
7.2.3 Setup and Methods

The experimental setup and methods are described in previous studies (Jahandar Lashaki
et al., 2012a, 2014, 2015a; Wang et al., 2012; Tefera et al., 2013a). The setup included a stainless
steel adsorption/regeneration tube, organic vapor generation system, organic vapor detection
system, power application module, and DAC system. For all experiments, 4.0 + 0.1 g of dry
BAC was added to the adsorption/regeneration tube between quartz wool plugs. Organic vapors
were generated by using a syringe pump (kd Scientific, KDS-220) to inject the adsorbate mixture
into a 10 SLPM air stream, generating a constant concentration (500 ppm,) adsorbate stream.
The flow rate of the gas stream was controlled with a mass flow controller (Alicat Scientific).
The organic vapor detection system consisted of a photoionization detector (Minirae 2000, Rae
Systems) to monitor the concentration during adsorption. Adsorption cycles lasted 240 min,
providing full saturation of the BAC, as determined by equal inlet and outlet VOC
concentrations (500 ppmy).

The power application module used for regeneration consisted of heating (Omega) and
insulation tapes (Omega) wrapped around the adsorption/regeneration tube. A DAC system

consisting of a LabVIEW program (National Instruments) and a data logger (National
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Instruments, Compact DAQ) equipped with analog input and output modules controlled and
logged the bed temperature. Temperatures of 25 and 288 °C (measured in the center of the BAC
bed using type K thermocouple) were used during adsorption and regeneration, respectively.
Regeneration was completed by heating the adsorption/regeneration tube for 3 h with 1 SLPM
N, and then cooling for 50 min while continuing the N, purge.
Mass balance was used to quantify adsorption capacity and cumulative heel formation, as

follows:

Wuyp — W
Adsorption capacity (%) = —= 54
Wheac

where W, is the BAC weight after adsorption, Wp, is the BAC weight before adsorption, and
Wgac is the initial dry BAC weight.

The term “mass balance cumulative heel” is used to characterize the total accumulated
adsorbate after 5 successive adsorption/regeneration cycles and is calculated as follows:

War = Wea 100
Wsac

Mass balance cumulative heel (%) =

where War is the BAC weight after the last (5™ regeneration cycle.

Regenerated BAC samples were characterized after the 5™ adsorption/regeneration cycle.
Adsorption/regeneration experiments were duplicated, and average values are reported herein.

7.2.4 BAC Characterization

BAC samples were characterized before and after cycling using a micropore surface
analyzer (i1Q2MP, Quantachrome). N, adsorption was performed at -196 °C. Samples were
degassed for 5 h at 120 °C prior to analysis. Specific surface area was calculated by the BET
method (Brunauer et al., 1938) from relative pressures ranging from 0.01 to 0.07, which allowed

for high coefficient of determination (R?) values and positive BET constants (C). Total pore
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volume was recorded at P/Py = 0.975 (Quantachrome Autosorb 1 Operating Manual, 2006). The
QSDFT method provided pore size distributions, and the V-t method provided micropore volume
(Quantachrome Autosorb 1 Operating Manual, 2006). Microporosity (%) was calculated by
dividing micropore volume into total pore volume.

Surface elemental composition (C, O, and N) of all BACs was determined with XPS
using an AXIS 165 spectrometer (Kratos Analytical). Survey scans were collected for binding
energy spanning from 1100 eV to 0 with analyzer pass energy of 160 eV and a step of 0.4 eV.
CasaXPS Software was used to process the scans and the results were reported in terms of
atomic concentration.

Virgin BAC samples were analyzed using Boehm titration to determine the concentration
of different SOGs (Boehm, 1994). Triplicate 50 mg of BAC samples were shaken in 5 mL of
0.05 M NaHCOs, Na,COs, and NaOH for 24 h using a wrist shaker (Burrell Scientific). The
solution was separated from the carbon sample. Excess 0.05 M HCI (2:1 volume ratio for
NaHCO; and NaOH, and 3:1 volume ratio for Na,COs) was then added to ensure acidity,
followed by one or two drops of phenolphthalein indicator. Finally, the solutions were back-
titrated with 0.05 M NaOH solution until reaching a faint but permanent pink color. The
concentrations of various SOGs were calculated assuming NaHCO; neutralizes carboxylic
groups (including carboxylic anhydrides), Na,COs neutralizes carboxylic and lactonic groups,
and NaOH neutralizes carboxylic, lactonic, and phenolic groups (Boehm, 1994).

The thermal stability of formed heel was assessed using DTG analysis (TGA/DSC 1,
Mettler Toledo). The weight of the sample was measured as it was heated from 25 to 800 °C at 2
°C/min in 50 SCCM of N,. The slow heating rate provides high peak resolution. Percentages of

accumulated heel eliminated during DTG analysis were calculated. Cumulative weight loss at
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800 °C was corrected based on weight loss of the corresponding virgin BAC. This was then

divided by mass balance cumulative heel to determine percent heel removal.
7.3 Results and Discussion

7.3.1 Characterization of Virgin BACs

Virgin BACs were characterized before 5-cycle adsorption/regeneration experiments
(Table 7-1). All samples have micropore volume between 0.40 and 0.52 cm’/g, indicating a
strong capability to adsorb organic vapors, even at low concentrations. Samples B100777,
B101412, B102546, and G-70R have similar micropore volume (0.49 to 0.52 cm3/g), while the
micropore volume of B102076 is about 20% lower (0.40 cm3/g). BET surface area (1097 to 1835
mz/g) and total pore volume (0.51 to 1.71 cm3/g) of the BACs explain the differences in
microporosity (30 to 88%).

PSDs for all BACs were also measured (Figure 7-1). All samples have a substantial
micropore contribution (= 30%, for all samples, Table 7-1) with a pore volume of 0.25 to 0.28
cm3/g for pores < 8 A. This pore size is similar to the size of common VOCs (6+2 A) (Jahandar
Lashaki et al., 2012b), providing high adsorption affinity (Figure 7-1a). PSD differences are
observed in the mesopore region where B100777 shows the highest mesopore volume followed

by B101412, B102546, B102076, and G-70R (Figure 7-1b).



