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ABSTRACT
A kinetic dye test method to rapidly and efficiently predict the adsorption of trace
contaminants to granular activated carbons (GACs), predict breakthrough in rapid small-scale
column tests (RSSCTs), and identify critical pore volumes was designed, conducted, and
analyzed herein. The kinetic dye test takes about two hours to perform and produces a
quantitative result, fitted to a model to yield the intraparticle diffusion constant (IDC). This is a
constant that identifies a carbon’s proficiency to rapidly adsorb compounds.
The author identified and analyzed several established test methods used for predicting
the sorption of micropollutants and trace organic compounds to GACs. Of these, RSSCTs were
deemed to provide the most accurate prediction of full-scale breakthrough. The author predicted
that the breakthrough of 2-methylisoborneol (MIB) in the presence of natural organic matter
(NOM) could be limited by the rate of adsorption, rather than the availability of adsorption sites.
As such, the results from the kinetic dye tests have been compared to the results from RSSCTs to
confirm the validity of the tests.
The author sought to study the influence of pore size distributions, which provide the
adsorption sites and kinetics necessary for the removal of those compounds. The author
attempted to identify pore volumes that would be critical in enhancing the rate of adsorption of
compounds. For coconut carbons, a linear correlation was established between the xylenol
orange IDCs and the coconut carbons for pore ranges of 21.65-34.34 Å (R2 = 0.96) and 25.2127.24 Å (R2 = 0.99), and bituminous carbons for pore ranges of 13.70-14.72 Å (R2 = 0.88) and
73.93-79.85 (R2 = 0.84). Differences in coconut carbons and bituminous carbons have been
attributed to the inherently dissimilar graphene layering formed during the activation processes
and the starting materials.
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In developing the kinetic dye tests, three dyes (xylenol orange, fluorescein, and
methylene blue) of different structures, sizes, and properties were appraised. These dyes were
probed into six coconut-based GACs and six bituminous-based GACs having varied pore
distributions. Xylenol orange was ultimately found to be the most suitable dye to work with due
to the accuracy of results and the strong fits to the model. Results from the methylene blue
testing were not obtained when using the IDC model and this experimental method, as the dye
was adsorbed too rapidly to properly identify the adsorption kinetics. Results for fluorescein
were found to be less accurate in predicting breakthrough in the RSSCTs than xylenol orange
due to larger standard deviations. The author determined that the dye xylenol orange can be used
to predict the breakthrough in RSSCTs of MIB in waters with total organic carbons (TOCs) of
1.9 ppm and 2.2 ppm with R2s of 0.77 and 0.85 for coconut carbons and R2s of 0.70 and 0.79 for
bituminous carbons. The author found less success with identifying the breakthrough of
chloroform in RSSCTs, which was attributed to the lack of kinetic limitations imposed on
chloroform during those tests.
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CHAPTER 1 Introduction
Predicting the removal efficiency of granular activated carbons (GACs) when the rate of
adsorption of a compound is the controlling factor can be a difficult task. The removal of
micropollutants can be dictated by the kinetic limitations of activated carbons for the
transporting of compounds to the interior of the activated carbons, and this can be directly
correlated to the mesopores within the carbons (Pelekani et al., 2000). Mesopores are incredibly
important in the removal of small to mid-size compounds. While small compounds will be stored
in the micropores of a carbon, mesopores provide the transport necessary for the diffusion of
compounds (Hsieh et al., 2000). Microporous carbons tend to have fewer mesopores, and thus
poorer removal efficiencies for certain compounds due to their inability to quickly adsorb those
compounds, especially in the presence of natural organic matter (NOM) and equivalent
background compounds (EBCs) (Newcombe et al., 1997)(Yu et al., 2008). The kinetic
parameters, or diffusivities, that can control the rate of adsorbance of a compound have been
conceptualized in Figure 1.
Typical experiments performed by the author have been either unable to properly mimic
the removal of contaminants under mass-transfer limitations or have been deemed inefficient
when utilizing GACs. The author has found previous successes with rapid small-scale column
tests (RSSCTs) for predicting adsorption rates. These tests can account for many natural factors
and accurately simulate full-scale conditions (Redding et al., 2009). While these tests are
beneficial, they can be difficult to run, time consuming, and expensive. They can be extremely
expensive and difficult to monitor when dealing with contaminants of ppb-ppt concentrations.
Slight changes in flow rates in the columns can drastically change the mass transfer zones within
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the columns. To compound the issue, these tests can last several days, and sometimes require
constant monitoring.
This thesis presents a new experimental test method to rapidly appraise the kinetic
properties of GACs. It is herein referred to as the kinetic dye test method. The experimental
results from the method are plotted to a model, referred to as the “Intraparticle Diffusion Model”
(IDC), which yields a constant that identifies a carbon’s proficiency to rapidly adsorb
compounds (Wu et al., 2009). The use of dyes to predict the behavior of activated carbons has
been a common tool to study the sorption capacity of various activated carbons (LorencGrabowska et al., 2007)(Malarvizhi et al., 2010). The author has attempted to better quantify
how activated carbons can remove compounds under mass-transfer limitations using a simple,
fast, and cost-effective dye test method. The author predicted that the breakthrough of 2methylisoborneol (MIB) in the presence of natural organic matter (NOM) could be limited by the
rate of adsorption, rather than the availability of adsorption sites. As such, the results from the
kinetic dye tests have been compared to the results from RSSCTs to confirm the validity of the
tests.
The dyes analyzed were fluorescein, methylene blue (MB), and xylenol orange (XO).
These dyes are of different sizes and molecular structures, which allowed the author to study
how their properties may affect adsorption rates and which dye would most accurately simulate
the removal of compounds when pore diffusion is a controlling factor.
Two compounds were analyzed in the RSSCTs: chloroform and MIB. These were chosen
on the basis that they would be adsorbed differently. Chloroform was predicted to be adsorbed
best by microporous carbons without mass-transfer limitations, due to it’s small size, whereas
MIB was predicted to be adsorbed with mass-transfer limitations because of its rather non-planar
2

configuration and moderate molecular weight (Abe et al., 2001)(Newcombe et al.,
2002)(Graham et al., 2000)(Chen et al., 1997). For many municipalities, the removal of odorants
such as MIB is the primary reason that activated carbons are used. This is because odorants
undermine the confidence of consumers and their water supply. Activated carbon provides a
promising means of removing these odorants while also benefiting from being easily integrated
into existing water treatment systems.
Six coconut GACs and six bituminous GACs with varying pore distributions were
analyzed. The author compared the results of the kinetic dye tests to the pore volume
distributions (PVDs) of the carbons, which provided a better understanding of the critical pores
necessary for the removal of compounds under mass transfer limitations.
The author proposes that the kinetic dye test method could become a standard test method
for the rapid appraisal of activated carbons by operators in carbon manufacturing plants, water
plants, or operations lacking in sensitive analytical equipment. For example, the dye tests could
be used in lieu of the iodine test (or as a compliment to the iodine test) when an activation
facility is monitoring the day-to-day quality of activated carbons.

