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Abstract

Granular activated carbon (GAC) and powdered activated carbon (PAC) have long been used to
effectively treat drinking water, waste water, and industrial gas streams. Undesired contaminants are
removed by adsorption onto activated carbon. While activated carbon has been used extensively in industrial
applications, little research has been performed to evaluate using activated carbon to remove low
concentrations of volatile organic compounds (VOCs) from indoor air environments. In this research,
activated carbon cloth (ACC) is examined for its equilibrium adsorption capacity for several VOCs of
relevance to indoor air quality. If the technology proves viable, filters made from ACC could be placed in
new or existing air circulation systems of buildings and residences to effectively remove VOCs from indoor
air.

Adsorption isotherms were measured for acetaldehyde, acetone, benzene, methyl-ethyl ketone, and
water vapor and three ACC types. For the 10 to 1000 ppmv concentration range examined, benzene
exhibited the highest adsorption capacity on ACC, followed by MEK, acetone, and acetaldehyde. Water
vapor adsorption was not significant on ACC until relative humidities above about 509 (@48), when
capillary condensation of 44 occurred within ACC pores.

Equilibrium adsorption experiments were not performed for VOCs in the sub-ppmv concentration
range, due to the long times (estimated at weeks to months) to reach equilibrium and the high cost of
compressed gases. The Freundlich and Dubinin-Radushkevich equations were used to model the adsorption
capacities into the sub-ppmv range for the four adsorbates and three ACC types examined in this research.
The sub-ppmv concentration range is a more realistic concentration range for VOCs present in indoor air
environments.

It has been suggested that when using the DR equation to predict adsorption capacities of organic
compounds using a reference adsorbate, reference adsorbates of similar polarity should be used. This
hypothesis was examined by using acetone as a reference for polar compounds (e.g., acetaldehyde, MEK,
and 1,1,1-trichloroethane). Using acetone as a reference adsorbate, predictions showed average errors of 9%
for acetaldehyde and 5% for MEK (the improvement in prediction of adsorption capacity was not measured
for non-polar compounds).

ACC-20 was chemically modified, producing oxidized, chlorinated, and nitrated samples. Adsorption
capacities for VOCs in the 10 to 1000 ppmv concentration and water vapor from 0 to 95% RH were
measured. Oxidized ACC-20 showed an enhanced physical adsorption for acetaldehyde, acetone, and water
vapor, probably due to increased dipole-dipole interactions and hydrogen bonding. Oxidation of ACC-20
changed the shape of the water vapor adsorption isotherm, so that it no longer resembles a Brunauer type V.
Benzene showed a decreased adsorption capacity on oxidized ACC-20, which may be due to an increase in

hydrophilicity of ACC-20 or a change in pore size distribution.




Chlorination had little effect on VOC adsorption capacity, except in the case of acetone, where a
decrease in adsorption capacity occurred. This may be due to pore blocking by chlorine molecules, or a
decrease in hydrogen bonding between the ACC functional groups and acetone. Nitridation of ACC showed
little effect on organic adsorption capacity, but increased the saturation adsorption capacity for water vapor
on ACC-20 and increased the breadth of its hysteresis loop. These changes were the result of changes in the
pore size distribution of the nitrided ACC-20. DR parameters were determined for VOC adsorption on ACC-
20.

The effects of relative humidity (RH) on the adsorption of soluble (acetone) and insoluble (benzene)
volatile organic compounds (VOCs) on activated carbon cloths (ACC) were measured. A gravimetric
balance was used in conjunction with a gas chromatograph/mass spectrophotometer to determine the
individual amounts of water and VOC adsorbed on an ACC sample. RH values from 0 to 90% and organic
concentrations from 350 to 1000 ppmv were examined. The presence of water vapor in the gas-stream along
with acetone (350 and 500 ppmv) had little effect on the adsorption capacity of acetone even at 90% RH.
Water vapor in the gas-stream had little effect on the adsorption capacity of benzene (500 ppmv) until about
65% RH, when a rapid decrease in the adsorption capacity of benzene resulted with increasing RH. This RH
was also about where capillary condensation of water vapor occurs within ACC pores. At this point water
vapor condenses within the ACC pores, making them unavailable for benzene adsorption. Increasing
benzene concentration, however, can have a significant effect on the amount of water vapor adsorbed. At
86% RH and 500 ppmv, 284 mg/g water was adsorbed, while at 86% RH and 1000 ppmv, only 165 mg/g
water was adsorbed. Thus, water vapor was more inhibitory for benzene adsorption as benzene

concentration in the gas stream decreased.
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Chapter 1

Introduction

1.1 Background

Granular activated carbon (GAC) and powdered activated carbon (PAC) have long been used to
effectively treat drinking water, waste water, and industrial gas streams. Undesired contaminants are
removed by adsorption onto activated carbon. While activated carbon has been used extensively in industrial
applications, little research has been performed to evaluate using activated carbon to remove low
concentrations of volatile organic compounds (VOCs) from indoor air environments. In this research,
activated carbon cloth (ACC) is examined for its equilibrium adsorption capacity for selected VOCs of
relevance to indoor air quality. If the technology proves viable, filters made from ACC could be placed in
new or existing air circulation systems of buildings and residences to effectively remove VOCs from indoor

air.

1.2 Indoor Air Quality

A large amount of research has been devoted to assessment of indoor air quality during the past few
decades. During the early 1970's there was a push to make buildings more energy efficient, because of the
high cost of petroleum derived fuels. Increasing the heating and cooling efficiency of buildings meant
decreasing indoor-outdoor air exchange rates and sealing windows. This facilitated the build-up of organic
contaminants present in indoor environments from sources such as, building materials, paints, adhesives, and
tobacco smoke. This increase in concentration of organic contaminants causes concern, because health risks
may be increased due to long exposure times to low concentrations of organic contaminants (Tancrede,

1987). Many of the organic compounds present in indoor air are known to be carcinogenic or mutagenic.