Table 7-1. Physical and chemical properties of BACs before and after cycling.
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Physical Properties Surface Composition
BET Total
Carbon Carbon Micropore
Surface Pore Microporosity C (0} N
Description | Sample Volume
Area 5 Volume (%) %) | (%) | (%)*
) (em'/g) .
(m’/g) (cm’/g)
B100777 1835 0.52 1.71 30 93.7 | 6.3
BAC
B101412 1658 0.51 1.18 43 939 | 6.1
Before No
B102546 1400 0.49 0.63 78 93.3 6.7
Ads/Regen Peak
G-70R 1359 0.50 0.57 88 93 7
Cycles
B102076 1097 0.40 0.51 78 926 | 74
B100777 1032 0.15 1.29 12 927 | 49 2.4
BAC
B101412 850 0.17 0.78 22 93.1 4.4 2.5
After
B102546 611 0.17 0.30 47 93.1 4.7 2.2
Ads/Regen
G-70R 465 0.13 0.21 52 92.5 54 2.2
Cycles
B102076 387 0.08 0.16 50 93.0 | 52 1.8

? Relative atomic percentages (%C + %0 + %N = 100); Other elements not considered in surface composition
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' (a) . (b)
0.2 1 ———— Virgin B100777 ——o— Virgin B100777
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S~ ~ . .
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370

Figure 7-1. PSD analysis of BACs: (a) micropore (< 20 A) and (b) mesopore (20-500 A)

regions.
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DTG analysis evaluated the temperature stability of the virgin BACs (Figure 7-2). For all
samples, a DTG peak at 50 °C is attributed to desorption of water vapor accumulated during
exposure to ambient air prior to analysis (Popescu et al., 2003). No additional mass loss occurred
until about 550-600 °C and > 700 °C, attributed to removal of surface phenol groups and char

decomposition, respectively (Jahandar Lashaki et al., 2014).

0.004
—~ * Virgin B100777 = Virgin B101412
P x Virgin B102546 e Virgin G-70R
n .
2 0003 - 4 Virgin B102076
~—
=
=1V
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<)
= 0.002 -
X
-
=
= 0.001 -
= L
=
w
O .
0 200 400 600 800
Temperature (°C)

Figure 7-2. DTG analysis of different virgin BACs.

According to XPS results, all BACs have similar surface chemistry, including negligible
nitrogen content and similar oxygen content (6.1 to 7.4%, Table 7-1). Boehm titration was also
completed on all virgin samples to determine the concentration of different SOGs (Figure 7-3).
Similar levels of phenol functional group were found on all virgin samples while no carboxyl
and lactone groups were detected. Overall, pre-adsorption characterization results confirms that
the carbons have similar chemical properties (i.e., nitrogen and oxygen content, and SOGs) but

different physical properties (i.e., porosity), as intended.
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Figure 7-3. Boehm titration of different virgin BACs.

7.3.2 Adsorption/Regeneration Cycles

Five cycles of breakthrough curves for the VOC test mixture were obtained for all BACs

to assess adsorption performance (Figure 7-4). The longest breakthrough time for first adsorption

cycle was observed for B10777 followed by B101412, B102546, G-70R, and B102076,

consistent with the surface area and porosity data in Table 7-1. For all samples, breakthrough

time decreased with cyclic use, indicating that regeneration at 288 °C did not completely remove

the adsorbed organic vapors, resulting in heel formation. If additional cycles (i.e., > 5) were run,

breakthrough time would continue to decrease until the BAC becomes spent, requiring

replacement. Breakthrough times during the fifth adsorption cycle followed the same rank order

as the first adsorption cycle.
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Figure 7-4. Breakthrough curves of different BACs.
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Mass balance cumulative heel values are compared in Figure 7-5a. Accumulated heel
after 5 cycles was similar for B100777, B101412, B102546, and G-70R but 20% lower for
B102076. This difference is attributed to differences in the micropore volumes of the BAC
samples (Table 7-1). A strong correlation (R* = 0.91) was found between cumulative heel
percentage and micropore volume (Figure 7-5b), while the correlation with total pore volume
was much weaker. Larger micropore volume can increase heel formation because of overlapping
attractive forces from opposing pore walls (Jahandar Lashaki et al., 2012a). This phenomenon
increases adsorption energy, necessitating higher energy input during regeneration (Qin et al.,
2009). Regeneration at 288 °C does not suffice for achieving complete removal of adsorbates,
causing substantial heel formation (Jahandar Lashaki et al., 2012a).

Adsorption capacities and breakthrough times for the BACs (i.e., for the first adsorption
cycle) are described in Figure 7-6a. First cycle adsorption capacities were between 49.8 + 0.6
and 77.9 = 0.7% and breakthrough times were between 47 + 1 and 100 + 3 min. Adsorption
capacities and breakthrough times correlate more closely with total pore volume of the BACs (R?
of 0.87 and 0.93, respectively) than with micropore volume (R of 0.70 and 0.58, respectively),

indicating that BAC mesopores contribute to organic vapor adsorption (Figure 7-6b).
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Figure 7-5. Mass balance cumulative heel after 5 successive adsorption/regeneration cycles: (a)
Comparison of different BACs, (b) Correlations to micropore and total pore volumes of the
virgin BAC. Data labels are presented as x = y where x and y correspond to mean and standard

deviation (n=2), respectively.
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After 5-cycle adsorption/regeneration experiments, for every 1% of adsorption capacity,
0.25, 0.26, 0.30, 0.33, and 0.31% of cumulative heel was formed for B100777, B101412,
B102546, G-70R, and B102076, respectively, which correspond to overall desorption efficiency
of 75, 74, 70, 67, and 69%. This indicates that B100777 and B101412 exhibited the best
performance among the BACs, likely due to mesopore contributions to adsorption but not to heel
formation. This is also consistent with their low microporosity (30 and 43% for B100777 and
B101412, respectively). G-70R, with the highest microporosity (88%), retained the highest
portion of adsorbed VOCs as heel. To avoid confusion, this does not mean that solely
mesoporous carbons are the ideal adsorbents for this application because zero micropore volume
would significantly decrease the adsorption capacity, especially at low VOC concentrations

where mesopores have low adsorption affinity.
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7.3.3 Characterization of Regenerated BACs