3

Figure 1 – Conceptual drawing of molecules moving from bulk solution to adsorption sites on a
carbon. (a) Molecules move from bulk solution to the hydrodynamic boundary layer, where there
is a liquid-solid phase change. This is near instantaneous. (b) External diffusion occurs into your
macropores. The molecule is driven by molecular diffusion, which is largely due to a
concentration gradient. (c) Surface diffusion. Molecules bounce along adsorption sites until they
can reach a low-energy state. (d) Pore diffusion. Molecules will diffuse directly through the pore
until a pore is too small to have unimpeded diffusion. (Peel et al., 1981)
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CHAPTER 2 Literature Review
2.1 Established Tests for the Appraisal of Granular Activated Carbons
Before developing a new test method, the author identified and critiqued a number of
standard test methods. As summarized in Table 1, the tests are as follows:
1. RSSCTs (ASTM standard test D6586). These tests can be quite accurate in predicting the
removal of compounds in full-scale GAC columns when the simulation is properly designed for
proportional or constant diffusivity (Crittenden et al., 1991). Water from specific sources can be
utilized to account for the effects of specific natural organic matters and other contaminants.
Additionally, these tests will account for the influence of surface chemistry, adsorption pores,
and kinetics. Disadvantages to utilizing these tests include time, preparation, and cost. The
amount of time it takes to prepare these tests and for breakthrough to occur can be the range of
days. These tests are also difficult to control, as slight changes in water flow to the columns can
alter the mass transfer zones within the columns, creating inaccuracies. At ppb-ppt levels, these
inaccuracies can be multiplied. The analysis of these samples can take days to weeks. Adding to
that, measuring ppb-ppt level contaminants can be expensive, especially considering these tests
can require extensive sample analyses.
2. Bottle-point isotherm (ASTM standard test D5919). While these tests are simple to execute,
they take five days. The carbon is assumed to have achieved equilibrium at this point. While this
can predict adsorptive capacities for carbons and is an easily interpretable quantitative result, this
may not usefully predict full-scale performance since breakthrough in carbon columns can be
controlled by kinetics.
3. Methylene Blue (MB) Number. Methylene blue dye can be used, similar to a bottle-point
isotherm, to predict the adsorptive capacity of carbons after 5-180 minutes of adsorption time, to
5

a result called the “Methylene Blue Number” (Raposo et al., 2009). MB can accumulate in the
micropores of a carbon due to the size of the compound, although our results herein indicate the
actual phenomena are complex..
4. Iodine (I2) Number (ASTM standard test D4607). The iodine number can predict the capacity
of carbons, and this number roughly correlates to the micropore volume (Krupa et al., 1996). The
iodine number does not correlate to the mesopores or the kinetics necessary for the removal of
smaller compounds.
5. Pore Volume Distribution (PVD). A PVD will identify the amount of mesopores and
micropores in a carbon. Using argon adsorption, up to 500 Å of pore space can be reliably
measured. While this is a good test for the identification of the specific pore volumes per pore
widths of carbons, this test can require several days to produce a result and does not account for
surface chemistry or natural factors that will influence the removal of compounds.
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Table 1 – Summary of tests analyzed by the author. The positives and negatives of the tests
are in relation to their ability to be used as surrogates for predicting the removal of low to
trace-level contaminants by activated carbons in flow through operations through site beds.
Test
Rapid SmallScale Column
Tests (RSSCTs)

Pros
•
•

Cons

Accurately simulate full-scale columns
when properly designed for the
compound of interest
Account for many natural and unknown
factors that will affect adsorption in
full-scale columns

•
•
•

Take 2-4 days
Sample analysis can be
expensive and can require
a turn-around time.
Difficult to set-up/control

Bottle-Point
Isotherms

•
•

Simple experimental method
Easily interpretable results

•
•

Take 5 days
Predictive of adsorptive
capacities, but not kinetic
limitations

Methylene Blue
Number, Iodine
Number

•
•
•

Simple experimental method
Easily interpretable results
Rapid test methods (~ 1 hour)

•

Predictive of adsorptive
capacities, but not kinetic
limitations

Pore Volume
Distributions
(PVD)

•

Provide an accurate measure of
micropores/mesopores

•
•

Take ~3 days
Do not account for
surface chemistry
Not indicative of
performance

•

2.2 Adsorption Mechanisms and Considerations Review
The kinetic dye test needed to be applicable to GACs. In developing the kinetic dye test
and the experimental method therefore, the author sought to be able to tie the results to an easily
accessible model. An appropriate model was found to be the Intraparticle Diffusion Model (Wu
et al., 2009). The model describes three phases; First, external mass transport occurs from the
bulk phase to the periphery of the carbon grain. Second, gradual adsorption occurs, which is
referred to as intraparticle diffusion. Third, equilibrium is being reached, and the adsorbate is
moving from larger to smaller pores via surface diffusion. By the time the third step becomes the
limiting factor, the majority of adsorbate has been removed from bulk solution. Continued
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adsorption will occur at a very slow rate as molecules are shifting into the lowest energy state
possible. Intraparticle diffusion can be separated into two types of internal diffusions: surface
diffusion and pore diffusion. Pore diffusion will likely control the rate of diffusion for
compounds, and as such this is considered intraparticle diffusion. Surface diffusion can limit
adsorption once the majority of molecules are adsorbed, and thus is out of the scope of the
model. To better identify when pore diffusion and surface diffusion are occurring, the model
calls for the slope of the loading (mg/g) vs. the square root of time (hrs) to be fit through (0,0).
Once surface diffusion begins to dominate, the points will not fall on this linear fit.
The author sought to identify kinetic test methods that had been developed previously. Qi
et al. (1994) were able to develop a method, similar to the method here, that produced powder
activated carbon (PAC) adsorption capabilities under kinetic limitations, and then they apply that
method to predicting concentrations in continuous stir tank reactors (CSTRs). The method
herein will have to predict GAC breakthroughs in carbon columns. While the kinetic dye test
functions as a CSTR, carbon columns function more like plug flow reactors (PFRs). Knowing
this, the RSSCTs need to be scaled appropriately to reflect the difference in grain sizes between
full-scale carbon columns and the kinetic dye tests.
The kinetic dye test, while designed to be simple, will produce results that reflect a
variety of conditions based on the adsorbents and adsorbates. As such, this literature review will
discuss the nature of the adsorbents and the adsorbates and what factors will influence
adsorption.
Adsorbents can be separated into two groups: one being the coconut carbons while the
other being the bituminous carbons. The attributes for these that will most influence adsorption
are pore volume per pore width and surface chemistry (Pelekani et al., 2000). Pore volume
8

distributions will characterize the pores of each type from a range of 4.06 Å to 500 Å. Having a
range of micropores and mesopores will provide the storage and transport necessary for
compounds. The extent to which the relationship between pore volumes and kinetics has been
established in the literature is suspect. Ebie et al. utilized several bituminous-coal based GACs
and identified a range of 30-100 Å as alleviating pore blockages due to NOM in competitive
adsorption scenarios (Ebie et al., 2001).
Surface chemistry will also play a role in affecting adsorption. Variations in surface
chemistry can be attributed to the activation method used for a carbon. More nitrogen (basic) and
oxygen (acidic) functional groups will make the surface of the carbons more hydrophilic, which
can lead to less micropore adsorption due to water molecules attracting to these polar sites
(Karanfil et al., 1999). Oxygen, after carbon, is most abundant on the surface of activated
carbons in the form of carboxylic, phenolic hydroxyl, and carbonyl groups (Boehm et al., 1994).
Identifying the influence of surface chemistry on the removal rates of low concentrations of
adsorbates from aqueous solutions has been difficult. Effects on the adsorption capacity of
carbons by surface chemistry have been identified in literature. Different trends in adsorption
capacity for oxidized and non-oxidized carbons were found by Li et al (2002). The carbons they
used with oxygen contents from 1.5-4.5% had different capacities than the oxidized carbons with
oxygen contents of about 10%. These oxygen contents are similar to those found for coconut
carbons and bituminous carbons from Tsai et al. (1994). A Heraeus CHN-O-Rapid elemental
analyzer found a bituminous carbon to host 87.88% carbon, 10.76% oxygen, and 0.55%
nitrogen; while a coconut carbon was identified to host 94.85% carbon, 4.17% oxygen, and
0.11% nitrogen. Data from Li et al. shows that from 8-11 Å, MTBE adsorption capacity of
carbons is hindered by oxidized carbons, and from 7-10 Å TCE adsorption is hindered by
9