1.3 VOCs Present in Indoor Air

Sources of VOCs in indoor environments are varied, as are the contaminants. According to Ramanathan
(1988), more than 250 VOCs have been measured in indoor air environments at concentrations greater than 1

ppva. By reviewing the literature over the period of 1979 through 1990, Samfield (1992) compiled a list of

t. ppbv = part per billion by volume; similarly, ppmv = part per million by volume.
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220 compounds present in indoor air environments ranging in molecular weight from 30 to 446, and from 1
to 31 carbon atoms. The following compounds were the most frequently reported (but were not necessarily
present in the largest quantity): formaldehyde, tetrachloroethylene, 1,1,1-trichloroethane, trichloroethylene,
benzene, p-dichlorobenzene, toluene, ethylbenzene, xylenes, decane, and undecane. About 50% of the
compounds reported had fewer than 9 carbon atoms, and about 90% had fewer than 23 carbon atoms. A list
of organic compounds used in this research, their mean indoor air concentrations, and sources is presented in
Table 1.1 (Samfield, 1992) Chemical and physical properties for the same organic compounds are presented

in. Table 1.2.

Table 1.1. VOCs Present in Indoor Air Environments (Samfield, 1992).

Mean (Max)
Molecular | Molecular | Concentration] Some Substantiated (and Possible)
Organic Compound| Formula Weight [ppbv]Jr Source$
Acetaldehyde] C,H,O 44.05 9.5 (27) auto exhaust (perfumes, tobacco smoke)
Acetone| C3HgO 58.08 17 (66) lacquer solvent (tobacco smoke)
Benzene| CgHg 78.11 5 (2000) tobacco smoke, adhesives, wood stairp
Ethylbenzeng CgHjq 106.17 5 (185) insulation foam, fiberboard, adhesives
2-Butanone (MEK)| C4HgO 72.11 3(13) particle board, floor/wall covering
Toluene C;Hg 92.14 12 (600) adhesives, paint, sealing cmpd.
1,1,1-Trichloroethang C,H3Cl3 13341 5.5 (180) | dry cleaning, cleaning fluid
p-Xylene| CgHjg 106.17 5 (280) adhesives, wallpaper, caulking cmpd.

t. Samfield (1992) reported concentrationﬁgi]/m3. The author (M.P. Cal) changed the concentra-
tions to ppbv to facilitate comparison with results presented later in this dissertation.

t. The list of sources for most of the organic compounds in the table was extensive, so only some
sources are given.

1.4 Activated Carbon Cloth

The ACC samples used in this study (ACC-5092) were obtained from American Kynol, Inc. (New York,
NY). The starting material for the manufacture of ACC are cross-linked phenol-aldehyde fibers (novoloid
fibers). These fibers are infusible and insoluble and have very high resistance to chemical attack (Hayes,
1985). ACC are used in solvent recovery systems, wound dressings, filters, and as electrodes in high-
capacity rechargeable batteries (Hayes, 1985).

Novoloid fibers are carbonized and activated in a one step process to produce ACC. As the fibers are
activated for longer times, the surface area of the ACC, the pore volume, and the mean pore size all increase
(Hayes, 1985). This makes it possible to tailor the level of activation of the fibers for the optimal adsorption

of a particular compound.
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Table 1.2. Chemical and Physical Properties of Organic Compounds.

Saturation . Surface
Boiling Vapor Density | Tension | Dipole
Point Pressure | @ 20°C | @ 20°C | Moment
Organic Compound [°C] [mm Hg] [g/cm3] [dyne/cm] | [debyes]
Acetaldehyde 21 1000 0.783 21.2 2.71
Acetone 56.5 229 0.790 23.0 2.77
Benzene 80.1 94.5 0.877 28.9 0
Ethylbenzeng  136.2 9.43 0.867 29.0 0.37
2-Butanone (MEK) 79.6 89.5 0.805 24.6 3.2
Toluene 110.6 28.34 0.866 28.5 0.45
1,1,1-Trichloroethang  74.1 133 1.34 25.7 1.79
p-Xylene 138.4 8.68 0.861 28.3 0

ACC are produced by gradually heating the novoloid fibers t6d@0A an atmosphere of steam and/or
carbon dioxide. This may be either a batch or continuous process. Specific surface areas as high as
2500 n?/g may be obtained, but due to increased costs and diminishing yields, ACC with specific surface
areas of 1500 or ZOOOZIg are usually the practical limit for most purposes (Hayes, 1985). ACC have nearly
all of their pores in the micropore range (pore diameter < 2 nm). These micropores exist on the fiber surface,

permitting rapid adsorption of gases (Hayes, 1985).

1.5 Objectives

This research attempts to examine ACC in detail for use in gas-phase organic contaminant removal.
While kinetic (adsorption bed) tests are important in the design of a filtering system, this research only
attempts to characterize ACC in terms of equilibrium adsorption capacities. Knowledge gained in this
research is useful for designing adsorption bed systems and to test designs. This dissertation addresses six
main objectives:

1) Measure adsorption isotherms for several VOC adsorbates (acetaldehyde, acetone, benzene, and methyl
ethyl ketone [MEK]) and ACC in the 10 to 1000 ppmv concentration range; use adsorption models to
model adsorption capacities in the sub-ppmv concentration range, which is more relevant for indoor air
quality studies.

2) Characterize ACC in terms of micropore size distribution and surface area.

3) Measure adsorption isotherms for water vapor and ACC; determine competitive adsorption effect when
polar and nonpolar VOCs are present in humid gas streams.