DTG curves for regenerated adsorbents are shown in Figure 7-7 to compare the thermal
stability of the heel formed on different BACs. All samples began losing mass around 300 °C,
which is slightly higher than the BAC regeneration temperature used (288 °C). The largest peak
is located at approximately 400 °C for all samples, which is higher than the boiling points of the
species in the mixture (ranging from 118 to 271 °C). The peak was similar for B100777,
B101412, B102546, and G-70R while it was lowest for B102076. These results are consistent
with the mass balance cumulative heel results shown in Figure 7-5a, where B102076 showed the
lowest heel. This peak could be attributed to non-desorbed physisorbed species resulting from
superposition of wall effects in pores comparable in size to adsorbed species and/or diffusional
limitations associated with the narrow micropores of the adsorbent, especially in the case of

bulky adsorbates (e.g. naphthalene, diethanolamine) (Jahandar Lashaki et al., 2012a, 2014,

2015a).
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Figure 7-7. DTG analysis of different regenerated BACs. Note same scale as Figure 7-2.
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The area under the DTG peak corresponds to the amount of heel removed during the
DTG analysis (Figure 7-7). Due to differences in mass balance cumulative heel between BAC
types, a direct comparison between the samples in terms of heel removal during thermal analysis
is difficult. Percentages of heel eliminated during thermal analysis were calculated to better
assess heel strength (Figure 7-8). Similar percentages (65.4 to 67.1 %) of heel were removed
from all samples, so no differences in heel strength are notable. This again suggests a similar
heel formation mechanism for all samples (i.e., non-desorbed physisorption), possibly because
all of the BAC materials have similar narrow micropore volumes (between 0.25 and 0.28 cm’ /g
for pores < 8 A). These pores are comparable in size to the organic compounds tested (6+2 A)
(Jahandar Lashaki et al., 2012b), and they therefore, should be the highest energy sites for
physical adsorption (Qiao et al., 2002; Jahandar Lashaki et al., 2012a).

Physical properties of regenerated BACs were also characterized (Table 7-1) to identify
the changes in the physical properties of the regenerated adsorbents as a result of heel formation.
As expected, all of the measured physical parameters (i.e., BET surface area, micropore volume,
and total pore volume) decreased as heel accumulated (Jahandar Lashaki et al., 2012a).
Desorption at 288 °C does not yield complete regeneration for this mixture (Jahandar Lashaki et
al., 2012a), so certain adsorption sites remain occupied after regeneration, and, as a result, vacant
sites (as quantified with N, adsorption) decreased. Micropore volume reductions between 65 and
80% were observed for all samples following cyclic adsorption/regeneration experiments,
compared to their virgin counterparts (Table 7-1), because of the predominant contribution of
these pores to heel formation. This is consistent with the lower reductions in mesopore volume

(ranged between 0 and 27%) for the samples.
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For every 1% of mass balance cumulative heel, BET surface area decreased between 42
and 45 m”/g, micropore volume decreased between 0.017 and 0.020 cm®/g, and total pore volume
decreased between 0.018 and 0.022 cm’/g. Independent of the mass of heel formed, a given
amount of heel caused a similar change in BAC physical properties for each BAC type. To be
clear, this does not mean that relative impacts after 5 cycles are equal — virgin BACs with less
surface area and pore volume (e.g. B102076) are impacted the most by a given amount of
accumulated heel, as evidenced by a short breakthrough time during the 5™ adsorption cycle
(Figure 7-4). Note also that because changes in micropore and total pore volumes are similar,
heel is preferentially being deposited in the higher energy, more narrow pores (Jahandar Lashaki

et al., 2012a), as discussed before.
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XPS analyses of regenerated samples are included in Table 7-1. Universal increases in
nitrogen content were observed when comparing the BACs before and after cycling. Nitrogen
increases are attributed to irreversibly adsorbed diethanolamine, since this is the only nitrogen-
containing compound in the test mixture and the nitrogen purge gas does not react with the
adsorbent (Jahandar Lashaki et al., 2015a). Diethanolamine has a high boiling point (271 °C) and
has previously been shown to form heel (Chakma and Meisen, 1989; Jahandar Lashaki et al.,
2014, 2015a). The lowest increase in surface nitrogen content was observed for B102076,
consistent with this BAC showing the lowest mass balance cumulative heel Figure 7-5a.

Determining PSDs for regenerated BACs helps identify the location of the formed heel.
Similar PSDs were obtained for regenerated B100777, B101412, B102546, and G-70R BACs
while B102076 showed notably less nitrogen adsorption (Figure 7-9a). This is consistent with
porosity data in Table 7-1, where regenerated B102076 showed less micropore and total pore
volume than other BACs. Similar PSDs for the other BACs, specifically in the micropore region
(Figure 7-9a) supports similarities in mass balance cumulative heel results (Figure 7-5a).

For all samples, changes within the micropore region (pore width < 20 A) are observed
after regeneration. Retained adsorbates were most notable in the narrow micropore region (< 8
A) (Figure 7-9b to f). Similar results were revealed by Rivera-Utrilla et al. (2003). Smaller

amounts of retained heel were observed in the mesopore region, relative to micropores.
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Figure 7-9. Pore size distribution of virgin and regenerated BACs.

In summary, four BAC samples having different porosity characteristics accumulated a
similar mass of heel (Figure 7-5a) with similar DTG characteristics (Figure 7-7), which caused

similar breakthrough changes (Figure 7-4) and resulted in similar pore volume decreases