oxidized carbons. This further establishes the link between oxygen functional groups hindering
the removal of compounds that would be stored in micropores (0-20 Å). Figueriredo et al. (2012)
were able to test the adsorption of various compounds to tailored carbons of similar surface
chemistries and found that carbons of similar surface chemistries will have their removal in
regards to adsorptive capacities be dictated by their micropore volume (or mesopores in the case
of larger dyes). Wu et al. (2005) found that steam activated carbons (as opposed to KOHactivated carbons) had good fits to the IDC model when studying the adsorption kinetics of
methylene blue and 4-chlorophenol.
The adsorbates chosen for this study have certain attributes that will affect adsorption.
Those attributes have been identified as size, molecular structure, molecular weight, solubility,
and polarity (Moreno-Castilla et al., 2004)(Dabrowski et al., 2005). It is hypothesized that the
most important factors in the removal of these adsorbates are their sizes and structures. The
compounds analyzed are all in a range of 0-20 Å, which has been defined as the micropores for
the carbons. Planar structures of the compounds have been shown in Figure 2. Additional
information for the compounds is summarized in Table 2. The sizes of the compounds
researched for this thesis were estimated based off their bond lengths, and additionally the radii
of the elements using the pc3d software from PubChem. Each adsorbate has been further
reviewed to better understand their properties.
2.3 Adsorbate Properties
2.3.1 Methylene Blue
Methylene Blue is a commonly used dye when working with activated carbons. It is a
cationic, basic dye. The dye, without the three waters of hydration, has a molecular weight of
320 g/mol. The Cl- ion can disassociate in a liquid. The influence of the charge on adsorption of
10

the compound to carbons is thought to be less of a prominent factor than the pi-bonding of the
MB rings with the activated carbon graphene layers. Graham et al. (1955) was able to compare
the adsorption of MB and metanil yellow, which have nearly identical molecular structures and
sizes. The difference between the dyes is methylene blue is a cationic basic dye, while metanil
yellow is an anionic acidic dye. The authors found that the dyes adsorptions, when divided by
each other and compared to surface acidity, was linear. A slight decrease in adsorption of metanil
yellow to carbons was observed, and the authors attributed it to the anionic dye reacting with
acidic functional groups on the carbons, but overall the effect was negligible. It is assumed that
MB will store in the micropores of carbons. Lei et al. (2012) analyzed the addition of mesopores
to carbons and how they affect the adsorption of MB. The addition of 0.03 mL of mesopores
increased the first rate kinetic constant for MB adsorption by 10x. Added mesopores beyond that
had a diminishing effect, suggesting transport pores play a role in the diffusion of the compound
to an extent. The size of the compound has been estimated by its 3d structure at 5.65 x 14.11 x
4.89 Å, which conflicts with sizes from Pelekani et al. (6.1 x 14.3 Å ) and Graham (9 x 18 Å). A
molecule with these dimensions fit in the micropores of a carbon, and its planar configuration
and pi-bonding render it conducive to stacking.
2.3.2 Fluorescein
Fluorescein sodium salt, also known as uranine, will be referred to herein as simply
fluorescein. Fluorescein is a synthetic organic compound of molecular weight 376.27 g/mol.
Typically, fluorescein has been used as a chemical tracer in groundwater studies (Magal et al.,
2008). The author chose to work with this compound due to its workability with a
spectrophotometer. Fluorescein was measured in its 3d structure at 9.21 x 11.22 x 7.63 Å (height,
width, depth). The structure is slightly larger than methylene blue, and has a higher molecular
11

weight than methylene blue, which would hinder the adsorption rate of the compound. The 3d
shape of fluorescein makes it difficult to predict its adsorption based solely on its dimensions.
The top aromatic ring will twist horizontally, which may allow the structure to fit in smaller
pores. The presence of the Na+ ions (radius of 1.53 Å) and the reaction they will have with the
carbon is unknown. While fluorescein resembles methylene blue with its three aromatic rings,
and while it has slightly less width than methylene blue (11.22 vs. 14.11 Å), the compound
includes an additional aromatic ring that sticks up perpendicular to the other aromatic rings.
These molecules could stack together like chairs; however, the exact effect that this non-planar
configuration will have on adsorption rates is difficult to determine.
2.3.3 Xylenol Orange
Xylenol orange disodium salt (XO) hosts the highest molecular weight at 716.62 g/mol.
Higher weight molecules typically have less adsorption rates than smaller molecules. Due to its
size, the absorbability to microporous carbons is thought to be poor. Chen et al. (2008) found
that xylenol orange is highly adsorbable to a metal-organic framework with mean pore sizes of
2.52 nm (25.2 Å). The size of the compound has been estimated at 12.24 x 13.85 x 10.44 Å, and
the 3-d configuration is rather scattered. This data indicates that this compound will fit into the
larger micropores of an activated carbon, and that there would be little chance for aligning pi-pi
bonding interaction between one xylenol orange molecule and another.
2.3.4 Chloroform
Chloroform is an organic compound and is a common disinfection byproduct in water
treatment systems. Chloroform will adsorb to very fine micropores of a carbon, since its most
narrow dimension is 2.2 Å. Abe et al. (2001) found that a high amount of activated carbon
surface area for chloroform at a pore size just big enough to fit the molecule will have the
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greatest effect on adsorption. Larger surface areas above this will have little effect on adsorption.
The size of the molecule was estimated at 4.99 Å (From the periphery of Cl to Cl atoms), with a
depth of 2.2 Å (From the periphery of C to H atoms). Surface chemistry is theorized to be
negligible in the adsorption of chloroform to activated carbons. From Tsai et al. (2008), an
activated carbon fiber had a low dipole moment and a higher non-polar surface area compared to
a commercial activated carbon, and the commercial activated carbon showed much more
adsorbability for chloroform, lending to the idea that surface chemistry may be negligible.
Breakthrough for chloroform in carbon columns was chosen at 2 ppb. Knappe et al. (1998) found
that at trace concentrations, the loading rates on their carbons were unaffected by minor
variations in concentrations (i.e. the removal rate of a compound is not significantly increased or
decreased by minor changes in trace concentrations). Based on this information, the rate of
removal of chloroform is thought to be uniform for a range of 10 ppb and lower.
2.3.5 MIB
MIB hosts a tripod—or teepee configuration, with dimensions of 6.27 x 7.46 x 6.15 Å,
Lalezary-Craig et al. (1988) found that NOM can decrease the adsorption of MIB and geosmin at
concentrations of 50-150 ppt by PACs at concentrations of 5-23. The effect of NOM in this case
is theorized to cause kinetic issues in the adsorption of MIB due to the bottlenecking of pores by
NOM, and the increased tortuous distances that MIB will have to travel in order to diffuse into
adsorption sites. Newcombe et al. (1997) found that NOM of various sizes could adsorb in a
variety of pores from a range of 0-500 Å, and most notably secondary micropores (8-20 Å).
While that study had NOM preloaded onto the carbons, the ability for NOM to diffuse into the
secondary micropores of a carbon would most likely take time based off the size and molecular
weight of the compounds. Newcombe et al. (2002) found that the adsorption of MIB (in the
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presence of NOM) onto coconut and bituminous carbons is mostly controlled by pore volume
distributions, rather than surface chemistry. Newcombe et. al (2002) also found that a higher
amount of mesopores increased the diffusion rate of MIB onto adsorption sites.