4) Use the Dubinin-Radushkevich (DR) model to predict the adsorption capacity of other adsorbates of
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interest to indoor air quality, but not measured in this study.
5) Evaluate the effect of chemical modification of ACC on the adsorption capacity of VOCs and water
vapor.

6) Measure and model multicomponent VOC adsorption on ACC.
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Chapter 2

Literature Review

2.1 Introduction

This chapter details the theory and numerical methods used to characterize microporous adsorbents.
This includes modeling of single and multicomponent adsorption isotherms, determination of adsorbent

surface area and pore volume, and the determination of micropore size distributions.

2.1.1 The Adsorption Isotherm

When a solid (adsorbent) is exposed to a gas or vapor (adsorbate), the solid begins to adsorb the gas
onto its surface and into its pores, if the solid is porous. Adsorption occurs because of forces acting between
the solid and the gas molecules. Two kinds of forces give rise to adsorption: physical (van der Waals) and
chemical. These types of adsorption are termed physical adsorption and chemisorption, respectively.

In a closed system, the adsorption of a gas onto a solid can be measured by monitoring the decrease in
adsorbate pressure within a known volume or by measuring the mass gain of the adsorbent due to the
adsorbing gas molecules. Both methods are commonly used and give accurate results.

The amount of a gas adsorbed in moles per gram solid, is a function of partial pressure (concentration)
of the adsorbate, temperature of the system, the adsorbate, and the adsorbent. Measuring the amount of a
compound adsorbed on an adsorbent versus concentration or pressure at a constant temperature results in an
adsorption isotherm. Adsorption isotherms are useful for characterizing adsorbents with respect to different
adsorbates.

The adsorption literature has reported tens of thousands of adsorption isotherms, measured for many
different adsorbents. The majority of these isotherms fall into five types, as classified by Brunauer, Deming,
Deming and Teller (BDD'I*) and are presented in Figure 2.1 (Gregg and Sing, 1982; Brunauer, et al., 1940).
Type | is observed by the physical adsorption of gases onto microporous solids. Type Il results from the
physical adsorption of gases by nonporous solids. Type IV is from the physical adsorption of gases by
mesoporous solids. Types Ill and V may originate from the adsorption of either polar or nonpolar molecules,

provided that the adsorbate-adsorbent force is relatively weak. It should also be noted that a type V isotherm

T. Also sometimes referred to as the Brunauer, Emmett, and Teller (BET), or just Brunauer classifi-
cation, e.g., Brunauer type | isotherm.
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[l A\

Figure 2.1. The Five Types of Adsorption Isotherms as Classified by
Brunauer, Deming, Deming, and Teller (BDDT).

possesses a hysteresis loop. Water vapor adsorption on microporous activated carbon is an example of a type

V isotherm.

2.1.2 Adsorption Forces

Adsorption of a gas onto a solid is the result of the attraction forces between adsorbate and adsorbent
molecules. Currently, adsorption models are idealized and it is not possible to calculate an adsorption
isotherm based upon independently determined parameters of gas and solid (Gregg and Sing, 1982).
Adsorption forces include dispersion forces (attractive), short-range repulsive forces, and electrostatic
(coulombic) forces if either the solid or the gas is polar. Dispersion forces (also called London or van der
Waals forces) arise from the rapid fluctuation in electron density within each atom. This induces an electrical

dipole moment in neighboring atoms, leading to an attraction between the atoms.

2.1.3 Pore Size

The size of individual pores can vary greatly in size and shape for different adsorbents and even within
the same adsorbent. Pores are usually characterized in terms of their width, meaning the diameter of a

cylindrical pore or the distance between two sides of a slit-shaped pore. Dubinin (1960) proposed a
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classification of pores presented in Table 2.1 which was later adopted by the International Union of Pure and
Applied Chemistry (IUPAC, 1972).

Table 2.1. Pore Classifications by Pore Width.

Pore Classification Pore Width
Micropores less than ~20 A (2 nm)
Mesopores between ~20 and ~500 A (2 and 50 njn)
Macropores more than ~500 A (50 nm)

The basis for the pore classifications presented in Table 2.1 is that each size range corresponds to
different adsorption effects, as observed in an adsorption isotherm. The interaction potential in micropores is
much greater than that in larger pores due to the closeness of the pore walls, resulting in an enhanced
adsorption potential. An adsorbate molecule within a micropore is held there by adsorption forces
originating from approximately the ten nearest surface atoms. The forces on adsorbate molecules are a
function of distance between adsorbate and adsorbent atoms (pore size) and polarity (permanent or induced)
of the adsorbate and adsorbent atoms (Marsh, 1987). Capillary condensation takes place within mesopores,
resulting in a hysteresis loop in the adsorption isotherm. The pores are so wide in the macropore range that it
is nearly impossible to map out the isotherm in detail because the relative pressures of the adsgjbate (P/P
would be so close to unity. Mercury is typically used to examine macropore structure, due to its low vapor

pressure.

2.2 Single Component VOC Adsorption
2.2.1 The Freundlich Equation

The Freundlich equation is an empirical expression used to describe adsorption isotherms where there is
a linear response for adsorption capacity as a function of adsorbate concentration (or partial pressure) when
this function is plotted on log-log scales. The valid concentration range for the Freundlich equation varies

according to the adsorbate-adsorbent combination. The Freundlich equation is represented as:
o= ket (2.1)

where X is the mass of solute adsorbed; m is the mass of adsorbent; k and n are empirical constants and C is
the equilibrium concentration of the adsorbate in the bulk gas phase. The constants k and n in equation 2.1
are determined by plotting log (C) on the abscissa and log (x/m) on the ordinate (the line determined from

the plot has a slope of 1/n and an intercept of log (k)). The Freundlich equation is useful in cases where the
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actual identity of the adsorbate is not known (Treybal, 1980). The disadvantages of using the Freundlich
equation is that it is only useful for limited adsorbate concentration ranges and it has no predictive ability
with regard to adsorption isotherms for similar adsorbates. A new Freundlich plot must be produced for each

adsorbate-adsorbent combination.