183

(Table 7-1) over a similar pore size range (Figure 7-9). A fifth BAC, with the lowest micropore
volume, accumulated the least heel, but also had the lowest initial adsorption capacity. The PSDs
help describe how the carbons lost much of their adsorption capability after 5 cycles. In an
emissions control system, such carbons would need to be periodically replaced by virgin carbon
with increased costs associated with the new adsorbent, disposal of the spent adsorbent, and the

associated labor.
7.4 Conclusions

The effect of adsorbent porosity on heel formation during capture of a mixture of organic
compounds commonly emitted from automobile painting operations was investigated using five
BACs with similar chemical properties but different pore size distributions. Similar mass balance
cumulative heel was observed for BACs with similar micropore volume while it was 20% lower
for the BAC with lowest micropore volume, showing a strong correlation (R* = 0.91) with
micropore volume. First cycle adsorption capacities and breakthrough times, however, correlated
linearly (R* equal to 0.87 and 0.93, respectively) with BAC total pore volume, not its micropore
volume (R* of 0.70 and 0.58, respectively). This indicates that BAC mesopores contribute to
organic vapor adsorption but not to heel formation. Based on DTG analysis, non-desorbed
physisorption was observed for all BACs. Similar percentage of heel was eliminated during DTG
analysis of all BACs, suggesting same heel strength due to presence of similar volumes of high
energy adsorption sites (pore width < 8 A) in them. Fundamentally, these results show that
adsorbents consisted of notable volumes of micropores and mesopores perform better in terms of

adsorption capacity and depict longer lifetime when used in cyclic adsorption/regeneration.
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Dissertation Overview

Automotive painting operations are the main source of VOC emissions from car
manufacturing sector. Increasingly stringent regulations on VOC emissions warrant continuous
research to develop more effective technologies to mitigate emissions of these pollutants. This
research aimed at understanding and improving gas phase capture of VOCs from car painting

operations by carbon-based adsorbents.
8.2 Summary of Findings

Chapter 3 investigated the effect of the KD of the reference adsorbate on the accuracy of
the D-R equation for predicting the adsorption isotherms of organic vapors on microporous AC.
It was found that the kinetic diameter of the adsorbate is the main factor affecting the accuracy of
the D-R equation; the choice of the reference adsorbate in the D-R equation should take into
consideration the kinetic diameter of the adsorbate. Choosing a reference adsorbate with a kinetic
diameter similar to that of the test adsorbate resulted in better prediction of the adsorption
isotherm with the D-R equation while a reference adsorbate with smaller or larger kinetic
diameter compared to that of the test adsorbate would overestimate or underestimate the
adsorption capacity, respectively.

The effect of adsorption and regeneration temperature on the irreversible adsorption of a
mixture of organic compounds was investigated in Chapter 4. Based on results, increasing the
adsorption temperature from 25 to 45 °C increased heel buildup on BAC by about 30%,
independent of the regeneration temperature. In this case, the BAC progressively loses its
adsorption capacity with more cycles; consequently, it is better to complete the adsorption

process at the lowest possible temperature to preserve the adsorption capacity of the BAC.
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Applying more energy by increasing the regeneration temperature enhanced the regeneration
efficiency independent of the adsorption temperature and eliminated more adsorbates from the
narrow micropores and increased the lifetime of the BAC. BET surface area and pore volumes of
the BAC decreased significantly because of higher cumulative heel. Pore size distribution
confirmed that narrow micropores have a significant role in the accumulation of adsorbates
inside the pores of the BAC. The measured reduction in pore volume due to heel formation was
larger than the calculated one, possibly due to blockage of narrow micropores.

In Chapter 5, the effect of AC’s SOGs on irreversible adsorption of organic vapors was
investigated. For the different BAC samples, mass balance cumulative heel was 14 and 20%
higher for oxygen functionalized and hydrogen-treated BACs, respectively, relative to heat-
treated BAC. DTG results, showed heel formation due to physisorption for heat-treated and
hydrogen-treated BACs, and weakened physisorption combined with chemisorption for nitric
acid-treated BAC. Chemisorption was attributed to consumption of SOGs by adsorbed species,
resulting in formation of high boiling point oxidation byproducts or bonding between the
adsorbates and the SOGs.

The effect of desorption purge gas oxygen impurities on irreversible adsorption of
organic vapors was studied in Chapter 6. With increasing O, concentration (< 5 — 10,000 ppmy),
mass balance cumulative heel increased by up to 35% and the fifth cycle adsorption capacity
decreased by up to 55% relative to baseline scenario (< 5 ppm, O; in N;). DTG analysis showed
heel formation due to physisorption for < 5 ppm, O, and a combination of physisorption and
chemisorption samples regenerated in 625 — 10,000 ppm, O,. BAC samples exposed to 50
successive adsorption/regeneration cycles showed trends consistent with short-term exposure (5

cycles).
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Chapter 7 explored the effect of AC’s PSD on heel formation during adsorption of
organic vapors. Heel formation was linearly correlated (R* = 0.91) with BAC micropore volume;
heel for the BAC with the lowest micropore volume was 20% lower than the BAC with the
highest micropore volume. First cycle adsorption capacities and breakthrough times correlated
linearly (R* equal to 0.87 and 0.93, respectively) with BAC total pore volume. A greater portion
of adsorbed species are converted into heel on highly microporous adsorbents due to higher share

of high energy adsorption sites in their structure.
8.3 Significance of the Research

A better understanding of the factors enhancing the irreversible adsorption is constructive
in finding ways to decrease heel buildup and eventually increasing the lifetime of the adsorbent.
By using the outcomes of this research, measures can be determined to diminish the magnitude
of irreversible adsorption. Some of the outcomes of this research have been implemented in full
scale adsorbers controlling VOC emissions from automobile painting operations, resulting in
savings associated with the cost of the adsorbent, disposal of the spent adsorbent, and labor cost
to replace the adsorbent. In addition, this work contributed to bridging the knowledge gap
regarding the irreversible adsorption of VOCs from gas phase onto AC. The outcomes of this
investigation can also be useful in designing an effective abatement system for capturing of

organic vapors from polluted gaseous streams.
8.4 Recommendations for Future Work
This research investigated the effect of various operational parameters such as adsorption

and regeneration temperature, adsorbent surface oxygen groups, desorption purge gas oxygen

content, and adsorbent porosity on irreversible adsorption of organic vapors. Based on the
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obtained results and conclusions, the following recommendations can be made for future

research:

1.

Many VOC laden gas streams contain water vapor, which can compete with organic
adsorbates on available adsorption sites. Water vapor adsorption on activated carbon is
negligible at relative humidities below 50%, therefore, polluted gas streams are usually
heated prior to adsorption to reduce the relative humidity and minimize competitive
adsorption between water vapor and organic compounds. As shown in Chapter 4 of the
present work, increasing adsorption temperature can result in higher irreversible adsorption.
Consequently, future work on irreversible adsorption of organic vapors should take into
consideration the impact of relative humidity of the gas stream on this phenomenon. An
optimum adsorption temperature may be determined for concurrent minimization of the
competitive adsorption and heel formation.