Cl-

Methylene Blue

2-methylisoborneol

Xylenol Orange

Fluorescein

Chloroform

Figure 2 – Planar structures of the dyes (xylenol orange, methylene blue, and fluorescein)
and of the compounds for the RSSCTs (2-methylisoborneol and chloroform). Sizes are not
to scale.
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Table 2 – Summary of the dyes used. Methylene blue MW does not account for the three
waters of hydration. apKas obtained from (Smith et al., 2002). bArgon covalent radius =
1.06 angstroms. Van der Waals radius = 1.86 angstroms. cDimensions have been estimated
using PubChem software from the bond lengths and the radii of the elements. dObtained
from (Harris 2009). eObtained from PubChem database.
Dimensions
(Angstroms)c
e
Molecule
Formula
MW
pKa log Kow
height width depth
Fluorescein

Methylene Blue

Xylenol Orange

C20H10
Na2O5
C16H18Cl
N3S
•3H2O
C31H30
N2Na2
O13S

376.26

2.22,
4.34,
6.68a

3.4

9.21

11.22

7.63

320

3.8d

1.09

5.65

14.11

4.89

716.62

6.3d

-2.8

12.24

13.85

10.44

Chloroform

CHCl3

119.38

-

2.3

-

4.99

2.2

2Methylisoborneol

C11H20O

168.15

-

2.84

6.27

7.46

6.15

Argon

Ar

39.95

-

-

2.12

2.12b

-

15

CHAPTER 3 Materials and Methods
3.1 Carbons
GACs from two material sources have been researched; namely six coconut-based
activated carbons and six bituminous-based activated carbons. The 12 carbons in total have been
given designations and summarized in Table 3. These individual carbons have been selected on
the basis that they each have slightly different pore structures, and that those differences in pore
structures will provide different removal efficiencies for each carbon.
Pristine coconut carbons will most likely have a greater proportion of micropores to
mesopores. A pristine coconut carbon designated as C-1 is a standard microporous carbon.
Through a chemical reactivation process, C-1 has had its pore geometry altered to create a larger
volume of micropores and mesopores. These enhanced coconut carbons have been labeled as C2, C-3, and C-4. C-4 has about 7x more mesopore volume than C-1. Two reactivated coconut
carbons, designated C-5R and C-6R, have been analyzed as well. Reactivating a carbon can alter
the pore structure when ions within the structure bind to functional groups on the carbon. This
can lead to carbons with more micro and mesoporosity.
Bituminous carbons will tend to have a larger volume of mesopores than coconut
carbons. B-1, B-2, and B-3 are commercially available bituminous carbons. B-3 has about 3x
more mesopores than B-1. B-4D represents a coal-based carbon that has not been
reagglomerated. Two reactivated bituminous carbons (reactivated from pristine carbons similar
to B-1) have been analyzed as well and designated as B-5R and B-6R.
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Table 3 – Six coconut-based carbons and six bituminous-based carbons have been utilized
and analyzed for the tests herein. Pristine indicates a carbon that has not been reactivated.
Enhanced indicates that a carbon has been enhanced through a chemical activation process
to create a larger ratio of mesopores to micropores. RSSCT flowrates have been calculated
based on the full-scale mesh sizes of the carbons. All of these have been steam activated.
IDCs as calculated from the work herein have been shown.
Full
RSSCT
Scale Slurry Fluorescein XO
Designation
Source
Type
flowrates
Grain
pH
IDCs
IDCs
(mL/min)
Size
12.2
19.3
C-1
Coconut
Pristine
6.4
12×30 9.75
C-2

Coconut

C-3

Coconut

C-4

Coconut

C-5R

Coconut

C-6R

Coconut

B-1

Bituminous

B-2

Bituminous

B-3

Bituminous

B-4D

Bituminous

B-5R

Bituminous

B-6R

Bituminous

Pristine
Enhanced
Pristine
Enhanced
Pristine
Enhanced
Reactivated
Enhanced
Reactivated
Enhanced
Pristine
Reagglomerated
Pristine
Reagglomerated
Pristine
Reagglomerated
Pristine Direct
Activated
Reactivated
Reagglomerated
Reactivated
Reagglomerated