2.2.2 The Brunauer, Emmett, and Teller (BET) Model

BET theory (Brunauer et al., 1938) is based on a kinetic model of adsorption proposed by Langmuir in
1916 and portrays a solid surface as an array of adsorption sites. Equilibrium occurs when the rate at which
molecules arriving from the gas phase and condensing or adsorbing onto unoccupied adsorption sites is
equal to the rate at which molecules evaporate or desorb from occupied sites.

For the case of monolayer adsorption, the Langmuir equilibrium adsorption equation results (Langmuir,
1916):

N, ~ 1+BP (2.2)

where n is the amount in moles adsorbed on 1 g of adsorheistiime monolayer capacity (the adsorption
of one molecular layer of the adsorbate on the adsorbent); B is an empirical constant; and P is the partial

pressure of the adsorbate. Assuming multiple adsorptive fagleesBET equilibrium adsorption equation is

produced:
n _— C(P/Po)
N = (1-PIR)(1+(c—1) (PIP) (2.3)
where
¢ = exp((Q1|;TQL)) (2.4)

P, is the saturation vapor pressure of the adsorbate;¢(q is the net heat of adsorption; R is the ideal gas
law constant and T is the temperature in Kelvin (Gregg and Sing, 1982).

Because adsorption experiments frequently measure volume adsorbed, rather than moles adsorbed, it is
convenient to represent equation 2.3 as equation 2.5, where V is the volume adsorbed per gram of adsorbent

and V, is the monolayer adsorption capacity in terms of volume.

t. The reader is asked to consult Brunauer, Emmett and Teller (1938), or Gregg and Sing (1982) for
the assumptions made and the resulting derivation for equation 2.3.




Chapter 2: Literature Review

Vo c(PIRy) (2.5)
Vo~ (1=PIP,)(1+(c—1)(PIR)

Plotting P/R versus (P/p/V(1 - P/R)) over the range of 0.05 < R/R 0.35, the parameters\and ¢ can be

determined using equations 2.6 and 2.7.

= 1 2.6
Vim slope + intercept (26

- sope 2.7)
intercept

The surface area of adsorbent can then be determined using equation 2.8, where S is the surface area of the
adsorbent [nzlg], o is the area of an adsorbate moleculg,isNAvagadro’s number (6.022 x Fonumber/

mole),p is the adsorbate liquid density, and MW is the molecular weight of the adsorbate molecule.

S = le\fzvl\\llA P (2.8)
Many sorption analyzers measure the amount of gas adsorbed and convert it to volume of gas adsorbed at
standard temperature and pressure (STP) (273 K and 1 atm). If adsorption data are determined in that
manner, the volume of gas adsorbed can be converted to a liquid volume adsorbed using the ratio of the
adsorbed phase (liquid) and gas densities and using equation 2.8 to calculate the surface area. One could also

use equation 2.9 presented below:
s = YmNaoO (2.9)

where V is the molar volume of the gas (22.4 L/mol at STP) gpdsun units of [crﬁ gas/g adsorbent].

Several adsorbates are commonly used to determine surface area of an adsorbent, with the most
common being nitrogen at 77 K. Other common adsorbates are benzene at 293 K and carbon dioxide at 195,
273, or 293 K. The equations described above can be used for any adsorbate, but molecular packing and pore
sieving effects should be considered when choosing an adsorbate molecule for surface area determination.
An adsorbate with a relatively large saturation pressure should also be chosen for surface area determination,
so that a wide range of relative pressures can be covered at the chosen adsorption temperature. McClellan
and Harnsberger (1967) compiled a list of adsorbate molecular areas, some of which are presented in Table
2.2.
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Table 2.2. Cross-sectional Areas of Adsorbate Molecules.

Cross-sectional Areanfr Molecular Dimension
Adsorbate Molecule (Lennard-Jones)
[AZ] [A]
Water (HO) 125 2.64
Nitrogen (N)) 16.2 3.80
Acetone (GHgO) 16.7 4.60
Carbon Dioxide (CQ 22.0 3.94
Benzene (gHg) 43.0 5.35 (3.7 Ax 7.0A)

t. McClellan and Harnsberger, 1967.

t. Determined from viscosity data. Reference: Reid, R.C., Prausnitz,
J.M., and Poling, B.ERroperties of Gases and Liquids, Fourth
Edition, McGraw-Hill, pp. 733-734, 1987.

A criticism of BET theory is the assumption that all adsorption sites on the solid surface are
energetically homogeneous. In reality, most adsorption surfaces are energetically heterogeneous, not
homogeneous as BET theory proposes. Another criticism is that the model neglects adsorbate-adsorbate
interactions, which are not negligible when an adsorption layer is near completion and the average

separation of the molecules is small in relation to their size (Gregg and Sing, 1982).

2.2.3 The Theory of Volume Filling of Micropores

One of the most widely used theories to describe physical adsorption of gases and vapors onto
microporous adsorbents was developed by M. M. Dubinin and co-workers and is generally referred to as the
theory of volume filling of micropores (TVFM) (Dubinin, 1975). Several equations have been proposed
based upon this theory, e.g., Dubinin-Astakhov, Dubinin-Radushkevich, and Dubinin-Stoeckli equations.

All physical adsorption theories existing previous to the work done by Dubinin used the same physical
image for describing adsorption onto both porous and nonporous adsorbents. This physical image is that of
formation of one or more successive adsorption layers onto a surface. In contrast, Dubinin conceived
micropores as space volumes in a porous material where the molecules that successively adsorbed do not
form adsorption layers, but rather adsorption is characterized by volume filling within the adsorption space.
The adsorbed substance is present in the form of a liquid in a highly compressed state in the adsorption field.