This study used high purity nitrogen and mixtures of nitrogen and oxygen as regeneration
purge gas. Producing high purity nitrogen is costly and oxygen impurities increase
irreversible adsorption (Chapter 6). Alternative purge gases could be used to reduce the
operational cost and irreversible adsorption at the same time. Future work should investigate
the impact of other regeneration purge gases such as CO,, CO, + H,0O, N, + H,0, flue gas
(N, + CO; + H,0), and O3 on irreversible adsorption of organic vapors.

The effect of adsorbent porosity on irreversible adsorption of organic vapors was investigated
in Chapter 7. Additional testing is required to shed some light on the effect of adsorbent
porosity on adsorption and regeneration performance. Future work should explore the impact
of this parameter on adsorption and regeneration kinetics, and competitive adsorption. GC-

MS analysis of effluent gas during adsorption and regeneration can be used for this purpose.
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4. All the successive adsorption/regeneration experiments on our bench-scale setup were
completed for 5 cycles, however, in real world conditions, heel formation and/or
transformation happens over a long period of time. Consequently, it is useful to monitor heel
nature/characteristics over many adsorption/regeneration cycles to get a more realistic
understanding of heel formation. For this purpose, an automated adsorption/regeneration
setup could be built to test the effect of various parameters including adsorbate type (i.e.,
different functionalities), regeneration temperature and duration, and desorption purge gas
type and flow rate. BAC samples may be collected every few cycles and characterized in
terms of BET surface area, pore volume, PSD, XPS, and TGA to elucidate the long-term

changes in physical and chemical properties of the adsorbent as well as in heel nature.
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Figure Al. Measured and predicted, gravimetric adsorption isotherms for (a) n-hexane, (b)

acetone (c) benzene, (d) p-xylene, (¢) m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane,

and (i) 2-propanol using n-hexane (KD=4.3 A) as reference adsorbate.
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Figure A2. Measured and predicted, volumetric adsorption isotherms for (a) n-hexane, (b)
acetone (c) benzene, (d) p-xylene, (e) m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane, (i)
2-propanol, (j) 1-butanol, (k) toluene, (I) THF, and (m) o-xylene using n-hexane (KD=4.3 A) as

reference adsorbate.
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(i) 2-propanol (KD=4.7 A)
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Figure A3. Measured and predicted, gravimetric adsorption isotherms for (a) n-hexane, (b)
acetone (c) benzene, (d) p-xylene, (¢) m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane,

and (i) 2-propanol using acetone (KD=4.4 A) as reference adsorbate.
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Figure A4. Measured and predicted, volumetric adsorption isotherms for (a) n-hexane, (b)
acetone (c) benzene, (d) p-xylene, () m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane, (1)
2-propanol, (j) 1-butanol, (k) toluene, (1) THF, and (m) o-xylene using acetone (KD=4.4 A) as

reference adsorbate.
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Figure AS5. Measured and predicted, gravimetric adsorption isotherms for (a) n-hexane, (b)
acetone (c) benzene, (d) p-xylene, (¢) m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane,

and (i) 2-propanol using benzene (KD=5.85 A) as reference adsorbate.
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Figure A6. Measured and predicted, volumetric adsorption isotherms for (a) n-hexane, (b)

acetone (c) benzene, (d) p-xylene, (e) m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane, (1)
2-propanol, (j) 1-butanol, (k) toluene, (1) THF, and (m) o-xylene using benzene (KD=5.85 A) as

reference adsorbate.
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Figure A7. Measured and predicted, gravimetric adsorption isotherms for (a) n-hexane, (b)
acetone (c¢) benzene, (d) p-xylene, (¢) m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane,

and (i) 2-propanol using m-xylene (KD=6.8 A) as reference adsorbate.
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Figure A8. Measured and predicted, volumetric adsorption isotherms for (a) n-hexane, (b)
acetone (c) benzene, (d) p-xylene, (e) m-xylene, (f) cumene, (g) 2-butanone, (h) cyclohexane, (i)
2-propanol, (j) 1-butanol, (k) toluene, (I) THF, and (m) o-xylene using m-xylene (KD=6.8 A) as

reference adsorbate.
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APPENDIX B: SUPPLEMENTARY DATA FOR CHAPTERS 4 TO 7
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Figure B1. Adsorption/regeneration experimental setup
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Table B1. Sample mass balance calculations (virgin BAC weight of 4.1 g)

Amount Amount adsorbed Cumulative heel | Cumulative
Cycle Heel (g)
adsorbed (g) (g/g BAC) (g/g BAC) heel (%)
#1 2.403 0.586 0.226 0.226 5.5
#2 2.157 0.526 0.185 0.445 10.9
#3 1.952 0.476 0.148 0.593 14.5
#4 1.788 0.436 0.127 0.720 17.6
#5 1.648 0.402 0.098 0.818 19.9
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Table B2. Sample DTG analysis calculations (heating rate of 2 °C/min)

Time (s) T sampte ("C) T reference (CC) | Mass loss (%) | dm/dt (% loss/s)
0 27.98 25.00 100.0000 0.00000
88 29.79 27.93 99.9706 0.00033