6.4

12×30

9.98

78.0

48.4

6.4

12×30

9.99

15.5

36.9

6.4

12×30

9.87

296.9

131.3

6.4

12×30

9.88

88.5

48.8

6.4

12×30

9.94

175.9

67.7

4.9

12×40

9.54

6.5

16.7

11.0

8×30

9.35

93.2

57.3

4.9

12×40

9.51

254.7

108.4

11.0

8×30

9.64

136.4

62.2

11.0

8×30

9.31

99.6

60.2

11.0

8×30

9.42

136.3

57.5

3.2 Carbon Preparation
Activated carbon needs to be properly sized and cleaned for the tests conducted herein. If
the carbon is sized or cleaned incorrectly, the tests can be inaccurate as the contact time between
the carbon and dye will not be consistent from sample to sample. Specifically, oil can coat the
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carbon which will decrease the surface area, or dust fines can be present which will greatly
increase the surface area.
To start, a sieve nest was constructed in the following order: Cover, US #170 sieve (.088
mm), #200 sieve (.074 mm), #325 sieve (.044 mm), #400 sieve (.037 mm), and a pan. A carbon
grinder was filled with about 100 grams of activated carbon, and the carbon was ground for one
minute. The ground carbon was then added on top of the sieve nest. The sieve nest was then
placed on a shaker which distributed the material in the nest for three minutes. The grinding
process was repeated two more times, for a total of three minutes of grinding.
Carbon on each sieve was individually washed to break up colloidal particles due to
electrostatics and remove any fine dusts and oils sticking to the carbon grains. Approximately 2
L of distilled water was sprayed on top of each sieve until the effluent water was clear.
After the carbon was washed, the 170x200 sample of carbon was prepared by collecting
the carbon remaining on top of the #200 sieve and pouring it onto a ceramic dish. The ceramic
dish was filled with distilled/de-ionized water and sat for one minute. The supernatant was then
poured into a sink to remove any non-settleable particles such as oil and dust. This process was
repeated two-three times if necessary until the supernatant was completely clear. The ceramic
dish was then covered with tin foil and placed in an oven at 105oC for 24 hours.
The 325x400 sample was prepared by collecting the carbon remaining on top of the #400
sieve and pouring it into a ceramic dish. The ceramic dish was filled with distilled/de-ionized
water and sat for a minute. The supernatant was then poured into a sink to remove any nonsettleable particles such as oil and dust. This process was repeated two-three times if necessary
until the supernatant was completely clear. The ceramic dish was then covered with tin foil and
placed in an oven at 105oC for 24 hours.
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After 24 hours, the 170x200 and 325x400 carbon samples were placed into separate 20
mL scintillation vials, which were then placed into a vacuum-sealed container.
3.3 Pore Volume Distributions
Pore volume distributions were obtained for each carbon using a Micromeritics ASAP
2010 Physisorption Instrument. Each carbon sample was weighed, degassed for 24 hours, then
weighed again. Each sample was then placed under a vacuum. The instrument injected the
samples with gaseous argon over a range of 10-6 to 0.993 atm. The DFT Plus software included
with the unit utilized the density functional theory to produce a pore volume for each carbon.
The range of the unit is from 4.06 to 1000 Å. Micropores were measured in a range from 4.06 to
21.65 Å, while mesopores were measured in a range from 21.65 to 500 Å.
3.4 Slurry pH
To quantify the surface chemistry for each carbon, slurry pH experiments were
conducted. A 0.010 M of potassium chloride was prepared in nitrogen-sparged distilled/deionized water. A slurry of 0.100 grams of 170x200 mesh carbon was added to 15 mL of the
0.010 KCl solution. Using a tumbler, the slurry was mixed for two hours. Afterward, the pH of
the supernatant was measured using a pH probe (HI 9025 Hanna Instruments). The pH was
measured once again at 24 hours to ensure the slurry pH did not change.
3.5 Kinetic Dye Tests
The kinetic dye tests were ran with three different dyes to produce three different data
sets. The dyes used were fluorescein, methylene blue, and xylenol orange.
When fluorescein and xylenol orange were utilized, a 10 mM, ph 7.2 phosphate
buffer solution was used. 0.379 grams of sodium phosphate monobasic anhydrous and 0.9642
grams of sodium phosphate dibasic anhydrous were measured on an analytical scale and added to
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a liter of distilled/de-ionized water. This solution was mixed for an hour. When methylene blue
was utilized, a 10 mM, pH 6.0 phosphate buffer solution was used. 1.0558 g of sodium
phosphate monobasic anhydrous and 0.169 g of sodium phosphate dibasic anhydrous were
measured and added to a liter of distilled/de-ionized water. The solution was mixed for an hour.
Dye standards were prepared at 2200 mg/L in their respective buffers. Buffer concentrations
were chosen to ensure that the molecules would not protonate, as that could cause the molecular
size and structure to change. Higher pHs will cause acidic groups to protonate from the carbon
surface, resulting in a higher negative charge to attract or repulse compounds. For example,
methylene blue, a basic dye, would experience an increase in adsorption due to a higher pH
(Malarvizhi et al., 2010).
Calibration curves were prepared for each dye. One curve was of unfiltered
concentrations, and a second curve was of filtered concentrations. A small amount of dye will
stick to the syringe filters during this separating process, so the filtered curve will account for the
lost dye. Calibration curves for each dye are shown in Figures A1-A3.
The dye test were designed to take 80 minutes, These tests were preceded by an
additional 20 minutes during which the carbon grains were wetted in buffer. 50 mL of phosphate
buffer solution was added to a 100 mL beaker. The beaker (with a stir bar) was placed on a stir
plate, and set to a velocity where the cone of depression in the beaker was 1 cm. A sample of
325x400 carbon was weighed to 0.0500 +- 0.0002 grams and added to the 50 mL of phosphate
buffer solution. The slurry of carbon and phosphate buffer was covered with a strip of parafilm
to ensure minimal volatilization and evaporation during the test. The carbon and phosphate
buffer were allowed to mix for 20 minutes. This ensured that the carbon pores were saturated
with buffer, which ensured that all of the pores of the carbon would be accessible to the dye for
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the length of the test. Once 20 minutes passed, 5 mL of fluorescein or xylenol orange from a
2200 mg/L stock solution was added to the slurry, so as to obtain an initial concentration of 200
mg/L, or 7.9 mL of methylene blue dye from a 2200 mg/L stock solution was added, so as to
obtain an initial concentration of 300 mg/L. The test timer was not started until the entire amount
of dye was added into the beaker.
At four different sample times (10 mins, 20 mins, 40 mins, 80 mins), 2 mLs of slurry
were pipetted into syringes equipped with 0.1 micron filters (a 5 minute sampling time was
added to the methylene blue tests later to better identify adsorption rates). The syringes were then
squeezed into plastic cuvettes. A small amount of liquid would stick to the syringe filters, but
there was no liquid left in the syringes after pumping them into the cuvettes. A UV-1601
Shimadzu Spectrophotometer was used in photometric mode to identify the max absorbance for
each sample. The machine was zeroed with nothing in it. The absorbance was calculated for each
sample at a wavelength of 322 for fluorescein, 423 for methylene blue, and 487 for xylenol
orange.
The absorbance of each sample was plotted on the filtered curve calculated for the
respective dye to determine the concentration of each sample. From this concentration, the
loading rate of carbon was calculated in mg/g. The loading rate for each carbon was plotted
against the square root of time in hours, fitted through the y-intercept at zero, and this slope is the
intraparticle diffusion constant (IDC) over the range where this plot was linear (up to 80 minutes
for xylenol orange, and less time for methylene blue and fluorescein). It should be noted that the
amount of carbon removed with each 2 mL sample was estimated, and this was accounted for
cumulatively with each sample taken.
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Additional samples were taken for some dye tests from 200 minutes to 24 hours to better
understand the adsorption capacities of the carbons for these dyes for research purposes.
3.6 RSSCTs
RSSCTs were conducted for all twelve carbons. Two different sets of RSSCTs were
conducted. A set of tests utilized ground water that was spiked with 10 ppb of radiolabeled
CHCl3, with the water’s total organic carbon (TOC) content measured at less than 1 ppm, Two
other sets of tests utilized surface waters and were spiked with 125 ppt of MIB, with the major
differences in the water’s being their TOC contents, measured at 1.9 ppm and 2.2 ppm. The
compounds were kept from volatilizing during these tests by pressurizing the influent tank with 2
psi of N2 and keeping the tank chilled at 4-6oC. The temperature of the columns was difficult to
determine, but it is assumed that the effects that temperature will have on adsorption are
proportional between columns.
The carbon columns were scaled to reflect constant diffusivity based on Equation 1. The
full-scale grain sizes are shown in Table 2, and the small-scale grain sizes were US Mesh #
170x200 for each carbon. Full-scale columns were assumed to have an empty bed contact time
(EBCT) of 10.3 minutes. Scaling parameters were adopted from Crittenden et al. (Crittenden et
al., 1991).

EBCTss  Dss 

EBCT fs  D fs 

2

(Equation 1)

The set-up has been illustrated in Figure 3. Each carbon column had a different flow rate
pumped into it depending on the size of the full-scale grains. 3 mL samples of the effluent water
from the columns were taken at various points throughout the test. These 3 mL samples were
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pipetted into 18 mL of scintillation fluid contained in 20 mL scintillation vials. The vials were
then placed in a liquid scintillation counter and the radioactivity was measured. This was then
converted to a concentration of CHCl3 or MIB based of the ug/uL of radiolabeled material.