The micropores within a substantially microporous adsorbent are thought to be slit-shaped (Dubinin,
1991). The width of these slits can be varied with activation. Longer activation times can produce wider slits.
The slits or pores with smaller widths are characterized as having the greatest adsorption energy due to the
superposition of the adsorption potentials of opposite pore walls (Carrott et al., 1991; Everett and Powl,

1976). This observation is important for the adsorption of low concentrations of gases onto microporous

10
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adsorbents; it suggests that highly microporous materials are best suited for removal of low concentrations
of VOCs (Dubinin, 1960; Dubinin, 1991; Carrott et al., 1991; Foster et al., 1992; Cal et al., 1994).

2.2.4 Dubinin-Astakhov (DA) Equation

The fundamental basis for the Dubinin et al. equations is Polanyi's potential theory of adsorption
(Polanyi, 1932). At a given temperature, T, and an equilibrium partial pressure of the adsorbate, P, the
maximum differential molar work, A, needed to transport one mole of the adsorbate from the liquid or gas
phase to a surface of an infinitely large amount of adsorbent is expressed as

2.10
A=-AG = RTIn% ( )
whereAG is the Gibbs free energy, R is the ideal gas law constantdadh® saturation vapor pressure of
the adsorbate.

TVFM can be expressed in a general form, usually denoted as the Dubinin-Astakhov (DA) equation

(Dubinin, 1975):

W = W, exp[—(BAEO)”] (2.11)

where W represents the volume of the adsorbate condensed within the micropores at temperature T and
relative pressure P4RP is the partial pressure of the adsorbate, gnslthe saturation vapor pressure of the
adsorbate); Wis the total volume of the micropores accessible to the given adsorbate (unit§/g] fom
[mmol/g], but consistent with W); A is as presented in equation 2.J@ Ehe characteristic adsorption
energy;3 and the exponent n are parameters specific to the adsflmtae affinity coefficient and is the

ratio of adsorption potentials of the adsorbate to a reference ads@rimtéenzene is usually taken to be

one by convention. Methods for calculatiggvill be discussed in section 2.2.7. The parameter, n, can be

calculated by rearranging equation 2.11:

_ log[ 2.30log (W,/W) ]
- log (A/BE,)

(2.12)

At values of W close to Y log (Wy/W) approaches zero, making the determination of n unreliable.
Unreliable estimates of n are also found at isotherm points close to the characteristic point when)Jog (A/E
in the denominator approaches zero (Dubinin, 1975).

Experiments have shown that n varies from 1.5 to 3 for microporous activated carbons, increasing as the
microporous structure of the activated carbons become more homogeneous, i.e., the breadth of the

micropore distribution about some mean pore size decreases (Dubinin and Stoeckli, 1980; Finger and

11



Chapter 2: Literature Review

Bulow, 1979). A value of n = 2 has been chosen for the derivation of the Dubinin-Radushkevich equation
and appears to be a good assumption when representing the adsorption of vapors by average activated

carbons over a limited range of vapor pressures KP/R, < 0.4 to 0.5) (Stoeckli et al., 1989).

2.2.5 Dubinin-Radushkevich (DR) Equation

The Dubinin-Radushkevich (DR) equation was developed to describe physical adsorption onto
microporous carbons. The DR equation was developed by setting the exponent n in the DA equation

(equation 2.11) equal to 2, resulting in the relationship

W = W, epo A )2] (2.13)

The value of n = 2 was chosen after examining experimental data on the adsorption of vapors of various
substances onto activated carbons with different microporous structures (Dubinin, 1975).
Plotting equation 2.13 with In (W) on the ordinate aMdA the abscissa yields a straight line called the

characteristic adsorption equation. The characteristic adsorption equation has the form

INW = In W, 1 )2A2 (2.14)

The parametersHor BE,, if B is not equal to one) andMn equation 2.14 can now be determined from the
slope and the intercept, respectively, of the straight line presented in equation 2.14 because all other
parameters (W3, and A) are known or measured.

Dubinin introduced a useful method of characterizing microporous carbons by introducing a
relationship for the slit-shaped micropore half-widt}), x
= x.E, (2.15)
where K is the energy characteristic constant, which was estimated using small-angle x-ray scattering and
benzene adsorption data on various activated carbons and assuming that the micropores of the adsorbent are
slit-shaped (Dubinin, 1989a);,Xs the pore half-width and jHs the characteristic adsorption energy.
Equation 2.15 is only valid for benzene adsorption. If other adsorbates are usegf} ttegmesents the pore
half-width. This will be discussed in more detail in a later section. Using equation 2.15, the DR equation can

be represented by

W= W, exp[—(B—ko)z] (2.16)

12
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or
(2.17)
W = W, exp(-mx2A?)

where

- (1) 2.18
™= gk (219
with A as defined in equation 2.10. Dubinin suggests a value of 12.0 kJ-nm/kg-mol for k when using

benzene adsorption on microporous activated carbons (Dubinin, 1985).

2.2.6 Dubinin-Stoeckli (DS) Equation

The Dubinin-Stoeckli (DS) equation incorporates a Gaussian distribution of pore half-widths in its
description of adsorption of vapors and gases onto heterogeneous microporous adsorbents (Dubinin, 1989a).
If a Gaussian distribution is used to describe the micropores’ size distribution, then equation 2.19 can be
used to describe the adsorption of gases and vapors onto heterogeneous microporous adsorbents with slit-
shaped pores, where x is the normal half-width distribution of micropore volumg<dithe slit-pore
model. Defining WP as the total of the volume of micropores and supermicrobdrmnormal distribution

equation is obtained:

d(Wo) - Wg (Xo_x)2
i = meen[ - 249

where x is the modal micropore half-width for the distribution @id the variance of the pore half-width.