176 32.62 30.87 99.9321 0.00044
264 3542 33.80 99.8792 0.00060
352 38.19 36.73 99.8428 0.00041
440 40.95 39.67 99.8006 0.00048
528 43.71 42.60 99.7701 0.00035
616 46.49 45.53 99.7339 0.00041
704 49.27 48.47 99.7049 0.00033
792 52.05 51.40 99.6784 0.00030
880 54.84 54.33 99.6524 0.00030
968 57.64 57.27 99.6256 0.00030
1056 60.44 60.20 99.6100 0.00018
1144 63.27 63.13 99.5864 0.00027
1232 66.10 66.07 99.5636 0.00026
1320 68.91 69.00 99.5451 0.00021
1408 71.76 71.93 99.5303 0.00017
1496 74.60 74.87 99.5159 0.00016
1584 77.43 77.80 99.4944 0.00024
1672 80.29 80.73 99.4800 0.00016
1760 83.17 83.67 99.4691 0.00012
1848 86.04 86.60 99.4588 0.00012
1936 88.92 89.53 99.4463 0.00014
2024 91.79 92.47 99.4374 0.00010
2112 94.67 95.40 99.4239 0.00015
2200 97.55 98.33 99.4143 0.00011
2288 100.46 101.27 99.4062 0.00009
2376 103.36 104.20 99.3981 0.00009
2464 106.27 107.13 99.3891 0.00010
2552 109.19 110.07 99.3814 0.00009
2640 112.11 113.00 99.3726 0.00010
2728 115.02 115.93 99.3658 0.00008
2816 117.95 118.87 99.3587 0.00008
2904 120.87 121.80 99.3476 0.00013
2992 123.79 124.73 99.3444 0.00004
3080 126.73 127.67 99.3347 0.00011
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3168 129.67 130.60 99.3281 0.00008
3256 132.61 133.53 99.3270 0.00001
3344 135.54 136.47 99.3199 0.00008
3432 138.50 139.40 99.3192 0.00001
3520 141.44 142.33 99.3105 0.00010
3608 144.38 145.27 99.3097 0.00001
3696 147.33 148.20 99.3064 0.00004
3784 150.27 151.13 99.3059 0.00001
3872 153.23 154.07 99.2952 0.00012
3960 156.17 157.00 99.2925 0.00003
4048 159.13 159.93 99.2886 0.00004
4136 162.09 162.87 99.2805 0.00009
4224 165.04 165.80 99.2786 0.00002
4312 168.01 168.73 99.2773 0.00002
4400 170.97 171.67 99.2705 0.00008
4488 173.94 174.60 99.2709 -0.00001
4576 176.90 177.53 99.2711 0.00000
4664 179.86 180.47 99.2626 0.00010
4752 182.84 183.40 99.2641 -0.00002
4840 185.80 186.33 99.2589 0.00006
4928 188.76 189.27 99.2616 -0.00003
5016 191.74 192.20 99.2572 0.00005
5104 194.72 195.13 99.2545 0.00003
5192 197.66 198.07 99.2526 0.00002
5280 200.64 201.00 99.2536 -0.00001
5368 203.60 203.93 99.2467 0.00008
5456 206.57 206.87 99.2486 -0.00002
5544 209.54 209.80 99.2465 0.00002
5632 212.51 212.73 99.2438 0.00003
5720 215.46 215.67 99.2462 -0.00003
5808 218.45 218.60 99.2465 0.00000
5896 221.41 221.53 99.2411 0.00006
5984 224.40 224 .47 99.2423 -0.00001
6072 227.37 227.40 99.2465 -0.00005
6160 230.32 230.33 99.2395 0.00008
6248 233.31 233.27 99.2464 -0.00008
6336 236.27 236.20 99.2464 0.00000
6424 239.23 239.13 99.2431 0.00004
6512 242.20 242.07 99.2386 0.00005