Figure 3 – RSSCT set-up. Two different carbons were tested during each run (as shown by
two columns).
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CHAPTER 4 Results and Discussion
An important objective of this research was to determine whether there is a relationship
between pore volume distributions, dye adsorption rates, and bed life for removing MIB. The
author recognized that other physical-chemical characterizations would play a role; but it was
these features that the author aimed to emphasize. In appraising this, the author has appraised the
rate of adsorbtion for three dyes: xylenol orange, fluorescein, and methylene blue. These dyes
host a range of molecular weights and configurations. The methylene blue dye is quite planar,
while the xylenol orange dye is an apparently disordered configuration. In discerning what limits
the adsorption rate of the dyes or MIB, it has been construed that the rate could be limited by
either pore diffusion, surface diffusion, or adsorption. For the work herein, the authors have
taken this notion a step farther by discerning what pore sizes represent the bottleneck for the two
carbon types. Analogously, let us pose what limits the rate and extent to which people enter a
large classroom: The limitation could represent either (a) the width of the doors, (b) the width of
the spacing between chair rows, (c) the rate at which persons can scoot along, from one chair to
another, (d) the rate at which they can sit down, or (e) the number of chairs present in the room.
May we pose that relative to this analogy the work herein addresses (a) the door widths and (b)
chair row spacing (i.e. the bottleneck dimensions). Intriguingly, the bottleneck dimensions for
the coconut carbons were consistently and distinctly different from those for bituminous carbons.
4.1 Pore Volume Distributions
Part of the research herein entails identifying and isolating critical pore volumes for the
mass transfer of compounds into carbons using the dye test method. Pore volume distributions
showed that the bituminous carbons hosted about 72-88% micropores with 12-28% mesopores.
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Amongst these, B-1 was the most microporous. In comparison, a conventional coconut carbon
(C-1) hosted nearly all micropores, while coconut variants (C-2 through C-6R) hosted 13-20%
mesopores. Also, the coconut carbons exhibited more very fine pores (width < 7 or 13 Å) than
did the bituminous carbons. The incremental pore volumes with insets of cumulative pore
volumes have been shown in Figure 4 (coconut carbons) and Figure 5 (bituminous carbons).
Pore volumes per select pore width ranges have been depicted graphically in Figure A7 as well
as in tabular form in Table A1.
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Figure 4 – Coconut carbons. Incremental Pore Volume (mL/g) vs. Pore Width (Å). A range of 4.06 Å to 50 Å is shown to
better distinguish the changes in volume per pore width. The inset is Cumulative Pore Volume (mL/g) vs. Pore Width (Å) for
coconut carbons on a log scale.
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Figure 5 – Bitminous carbons. Incremental Pore Volume (mL/g) vs. Pore Width (Å). A range of 4.06 Å to 50 Å is shown to
better distinguish the changes in volume per pore width. The inset is Cumulative Pore Volume (mL/g) vs. Pore Width (Å) for
bituminous carbons on a log scale.
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4.2 Slurry pH
The slurry pHs for the carbons are all between 9.3 and 10, and have been summarized in
Table 3. Specifically, the coconut variants ranged from 9.75 to 9.98, while the bituminous
variants ranged from 9.31 to 9.64. The coconut carbons have similar slurry pHs, and therefore
similar surface chemistries. Enhanced and reactivated carbons may have slightly higher slurry
pHs due to a loss of pores during the reactivation processes. The bituminous carbons tend to
have slightly lower pHs than the coconut carbons which indicates the presence of surface acidic
functional groups on the carbons. The similarities in slurry pHs can be partially attributable to
the activation method (steam) used for each carbon. The authors intentionally selected activated
carbons that hosted a consistent slurry pH, so as to minimize the influences of the activated
carbon’s surface chemistries.
4.3 Kinetic Dye Tests
4.3.1 Fluorescein Dye
With the fluorescein kinetic dye tests, coconut carbons performed variably.
Ideally, the dye test would be reflective of the micropores and mesopores of a carbon, as both
serve an important function for the adsorbance of molecules. While C-1 has the largest volume
of micropores from 0-11.67 Å at 0.2995 mL/g, the carbon removed the least amount of dye over
the test from 0-24 hrs (Figure 6). Fluorescein was measured at dimensions of 9.21 Å x 11.22 Å x
7.63 Å. This was a trend shared by all of the coconut carbons, and either suggests that the
volume of micropores below 11.67 Å are not being used, or that the transport pores in the carbon
aren’t large enough. It is most likely that the carbon is kinetically limited, and that the contact
time between the carbon and the bulk solution of fluorescein would need to be increased to fully
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utilize the micropores of C-1. C-1 has a total mesopore volume of 0.0135 mL/g, and the smallest
volume of pores per pore width after 11.67 Å of any coconut carbon studied.
Ideally, a volume of pores per pore width exist that dictate the kinetic removal rates of
fluorescein. Identifying the critical pore range for the removal of fluorescein could better identify
why C-1 and C-3 underperformed. While C-3 has the largest total volume of micropores and
mesopores of the coconut carbons (0.4314 mL/g and 0.0723 mL/g), the performance of C-3 was
consistently low, suggesting that certain ranges of pore volumes are more critical in the removal
of fluorescein than larger total pore volumes. C-3 performed somewhat close to C-1, yet C-2, C5R, C-6R, and C-4 vastly outperformed both. C-3 actually has the largest volume of pores for all
of the coconut carbons at 10.83-15.90 Å with 0.1304 mL/g. In comparison, C-4 has 0.1191 mL/g
and C-6R has 0.1093 mL/g. This suggests that pores from 0-15.90 Å may not be critical in the
removal of fluorescein, as both C-1 and C-3 had performance issues.
Interestingly, C-3 and C-4 have nearly identical micropore volumes (0.4314 mL/g and
0.4193 mL/g) and nearly identical mesopore volumes (0.0723 mL/g and 0.0731 mL/g). Yet C-4
consistently performed better than C-3 in the dye tests. This is more evidence that a range of pore
volumes is more important in the removal of fluorescein than total pore volumes for a carbon. C4 does not have a larger volume of pores than C-3 until a pore width of 15.90 Å. C-3 has larger
pore volumes than C-4 from 0-500 Å except for a range of pores from 15.90-34.34 Å. Notably,
C-4 has 4.23x more volume at a pore width of 25.21 Å. While enhanced from the same material,
this provides evidence that this range of micropores and mesopores may be critical to the
removal of fluorescein or compounds of similar sizes.
C-5R and C-2 performed relatively close in the dye test. They have similar micropore
volumes (0.3812 mL/g and 0.3768 mL/g) and mesopore volumes (0.0529 mL/g and 0.0564
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mL/g). C-5R had a slightly higher loading at 10 minutes, suggesting a higher external mass
transport rate initially, or perhaps faster initial surface diffusion. While the pore volumes are
similar, C-5R has a slightly larger volume of pores than C-2 (0.2103 mL/g to 0.1642 mL/g) from
9.98-34.34 Å. From a range of 15.90-34.34 Å, the volume of pores for those carbons is 0.0979
mL/g to 0.0607 mL/g, respectively. This could be the reason for the higher initial loading (at 10
minutes) for C-5R compared to C-2.
C-4 and C-6R performed similarly. C-6R does not have a larger volume of mesopores
than C-5R until 25.21 Å. Also, it does not have as large of a pore volume as C-4 at this pore
width. This may imply that the critical pore rate for the removal of fluorescein is in a range of
25.25-34.34 Å.
Bituminous carbons performed variably (Figure 7). B-1 was not able to adsorb a
sufficient amount of dye to make the test accurate. Even at 24 hours, the loading rate was 37.33
mg/g. This could be due to B-1 not having enough storage sites, or a lack of mesopores
necessary for diffusion. B-1 was anticipated to perform close to a pristine coconut carbon. B-1
has the highest amount of primary micropores of the bituminous carbons, at 0.1301 mL/g for
pore widths of 4.06-6.26 Å (the second closest being B-3 at 0.1123 mL/g). It was anticipated that
a pore size of about 11 Å (fluorescein being 9.21 Å x 11.22 Å x 7.63 Å) would be necessary for
the storage of the dye. It is very likely that B-1 is unable to adsorb fluorescein dye well due to
kinetic limitations, as B-2 has a similar pore size distribution for the pore width range predicted
to be necessary for the adsorption of fluorescein, yet B-2 outperformed B-1 in the dye test. In a
pore width range of 10.83-15.90, B-1 has a pore volume of 0.0532 mL/g, while B-2 has a pore
volume of 0.0572 mL/g.
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B-5R and B-2 performed similarly. B-5R does not have larger pore volumes per pore
width than B-2 until after 10.83 Å. From 10.83-21.65 Å, the volume of B-5R is 0.0262 mL/g
larger than B-2. This narrows the critical pore range required for kinetics for fluorescein to above
10.83 Å. B-4D and B-6R performed similarly as well. Their pore volume distributions were very
similar. Differences in the pore volumes were evident from a range of 18.61-37.05 Å, with B-4D
having 0.0898 mL/g and B-6R having 0.0669 mL/g. While for coconut carbons this pore range
appeared to be critical for good kinetics, in bituminous carbons this range does not appear to be
critical. In this pore width range, B-3 has less pore volumes per pore width than B-4D, B-5R, and
B-6R, yet ultimately had better kinetics according to the IDC model and a better performance in
the RSSCTs.
It is difficult to determine the exact influence of adsorption pores in this study, as carbons
are exposed to 10-80 minute contact times. While isotherms were deemed inefficient tests and
somewhat unrealistic tests in determining a carbons performance, they would provide a better
indication of the adsorption capacities of carbons. The author took 24 hour samples for carbons
during the fluorescein tests, but the majority of dye from bulk solution was already adsorbed
(See Figure 6 and Figure 7). As noted before, adsorption in carbons can be summarized in three
phases. The kinetic test identifies the second phase. For future work, it may be interesting to
study the rate of removal during the third phase, when compounds are experiencing extremely
limited internal diffusion in the transport of molecules from larger to smaller micropores, and
possibly those rates could be used to predict long-term loading values for different carbons.
As noted before, the model specifies that the fitting crosses zero on the y-axis. Only the
first two points (10-20 minutes) were used in the prediction of the IDC (Figure 8). 40 and 80
minute sampling times did not fit the model, and this is evident in the figure. This suggests that
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the 10 and 20 minute sample times are reflective of the end of the pore diffusion, and surface
diffusion is beginning to limit adsorption.
With the connections made between the carbons, their pore volumes, and the adsorption
kinetics of fluorescein dye onto carbons, the author sought to identify the critical pore volumes
necessary for the removal of fluorescein. Individual pore volumes per pore widths were
explored, as well as several ranges of pore volumes per pore widths. After much extrapolation,
the author determined that showing the R2s between the IDCs and pore volumes per pore widths
for a range of 0-1000 Å would best illustrate the correlations (Figure 9). Coconut carbons
showed two correlations: One at 5.92-6.26 Å (R2 = 0.51), and another at 25.21-27.24 Å (R2 =
0.91). It was determined earlier that pore ranges below 10 Å most likely provide no adsorption
sites or kinetics for the removal of fluorescein, and as such the pore range of 5.92-6.26 Å may be
a coincidence; however, the pore range of 25.21-27.24 Å was determined to be critical for
coconut carbons as evidenced in the data.
Identifying the pore volumes necessary for good kinetics in bituminous carbons was
difficult. After 54.30 Å, B-3 had a larger volume of pores than all other bituminous carbons. This
overall larger mesopore volume may have contributed to B-3 performing so well. Correlating a
critical pore volume per pore width to IDCs for bituminous carbons yielded interesting results
with fluorescein dye. The highest correlation for an IDC and a critical pore range was found at
12.69-13.70 Å (R2 = 0.75), and 73.93-79.85 Å (R2 = 0.92). 13.70 Å was previously theorized to
be slightly above the width at which adsorption is critical for fluorescein. While pore volumes
above 34.34 Å for coconut carbons were deemed to be unreflective of a carbon’s relative kinetic
performance, the bituminous carbons are showing a strong correlation to larger mesopores. Peel
et al. found that the diffusion constant can be strongly limited by the ratio of sorbate diameter to
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pore diameter, and additionally found that ratios of 1:10 could reduce the diffusion rate by as
much as 40% when studying bituminous carbons similar to those in this research (Peel et al.,
2005). The average diameter of fluorescein is 9.353 Å, which is a ratio of 1:7.9 compared to the
pore width 73.93-79.85 Å, which may indicate that these pore ranges limit the diffusion by more
than 40%.
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Figure 6 - Fluorescein dye. Coconut carbons. Loading is mg of dye per gram of carbon. The
graph is split to show the loading at 24 hours.