Using equation 2.17 for adsorbents with a homogeneous structure and equation 2.19 for the micropore
volume distribution, a TVFM adsorption equation can be derived for adsorbents with heterogeneous
microporous structure. Differentiating equation 2.17 and substituting,)d{ftb equation 2.19, the

adsorption equation in integral form is obtained:

we (” X, —X)?

Integrating equation 2.20 yields the DS adsorption equation for adsorbents with heterogeneous microporous

structure (Dubinin, 1989a):

t. According to Dubinin, the micropore range includes slit-shaped pores with x < 0.6-0.7 nm, and
the supermicropore range includes larger sized pores with 0.6-0.7 < x < 1.5-1.6 nm, where X is
the micropore half-width for the slit-pore model (Dubinin, 1989b).

13
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W = Wgexp[—rWH1+erf( %o )} (2.21)
2/1 + 2m&2A2 V1 + 2md2AZ 5/21/1 + 2md2A2

By noting that the probability integral erb) = 1, the DS equation 2.21 becomes the DR equation 2.17 for

adsorbents with homogeneous microporous structure, i.& =dx.

2.2.7 The Affinity Coefficient

For different vapors, the attractive forces of the molecules to the surface of the adsorbent are not the
same. According to the theory of dispersion interaction (Muller, 1936), the adsorption spaces filled by two
different substances is proportional to the ratio of the polarizabiltipsf(the two vapors. For identical
adsorption capacities, W, or volume fillings of the adsorption space, the adsorption potgntiale a
constant ratio (Dubinin, 1975):

8= EE - a (2.22)
o 0

Two methods are commonly used to calcufat€he somewhat simpler method for the calculatiof, of
shown in equation 2.23, is to approximpteith the ratio of the parachor ([P]) of the adsorbate of interest to
the parachor of the reference adsorbate,Y[Rjhich is usually taken to be benzene.

_ [P (2.23)
[Plo

A parachor is a secondary derived function dependent on the primary properties of surface tension, density,

and molecular weight of the adsorbate, and can be represented as (Quayle, 1953):

- M
[P] - y1/4 (D—d)

wherey = C(D-d)* (2.24)

and D and d are the densities of a liquid and its vapor, respectiiglthe surface tension, C is a constant
characteristic of the liquid, and M is the molecular weight of the compound. The parachor of a substance is
equal to its molar volume in liquid form when its surface tension (in units of dynes/cm) is close to unity. At
this condition, the intermolecular forces of attraction between adsorbate molecules produce identical
compression of the liquid compound, and the proportionality between its molar volume and the volume of
molecules hold more precisely (Dubinin, 1960).

Table 2.3 shows parachors for select adsorbates of interest in indoor air quality and the affinity
coefficients calculated using equation 2.23 with nitrogen, benzene and acetone as the reference adsorbates.

The parachor values in Table 2.3 are mean values calculated by the author (M.P. Cal) from data provided by

14
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Quayle (1953), with the exception of the parachor for acetaldehyde which was calculated by treating the
parachor as an additive function (Quayle, 1953). In this method, each chemical functional group of a
molecule is given a reduced parachor value. These reduced parachors are then summed to give the parachor

for the molecule. A thorough discussion of this method is presented by Quayle (1953).

Table 2.3. Parachors and Affinity Coefficients of Adsorbates.

Adsorbate Parachor, [P] (Wrt‘r n?trogen) (wrt bEnzene) (wrt a%etone)
Acetaldehyde 134.5 1.98 0.653 0.83
Acetone 161.2 2.37 0.782 1.00
Benzene 206.1 3.03 1.00 1.28
Ethylbenzene 284.3 4.18 1.38 1.76
Methyl Ethyl Ketone (MEK) 245.9 2.92 0.96 1.23

(2-Butanone)
Nitrogen 68.0 1.00 0.33 0.42
Toluene 246.0 3.62 1.19 1.53
1,1,1 Tricholorethane 224.8 3.31 1.09 1.39
p-Xylene 285.0 4.19 1.38 1.77

t. wrt = with respect to.

The second method used to calculate the affinity coefficient is based upon dispersion interaction theory

according to Kirkwood and Muller (Muller, 1936) using the equation

B = o%(%/xows/xs)

alx oy, 229

where a and a, are polarizabilities of the test and reference vapor, respectivelyy sawd x, are
diamagnetic susceptibilities of the test and reference vapor, respectively. The varjalndg denote the
corresponding values for the adsorbent material (e.g., activated carbon) (Dubinin, 1991). The polarizabilities
and diamagnetic susceptibilities of several compounds of interest are presented in Table 2.4 afyng with

which was calculated using equation 2.25 (Lide, 1990).
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Table 2.4. Parameters for calculation of affinity coefficient.

a P B B
Adsorbate [cm3] X .(wrt (wrt benzene)| (wrt acetone)
nitrogen)
Acetaldehyde 459E-24|-22.7E-6 2.33 0.432 0.704
Acetone 6.33E-24| -33.7E-6 3.31 0.614 1.00
Benzene 10.32E-24| -548E-6 5.40 1.00 1.63
Ethylbenzene 142E-24| -773E-6 7.50 1.39 2.26
Methyl Ethyl Ketone| 8.13E-24| -456E-6 4.34 0.805 1.31
(2-Butanone)
Nitrogen 174E-24| -120E-6 1.00 0.185 0.302
Toluene 123E-24| -659E-6 6.46 1.20 1.95
p-Xylene 141E-24| -76.8E-6 7.45 1.38 2.25
Carbon (adsorbent) | 1.76 E-24| -6.0E-6 N/A¥ N/A N/A

T. wrt = with respect to.
1. N/A = not applicable.
Both equations 2.23 and 2.25 have been used in the adsorption literature. Thus far, it is not clear which
equation gives a better estimate Hfbut it is clear from Tables 2.3 and 2.4 that both methods, while

presenting similar values f@ do differ.