234

6600 245.15 245.00 99.2448 -0.00007
6688 248.14 247.93 99.2465 -0.00002
6776 251.11 250.87 99.2465 0.00000
6864 254.08 253.80 99.2460 0.00001
6952 257.02 256.73 99.2443 0.00002
7040 259.99 259.67 99.2438 0.00001
7128 262.95 262.60 99.2456 -0.00002
7216 265.92 265.53 99.2465 -0.00001
7304 268.89 268.47 99.2465 0.00000
7392 271.84 271.40 99.2465 0.00000
7480 274.81 274.33 99.2440 0.00003
7568 277.76 277.27 99.2442 0.00000
7656 280.71 280.20 99.2422 0.00002
7744 283.68 283.13 99.2406 0.00002
7832 286.65 286.07 99.2386 0.00002
7920 289.60 289.00 99.2388 0.00000
8008 292.55 291.93 99.2424 -0.00004
8096 295.51 294.87 99.2444 -0.00002
8184 298.46 297.80 99.2462 -0.00002
8272 301.42 300.73 99.2465 0.00000
8360 304.37 303.67 99.2465 0.00000
8448 307.32 306.60 99.2464 0.00000
8536 310.27 309.53 99.2446 0.00002
8624 313.23 312.47 99.2463 -0.00002
8712 316.17 315.40 99.2454 0.00001
8800 319.12 318.33 99.2465 -0.00001
8888 322.05 321.27 99.2465 0.00000
8976 325.01 324.20 99.2465 0.00000
9064 327.95 327.13 99.2465 0.00000
9152 330.90 330.07 99.2450 0.00002
9240 333.84 333.00 99.2475 -0.00003
9328 336.78 335.93 99.2488 -0.00001
9416 339.72 338.87 99.2472 0.00002
9504 342.67 341.80 99.2464 0.00001
9592 345.61 344.73 99.2471 -0.00001
9680 348.55 347.67 99.2456 0.00002
9768 351.50 350.60 99.2466 -0.00001
9856 354.43 353.53 99.2465 0.00000
9944 357.37 356.47 99.2465 0.00000
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10032 360.30 359.40 99.2474 -0.00001
10120 363.25 362.33 99.2451 0.00003
10208 366.17 365.27 99.2404 0.00005
10296 369.11 368.20 99.2460 -0.00006
10384 372.04 371.13 99.2465 -0.00001
10472 374.97 374.07 99.2464 0.00000
10560 37791 377.00 99.2388 0.00009
10648 380.84 379.93 99.2393 -0.00001
10736 383.77 382.87 99.2414 -0.00002
10824 386.70 385.80 99.2463 -0.00006
10912 389.64 388.73 99.2436 0.00003
11000 392.55 391.67 99.2388 0.00006
11088 395.48 394.60 99.2465 -0.00009
11176 398.40 397.53 99.2421 0.00005
11264 401.32 400.47 99.2386 0.00004
11352 404.25 403.40 99.2402 -0.00002
11440 407.18 406.33 99.2436 -0.00004
11528 410.09 409.27 99.2393 0.00005
11616 413.00 412.20 99.2347 0.00005
11704 415.92 415.13 99.2391 -0.00005
11792 418.85 418.07 99.2377 0.00002
11880 421.76 421.00 99.2388 -0.00001
11968 424.68 423.93 99.2377 0.00001
12056 427.61 426.87 99.2386 -0.00001
12144 430.53 429.80 99.2315 0.00008
12232 433.43 432.73 99.2394 -0.00009
12320 436.34 435.67 99.2386 0.00001
12408 439.25 438.60 99.2342 0.00005
12496 442.16 441.53 99.2386 -0.00005
12584 445.06 444.47 99.2344 0.00005
12672 447.96 447.40 99.2338 0.00001
12760 450.87 450.33 99.2324 0.00002
12848 453.78 453.27 99.2305 0.00002
12936 456.69 456.20 99.2368 -0.00007
13024 459.59 459.13 99.2313 0.00006
13112 462.50 462.07 99.2322 -0.00001
13200 465.40 465.00 99.2305 0.00002
13288 468.31 467.93 99.2300 0.00001
13376 471.21 470.87 99.2213 0.00010
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13464 474.10 473.80 99.2226 -0.00001
13552 477.00 476.73 99.2226 0.00000
13640 479.90 479.67 99.2248 -0.00003
13728 482.79 482.60 99.2218 0.00003
13816 485.69 485.53 99.2238 -0.00002
13904 488.58 488.47 99.2233 0.00001
13992 491.48 491.40 99.2166 0.00008
14080 494.38 494.33 99.2225 -0.00007
14168 497.27 497.27 99.2162 0.00007
14256 500.17 500.20 99.2210 -0.00005
14344 503.08 503.13 99.2161 0.00006
14432 505.97 506.07 99.2159 0.00000
14520 508.88 509.00 99.2159 0.00000
14608 511.77 511.93 99.2138 0.00002
14696 514.65 514.87 99.2145 -0.00001
14784 517.54 517.80 99.2098 0.00005
14872 520.44 520.73 99.2146 -0.00005
14960 523.35 523.67 99.2079 0.00008
15048 526.25 526.60 99.2146 -0.00008
15136 529.14 529.53 99.2096 0.00006
15224 532.04 532.47 99.2095 0.00000
15312 534.94 535.40 99.2067 0.00003
15400 537.83 538.33 99.2067 0.00000
15488 540.73 541.27 99.2070 0.00000
15576 543.62 544.20 99.2067 0.00000
15664 546.52 547.13 99.1986 0.00009
15752 549.41 550.07 99.2022 -0.00004
15840 552.30 553.00 99.1994 0.00003
15928 555.20 555.93 99.1909 0.00010
16016 558.09 558.87 99.1985 -0.00009
16104 560.99 561.80 99.1923 0.00007
16192 563.88 564.73 99.1923 0.00000
16280 566.78 567.67 99.1962 -0.00004
16368 569.67 570.60 99.1894 0.00008
16456 572.58 573.53 99.1875 0.00002
16544 575.47 576.47 99.1819 0.00006
16632 578.37 579.40 99.1833 -0.00002
16720 581.25 582.33 99.1826 0.00001
16808 584.16 585.27 99.1745 0.00009
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16896 587.05 588.20 99.1747 0.00000
16984 589.93 591.13 99.1747 0.00000
17072 592.83 594.07 99.1727 0.00002
17160 595.72 597.00 99.1701 0.00003
17248 598.60 599.93 99.1677 0.00003
17336 601.51 602.87 99.1700 -0.00003
17424 604.40 605.80 99.1667 0.00004
17512 607.29 608.73 99.1589 0.00009
17600 610.17 611.67 99.1533 0.00006
17688 613.07 614.60 99.1507 0.00003
17776 615.96 617.53 99.1507 0.00000
17864 618.84 620.47 99.1439 0.00008
17952 621.72 623.40 99.1443 -0.00001
18040 624.62 626.33 99.1427 0.00002
18128 627.52 629.27 99.1370 0.00007
18216 630.40 632.20 99.1366 0.00000
18304 633.29 635.13 99.1298 0.00008
18392 636.17 638.07 99.1259 0.00004
18480 639.04 641.00 99.1259 0.00000
18568 641.94 643.93 99.1259 0.00000
18656 644.82 646.87 99.1179 0.00009
18744 647.71 649.80 99.1179 0.00000
18832 650.58 652.73 99.1101 0.00009
18920 653.47 655.67 99.1099 0.00000
19008 656.36 658.60 99.0956 0.00016
19096 659.23 661.53 99.0948 0.00001
19184 662.12 664.47 99.0869 0.00009
19272 665.02 667.40 99.0789 0.00009
19360 667.90 670.33 99.0789 0.00000
19448 670.78 673.27 99.0708 0.00009
19536 673.67 676.20 99.0708 0.00000
19624 676.56 679.13 99.0688 0.00002
19712 679.43 682.07 99.0628 0.00007
19800 682.31 685.00 99.0556 0.00008
19888 685.19 687.93 99.0469 0.00010
19976 688.08 690.87 99.0435 0.00004
20064 690.96 693.80 99.0312 0.00014
20152 693.83 696.73 99.0293 0.00002
20240 696.71 699.67 99.0230 0.00007
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20328 699.59 702.60 99.0140 0.00010
20416 702.47 705.53 99.0070 0.00008
20504 705.35 708.47 99.0070 0.00000
20592 708.23 711.40 98.9996 0.00008
20680 711.10 714.33 98.9991 0.00001
20768 713.98 717.27 98.9911 0.00009
20856 716.86 720.20 98.9829 0.00009
20944 719.72 723.13 98.9744 0.00010
21032 722.61 726.07 98.9663 0.00009
21120 725.50 729.00 98.9591 0.00008
21208 728.38 731.93 98.9510 0.00009
21296 731.26 734.87 98.9417 0.00011
21384 734.13 737.80 98.9350 0.00008
21472 737.01 740.73 98.9251 0.00011
21560 739.90 743.67 98.9191 0.00007
21648 742.78 746.60 98.9082 0.00012
21736 745.65 749.53 98.8952 0.00015
21824 748.54 752.47 98.8821 0.00015
21912 751.41 755.40 98.8705 0.00013
22000 754.29 758.33 98.8576 0.00015
22088 757.17 761.27 98.8495 0.00009
22176 760.04 764.20 98.8436 0.00007
22264 762.92 767.13 98.8268 0.00019
22352 765.77 770.07 98.8213 0.00006
22440 768.65 773.00 98.8033 0.00020
22528 771.54 775.93 98.7914 0.00014
22616 774.43 778.87 98.7835 0.00009
22704 777.33 781.80 98.7674 0.00018
22792 780.22 784.73 98.7515 0.00018
22880 783.10 787.67 98.7361 0.00017
22968 785.99 790.60 98.7163 0.00022
23056 788.86 793.53 98.7034 0.00015
23144 791.74 796.47 98.6720 0.00036
23232 794.60 799.40 98.6564 0.00018
23320 797.46 802.33 98.6391 0.00020
23408 800.34 805.27 98.6117 0.00031
23496 803.21 808.20 98.5895 0.00025
23584 806.10 811.13 98.5596 0.00034
23672 808.97 814.07 98.5290 0.00035
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23760 811.86 817.00 98.4961 0.00037
23848 814.75 819.93 98.4716 0.00028
23936 817.63 822.87 98.4401 0.00036
24024 820.52 825.80 98.4082 0.00036
24112 823.41 828.73 98.3734 0.00040
24200 826.30 831.67 98.3363 0.00042
24288 829.16 834.60 98.2999 0.00041
24376 832.05 837.53 98.2567 0.00049
24464 834.93 840.47 98.2166 0.00046
24552 837.81 843.40 98.1707 0.00052
24640 840.70 846.33 98.1219 0.00055
24728 843.61 849.27 98.0808 0.00047
24816 846.50 852.20 98.0338 0.00053
24904 849.39 855.13 97.9827 0.00058
24992 852.28 858.07 97.9292 0.00061
25080 855.17 861.00 97.8773 0.00059
25168 858.08 863.93 97.8226 0.00062
25256 860.99 866.87 97.7623 0.00069
25344 863.87 869.80 97.7004 0.00070
25432 866.78 872.73 97.6413 0.00067
25520 869.68 875.67 97.5762 0.00074
25608 872.56 878.60 97.5037 0.00082
25696 875.47 881.53 97.4403 0.00072
25784 878.37 884.47 97.3703 0.00080
25872 881.27 887.40 97.2980 0.00082
25960 884.18 890.33 97.2200 0.00089
26048 887.08 893.27 97.1442 0.00086
26136 889.99 896.20 97.0654 0.00090
26224 892.89 899.13 96.9848 0.00092