Figure 7 - Fluorescein dye. Bituminous carbons. Loading is mg of dye per gram of carbon.
The graph is split to show the loading at 24 hours.
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B-4D
B-6R
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B-2
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C-3
C-1
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Figure 8 - Fluorescein dye. Coconut and bituminous carbons. The loading has been plotted
against the square root of time in hours. Fittings have been forced through zero. Only the
first two points were fitted as they met the requirements of the model. The first point of B5R was not used as it was consistently too high. Points above 0.577 hrs are shown to
demonstrate that the curves are leveling off.

Figure 9 – The R2 of the linear relationships between the incremental pore volumes per
pore width vs. the IDCs obtained from the fluorescein kinetic dye tests.
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4.3.2 Xylenol Orange Dye

XO was estimated at a size of 12.24 x 13.85 x 10.44 Å. This would exclude primary
micropores from contributing to the adsorption of the dye. C-1 had the poorest adsorption
kinetics for XO (Figure 10). After 11.67 Å, C-1 has the least volume of pores per pore width of
any coconut carbon, which would explain the poor overall performance.
C-5R and C-2 had interesting results. Samples taken during the first 80 minutes of the
kinetic dye test were of similar loadings, and had somewhat similar IDCs (67.8 and 48.4
mg/(g*hr0.5)); however, at 24 hours, C-5R had adsorbed significantly more dye than C-2 (219.03
mg/g vs. 157.19 mg/g). C-2 has less overall pores from 15.90-21.65 Å with 0.0440 mL/g,
compared to C-5R with 0.0752 mL/g. This could imply that at 24 hours, C-2 adsorption is
hindered by a lack of adsorption sites.
C-3 results were difficult to interpret, as it didn’t fit the IDC model. The 10 and 20
minute sampling points do not correlate with a linear fitting forced through a zero y-intercept, yet
all of the other carbons studied (with the exception of C-4) fit the model well for the first 80
minutes of testing. As such, the IDC (36.9 mg/(g* hr0.5)) for C-3 was not forced through zero and
measured at a y-intercept of about 25.
C-6R and C-5R had similar loading rates at 24 hours, yet different adsorption rates for
XO from 10-80 minutes (IDCs of 67.7 and 48.8mg/(g*hr0.5)). While the carbons have nearly
identical pore volumes from 15.90-27.24 Å, C-6R has a pore volume of 0.0160 mL/g from
27.24-34.34 Å, while C-5R has a volume of 0.0116 mL/g. Like fluorescein, these pores appear to
have some influence on increased kinetics for coconut carbons.
The IDCs for the coconut/bituminous carbons and XO were correlated in Figure 12. A
linear correlation with an R2 = 0.99 was calculated for a range of 25.21-27.24 Å. It should also
36

be noted that a correlation was found at 5.41-5.92 Å with an R2 of 0.39, but this is deemed to be
a coincidence. The correlation at a range of 25.21-27.24 Å is stronger than any correlation
obtained with fluorescein dye, with an R2 = 0.99. An R2 = 0.96 was calculated for a range of
21.65-34.34 Å, which could imply that this larger range of pores plays a role in adsorption
kinetics. As noted, C-6R and C-5R have similar pore volumes in these ranges. From 21.65-27.24
Å, these carbons have pore volumes of 0.0279 and 0.0270. C-6R had a slightly larger IDC than
C-5R, yet the correlation between the IDCs and pore volumes per pore width in that range is
strong enough to suggest that those pores play a major role in kinetics. In total, pore volumes in a
range of pore widths of 21.65-34.34 Å can be correlated to coconut IDCs, suggesting that these
pore ranges are critical in the adsorption of XO for coconut carbons.
Bituminous carbons also had similar trends to fluorescein, in that the carbons performed
in relatively the same order kinetically (Figure 11 compared to Figure 7). Bituminous carbons
were, as with fluorescein, dependent on different pore sizes than the coconut carbons.
Results for the bituminous carbons produced an interpretable IDC for B-1 (16.7
mg/(g*hr0.5)), compared to fluorescein where the IDC was <1. While B-4D had slightly better
kinetics when fitted to the IDC model, B-2, B-5R, B-6R, and B-4D had similar adsorption rates
(IDCs of 57.3, 60.2, 57.5, and 62.2 mg/(g*hr0.5)). Also, similar to fluorescein, B-3 outperformed
the other carbons significantly.
Once again the correlations between pore volumes and carbon IDCs were difficult to
interpret. As with fluorescein, B-1 did not follow the same trend as the other bituminous carbons.
Again, this can be attributable to B-1 being a microporous carbon, with the majority of volume
located in pores below 6 Å.
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The author found that when comparing the loading of xylenol orange dye to the carbons
at 24 hours and the initial loading rates of the carbons at 10 minutes, the data is not very well
correlated. This makes sense, as the kinetic dye test is reflective of kinetics (i.e. the IDC),
whereas the initial loading rates of the carbons and the adsorption at 24 hours would theoretically
be more correlated to the adsorption capacities of the carbons.
For bituminous carbons there are two positive correlations between the IDCs and the pore
volumes per pore widths. As shown in Figure 13, and as with fluorescein correlations, there are
significantly different trends between the two types of carbons. At a pore width range of 13.7014.72 Å, there is a correlation with an R2 = 0.88. This is interesting, as fluorescein dye has a
correlation at 13.69-13.70 Å with an R2 = 0.75. The average diameter of a fluorescein molecule
can be estimated at 9.35 Å, while the average diameter of an XO molecule can be estimated at
12.18 Å. There is a possibility that these smaller pore widths, which look to be slightly larger
than the molecules, can affect kinetics. At a range of 73.93-79.85 Å, there is a correlation with an
R2 = 0.84 (compared to fluorescein with an R2 = 0.92). Again, these larger mesopores in
bituminous carbons, as opposed to coconut carbons, have a relation to the kinetic abilities of the
carbons. This has been attributed to inherent differences between the carbons, which can be
attributable to their different surfaces creating different diffusion paths. Chiang et al. found that
nitrogen adsorption to bituminous carbons revealed slit-shaped capillaries which were formed by
aggregates of plates (or chains of carbons), while coconut carbons possessed narrow, slit-like
pores (Chiang et al., 2001).
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Figure 10 – XO dye. Coconut carbons. Curves are shown over a 24 hour period to
demonstrate the adsorption kinetics for each carbon. The curve has been split at 100300mins for clarity.