2.3 Pore Size Distributions for Microporous Materials

Currently, there is no standard for determining a pore size distribution of a microporous adsorbent
(Gregg and Sing, 1982). Several models have been proposed, however, and will be described in sections
2.3.1 and 2.3.2. All of the models rely on using adsorption isotherm data of a single adsorbate and then
converting that adsorption data into a pore size distribution. It is very likely that none of the methods
described here give a true representation of the pore size distribution of a microporous adsorbent, because of
the assumptions made in their derivations. The data obtained using the various pore size distribution
methods are probably best used to compare similar adsorbents with varying degrees or types of activation.
While the pore size distribution data may not be accurate, they may give useful information on how the pore
structure changes with different activation times or methods. Currently, the best method for determining a
pore size distribution is to use molecular probes of different sizes. Molecular probes produce a discrete
distribution based upon the sizes of the molecules used. This method tends to be time consuming and is
rarely warranted for the characterization of particular adsorbent. Additionally, molecular probes should be
used which rely solely on physical adsorption and not on chemical adsorption or hydrogen-bonding, as this

will distort the pore size distribution.
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2.3.1 The Dubinin Method

The Dubinin-Stoeckli (DS) equation (equation 2.21) can be used to represent a pore size distribution for
a microporous adsorbent (Dubinin, 1989a). As previously mentioned, the DS equation assumes a Gaussian
distribution of pores about some slit-pore half-widt).(¥ is unlikely that a pore size distribution assumes
a Gaussian shape for any microporous adsorbent, no matter the extent of the homogeneity of the adsorbent
starting material before activation, because on a microscopic scale carbon surfaces tend to be heterogeneous.
A Gaussian distribution was chose by Dubinin because it was assumed that activation is a random process
and therefore may follow a Gaussian distribution. It was also used simply because of mathematical
convenience. Nevertheless, the DS method and variations of it have been used extensively in the literature.
Since the DS equation requires the simultaneous solution of three parametexs, @dd), non-linear
regression techniques must be used. This means that enough data points over a sufficiently large enough
pressure range must be available so that DS parameters converge to their proper valygsafyd 5t
about 10° or 10° up to about 0.4 to 0.5 is recommended when trying to fit adsorption data to the DS
equation (Dubinin, 1989a).

The Dubinin-Radushkevich (DR) equation (equation 2.13) may also be used along with equation 2.15 to
obtain some information about the pore size of a particular microporous adsorbent. Fitting adsorption
isotherm data to the DR equation to obtain &d then solving for xusing equation 2.15 gives a
measurement of the mean micropore half-width. Using the DR equation gives a single value for micropore
half-width, rather than a distribution, as obtained with the DS equation. For the calculatido bexalid,
adsorption isotherm data for benzene at 293 K must be used. This is because the relationshipsateieen x
E, was experimentally determined for benzene. If other adsorbates are ysedstxbe corrected by
multiplying by the affinity coefficient3. Therefore, other adsorbates may be used to calciyabixthe
results may differ from that obtained using benzene adsorption, because of the accuracy in defgrmining

the interaction of the adsorbate with the adsorbent (e.g., due to polarity), and molecular sieving effects.

2.3.2 The Horvath-Kawazoe (HK) Method

Horvath and Kawazoe (1983) developed a method for determining effective pore size distributions from
adsorption isotherms on molecular-sieve activated carbon. They claim that the HK method is more exact
theoretically and more practical than previously developed methods (e.g., t-ptafplot). While the HK
model outlined is for slit-shaped pores usingiddtherms at 77 K, it can be extended to other pore shapes
(e.g., cylindrical) and other adsorbates, using slight modifications to the model. The HK model assumes an
average potential function between two parallel layers of carbon and then adds the interaction effects of
adsorbate molecules within these layers or slit-shaped pores. Integration of the resulting adsorption potential

gives the following:
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N, A, +Ny Ay L L N olo
o*(i-d) [3(1-d2® 9(-d2° 92’ 9(d2°

RT In( (2.26)

B=x
where K is Avagadro’s number, i the number of atoms per unit area of adsorbent [ato%h/bm is the

number of molecules per unit area of adsorbate [molé]:jdha and A, are Lennard-Jones potentials
constants [J/molecly is the distance between a gas atom and the nuclei of the surface at zero interaction
energy [nm], | is the distance between nuclei of two layers (pore width), and d is the diameter of an
adsorbent atom plus the diameter of an adsorbate molecule. Substituting the values for carbon and nitrogen

atoms into equation 2.26 results in

3 7
m( g) _ 62.38 [1.895><10‘ _2.7087x107 _ 05014 2.27)
[0}

(1-064)| 1-032° (1-032°

where lis in nm.

Equation 2.27 is solved for | as a function of PiRing any root-finding numerical technique. The
volume adsorbed at a particular P¥alue can then be related to the | calculated for that PHes is done
for every adsorption isotherm point, providing a distribution of | values. The HK model is valid for (I - d) of

about 1.5 nm. For effective pore sizes greater than that, other pore size distribution models should be used.

2.4 Water Vapor Adsorption on Activated Carbon

Water vapor adsorption on granulated activated carbon follows a characteristic s-shaped curve (Dubinin,
1980) and is dependent on relative humidity (JRFI‘his has also been shown to be true for water vapor
adsorption onto ACC. At RHs < 50%, the amount of water vapor adsorption is directly proportional to the
number of oxygen groups on the surface of the carbon adsorbent (Dietz, 1991; Dubinin, 1980). This is
believed to be due to the hydrogen bonding between the water molecule and the oxygen atoms present on the
activated carbon surface. At RHs above about 50%, the main volume of the carbon micropores fills due to
capillary condensation of the water within the pores. The main causes of water adsorption are primary
adsorption centers (i.e. oxygen surface complexes). They are capable of enhancing physical adsorption of
water molecules due to hydrogen bonding. Each adsorbed water molecule is a secondary adsorption center,
which is also capable of forming hydrogen bonds with other water molecules.