Table B3. Sample PSD analysis (QSDFT)
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Half pore | Pore width | Cumulative Pore | Cumulative Surface dV(r) dS(r)
width (A) (A) Volume (cm’/g) Area (m*/g) (em*/A/g) | (mY/A/g)
2.62 5.24 0.10351 429.99 0.19107 729.27
2.835 5.67 0.13483 540.46 0.14566 513.8
3.07 6.14 0.15406 603.12 0.08186 266.64
3.33 6.66 0.17108 654.23 0.06545 196.56
3.615 7.23 0.19842 729.85 0.09592 265.33
3.925 7.85 0.23654 826.96 0.12296 313.27
4.26 8.52 0.2704 906.47 0.1011 237.33
4.63 9.26 0.29445 958.4 0.06499 140.37
5.035 10.07 0.31965 1008.5 0.06222 123.58
5.48 10.96 0.356 1074.8 0.08167 149.03
5.965 11.93 0.39656 1142.8 0.08364 140.21
6.495 12.99 0.42929 1193.2 0.06175 95.073
7.08 14.16 0.46183 1239.1 0.05563 78.579
7.715 15.43 0.49109 1277.1 0.04608 59.729
8.41 16.82 0.5094 1298.8 0.02634 31.324
9.17 18.34 0.52168 1312.2 0.01615 17.615
10 20 0.52767 1318.2 0.00722 7.2157
10.915 21.83 0.53086 1321.1 0.00349 3.196
11.91 23.82 0.53356 1323.4 0.00271 2.275
13 26 0.53599 1325.3 0.00223 1.7186
14.19 28.38 0.53831 1326.9 0.00195 1.3742
15.495 30.99 0.54051 1328.3 0.00168 1.0874
16.925 33.85 0.54272 1329.6 0.00155 0.91382
18.49 36.98 0.54465 1330.7 0.00123 0.66503
20.195 40.39 0.54641 1331.5 0.00103 0.51205
22.065 44.13 0.54801 1332.3 0.00086 0.38847
24.115 48.23 0.54935 1332.8 0.00065 0.26975
26.35 52.7 0.55064 1333.3 0.00058 0.21962
28.8 57.6 0.55183 1333.7 0.00049 0.1691
31.48 62.96 0.5529 1334.1 0.0004 0.12594
34.415 68.83 0.55466 1334.6 0.0006 0.17456
37.62 75.24 0.55609 1335 0.00045 0.1191
41.135 82.27 0.55707 1335.2 0.00028 0.06772
44.975 89.95 0.55782 1335.4 0.0002 0.04346
49.175 98.35 0.55853 1335.5 0.00017 0.03424
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53.775 107.55 0.55931 1335.7 0.00017 0.03147
58.805 117.61 0.56025 1335.8 0.00019 0.03179
64.305 128.61 0.56103 1335.9 0.00014 0.02204
70.33 140.66 0.56175 1336 0.00012 0.01698
76.915 153.83 0.56275 1336.2 0.00015 0.01976
84.125 168.25 0.56325 1336.2 6.9E-05 0.00821
92.01 184.02 0.56399 1336.3 9.4E-05 0.01026
100.64 201.28 0.56532 1336.4 0.00015 0.01532
110.08 220.16 0.56601 1336.5 7.3E-05 0.00663
120.41 240.82 0.56686 1336.6 8.2E-05 0.00683
131.715 263.43 0.5679 1336.7 9.2E-05 0.00695
144.08 288.16 0.56856 1336.7 5.4E-05 0.00373
157.61 315.22 0.56935 1336.7 5.8E-05 0.00368
172.41 344.82 0.57044 1336.8 7.4E-05 0.0043