One other feature of water vapor adsorption on microporous carbons is the development of a hysteresis
loop, meaning that water vapor is not desorbed from activated carbon in the same manner as it is adsorbed.
The most widely accepted explanation for the observed hysteresis is the "ink bottle" theory. It is assumed

that in the desorption process small pores constrict the openings to larger pores such that adsorbed water in

t. For water vapor, RH = (PjP100.
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the larger pores is not desorbed until the relative pressure corresponds to the adsorption capacity of the
smaller pore size (Mahle and Friday, 1989).

No models have been able to adequately describe both the adsorption and desorption isotherms of water
onto activated carbon. Since condensation of water vapor is due to the formation of hydrogen bonds between
its molecules, concepts of water adsorption as a result of the hydrogen bonding have been developed by
Dubinin (1980). Dubinin has proposed an adsorption isotherm equation which fits the water vapor

adsorption isotherm curve in the range of about 5 to 50% RH (Dubinin, 1980):

- h 2.28
W = Wo(lgich) ( )

where W is the mass 84 adsorbed per unit mass carbon [mg/g},i8\the primary number of adsorption
centers per unit mass carbon [mg/g], h =,RFRH/100, and c is a constant. Equation 2.28 describes the
initial and some of the sharp rise of the isotherm up to h < 1/c. The equation parameterd Ware

determined from the linearized form of equation 2.28:

-1

h h (2.29)
W~ W,c W,

2.5 Multicomponent Organic Adsorption

Most adsorption systems contain multiple compounds. If the systems of interest contain one strongly
adsorbed compound and one or more weakly adsorbed compounds, e.g. a VOC in air, a single component
adsorption isotherm model can be used to model the adsorption of the strongly adsorbed compound. If more
than one strongly adsorbed compounds are present, other multicomponent adsorption models must be used
to predict the adsorption of the compounds present in the system. Indoor air represents an extreme example
of multicomponent adsorption, because several hundred organic compounds may be present. This section

examines some of the models available for modeling the adsorption in multicomponent systems.

2.5.1 Method of Bering et al.

Bering et al. (1963) modified the potential theory for the prediction of binary gas-mixture adsorption
equilibria by assuming that the potential curves of the pure adsorbates follow the form of equation 2.30
proposed by Dubinin (1960):

Va = Vg exp(—B/gj) (2.30)
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where \, is the volume adsorbate adsorbed per unit mass of the adsorpgatthé limiting volume of the
adsorption space per unit mass of the adsorbent, B is a parameter reflecting the distribution of the volumes
of the pores according to their sizésjs the adsorption potential, afidis the affinity coefficient. Bering

generalized equation 2.30 for each component in the mixture resulting in equation 2.31.:

P\
Nam Van = Vo exp(—B(E—;: ng Xi In(ﬁ)) ) (2.31)
(2.32)
Nan = Nag+ Ny

(2.33)

Bm = X1 B1+X,B;
(2.34)

Vgn = X1 Vg + X5 Vo
X%, = 1 (2.35)

where subscript i indicates the i'th componeny,,N6 the total moles adsorbed per unit mass of adsorbent
(Na1 and Ny, are the individual amounts adsorbed of each componegt)isvhe partial molar volume of
the mixture, R is the ideal gas constant, T is the gas tempef&jLisethe affinity coefficient of the mixture
(B, and 3, are the affinity coefficient of the individual components)jsxthe mole fraction of the i'th
component, As partial pressure of component i, angi®the saturation vapor pressure of component i.

Bering et al. found good agreement between their predictions and experimental data for the adsorption
systems of diethyl ether-ethyl chloride and diethyl ether-chloroform on activated carbon. The average
prediction errors for xand N,,, were on the order of a few percent.

2.5.2 Grant and Manes Theory

Grant and Manes (1966) extended their previous potential theory of adsorption (Grant and Manes,
1964) to predict the adsorption equilibria of gas mixtures. Grant and Manes, as did Bering et al. (1963),
assumed properties of pure components could be used to predict the adsorption of mixtures. Grant and

Manes proposed the following equations for the adsorption of gas mixtures:

RT o [Xfa) _ RT (. [%fo
° '“( f )‘ °'”( A ) (2.36)

bl b2

X 4%, = 1 (2.37)
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where §; is the saturation fugacity of the pure component i at the adsorption temperature, the x's are the gas-
phase mole fractions of the adsorbates, and the f's are the fugacities of the adsorbates. Adsorbate partial
pressures can be substituted for fugacities at low total pressygs<(P 5 atm), because the gases behave
essentially in an ideal manner.

It can be noticed that equation does not contain a variable for total pressure and that the gas temperature,
T, is present on both sides of the equation and therefore cancels out. The method of Grant and Manes
therefore implies that the adsorption phase diagram for a binary system is independent of the adsorption
pressure and temperature. This is not in agreement with experimental data. Experiments have shown that
adsorption capacity is insensitive to relatively small changes in temperature and pressure (those exhibited
under typical ambient conditions), but it is sensitive to large changes in temperature (tens of degrees C) and
pressure (several atmospheres; when the gases start to behave non-ideally). One other criticism of Grant and
Manes theory is the assumption that adsorption isotherms can be predicted without knowledge of pure-
component isotherms, or properties of the adsorbent, as these variables do not appear in equation. Much
experimental evidence has shown that this is not true. In fact, for gas adsorption the amount of micropores
present in the adsorbent can greatly affect adsorption capacity.

Grant and Manes tested their theory for the adsorption of various hydroc