Figure 11 – XO dye. Bituminous carbons. Curves are shown over a 24 hour period to
demonstrate the adsorption kinetics for each carbon. The curve has been split at 100300mins for clarity.
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Figure 12 - XO dye. Coconut and bituminous carbons. The loading has been plotted against
the square root of time in hours. Fittings have been forced through zero. The first four
sampling points (10-80 minutes) were fitted to the model.

Figure 13 - The R2 of the linear relationships between the incremental pore volumes per
pore width vs. the IDCs obtained from the xylenol orange kinetic dye tests.
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4.3.3 Methylene Blue Dye
MB adsorption rates for the kinetic dye tests were difficult to distinguish. Both coconut
carbons (Figure 14) and bituminous carbons (Figure 15) had similar mass transfer rates. The
author proposes that one of two situations occurred. One, the majority of external, surface, and
pore diffusion had taken place, which is explainable by the high adsorbability of MB. Even at
five minutes, the diffusion of MB looked to be at the adsorption stage where MB molecules were
rearranging themselves into the lowest energy sites. Raposo et. al found that when studying the
removal of MB at the ppm range, MB was almost entirely adsorbed in less than five minutes
(Raposo et al., 2009). The curves from the figures suggest that the adsorption kinetics were in the
third phase. This would explain the slow and similar adsorption rates between carbons. If the
diffusion of MB was defined by this phase, that would explain the lack of a correlation between
pore structures and IDCs. Another possibility is that MB kinetic diffusion is not reliant on pore
structure. This is less likely, as the adsorption of MB has been proven to fit the IDC model (Wu
et al., 2005). Additionally the effective adsorption of MB has been linked to pores up to 50 Å,
which precluding the possibility of MB adsorbing in these pores indicates some reliance on
kinetics (Krupa et al., 1996).
The 24 hour samples for the carbons only had on average a 34.4 mg/g increase from the
200 minute samples. This implies that the majority of MB had been adsorbed (before 10
minutes) but that even at 24 hours the third phase of adsorption was still occurring, as the
adsorption had not reached equilibrium. The fluorescein and xylenol orange testing showed
higher intraparticle diffusion rates at 24 hours, implying that those dyes are not as easily
adsorbed as MB.
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MB adsorption rates for coconut carbons were similar to those of fluorescein in that the
carbons performed in relatively the same order. While C-5R and C-2 were interchanged (from
the fluorescein dye test to the MB dye test), they performed closely in each test. With the
exception of B-5R, the bituminous carbons performed in relatively the same order for fluorescein
and MB. With the knowledge that external diffusion is highly reliant on the size of the adsorbate
and contact time, the difference in loading rates for each carbon can likely be attributed to the
variances in internal mass diffusion rates (Peel et al., 2005).
The IDCs were not calculated for the adsorption of MB. It was difficult to try to fit the
data, as even samples taken at 5 and 10 minutes were not linear (when fitted through zero, as
specified by the model). As such, the test was deemed inefficient at accurately determining the
IDCs for the carbon for this test method when using the IDC model. Workability is an important
aspect of the kinetic dye test. Sampling consistently before 10 minutes would be difficult and
could reduce the accuracy of the test. The author chose not to continue working with MB due to
these factors.
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Figure 14 - Methylene blue dye. Coconut carbons. Exponential fits. The graph splits to
show the loading at 24 hours.

Figure 15 - Methylene blue dye. Bituminous carbons. Exponential fits. The graph splits to
show the loading at 24 hours.
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4.4 Comparison of Diffusion Rates for the Dyes
A summary of the IDCs for each dye test is presented in Figure 16. It should be
noted that MB was not plotted, as the IDC model was deemed inappropriate. Clearly, different
IDCs were obtained with each test. This was to be expected, as each dye analyzed was of a
different size and weight, which would affect adsorption rates. Comparing the IDCs between
dyes is somewhat incongruous, as the initial concentrations were different (200 mg/L for XO and
fluorescein, and 300 mg/L for MB). Originally, the author sought to normalize the original
concentrations of the tests to the molarities of the dyes (after the XO tests were ran), but the dyes
were almost completely adsorbed before the 80 minute mark.
For any given carbon, the initial intraparticle diffusion constants for fluorescein were
always about twice as high as for xylenol orange (Figure 16). This was because the fluorescein
molecule consisted of a more planar structure than did the xylenol orange; fluorescein hosted pibonds in this planar region that could readily avail themselves to the pi-bonds of the activated
carbons’ graphene surfaces. The three exceptions to this trend were for the conventional C-1
coconut carbons, the conventional B-1 reagglomerated bituminous, and the enhanced C-3
coconut carbons.
The authors propose that XO is a better dye to work with than fluorescein, from a
workability standpoint. The use of XO with this experimental method permits the use of four
sampling points, rather than two when working with fluorescein. Additionally, better
consistencies between XO repeat tests were observed (XO standard deviation (SD) = 1.18 mg/g
vs. Fluorescein SD = 4.2 mg/g).
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Figure 16 – IDCs for each dye test compared. Black bars are the IDCs for fluorescein dye,
while white bars are the IDCs for XO dye. Methylene blue IDCs are not shown.
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4.5 RSSCTs
Results for the RSSCTs were different for the adsorption of chloroform and MIB, which
was anticipated. MIB, due to the influence of natural organic matters, was predicted to have
kinetic limitations due to blockages of pores and competition for pores with NOM molecules. In
contrast, chloroform was predicted to adsorb compounds easily, without mass transfer
limitations, as the TOC content was measured at less than 1.0 ppm. Also, the size of a
chloroform molecule was estimated at 4.99 Å (from the longest Cl- to Cl- atoms) and 2.2 Å,
while MIB was estimated at 6.27 Å x 7.46 Å x 6.15 Å. Even though MIB can store in the smaller
micropores of a carbon, it is assumed that NOM can block micropores by bottlenecking graphite
layers, and as such a larger volume of fine micropore widths may be necessary for the adsorption
of MIB.
Chloroform RSSCTs for coconut carbons and bituminous carbons are shown in Figure
17. Coconut carbons had little to no correlation with pore volumes. The poor performance of C-4
suggests that pore volumes per pore width above 15.90 Å are not essential in the adsorption of
chloroform compounds. Furthermore, the fact that C-2 and C-3 outperformed C-1, yet, from 06.77 Å, C-1 has a larger volume of pores, indicates that a pore range between 6.77-15.90 Å may
have an influence on adsorption.
The bituminous carbons showed interesting removal rates. Specifically, B-1
outperformed the other carbons significantly. For 4.06-5.41 Å, B-1 has the largest volume of
pores for bituminous carbons. The carbons showed a reasonable correlation to the pore volumes
at a pore width of 5.41 Å. This could indicate that the adsorption for chloroform is heavily
weighted towards the availability of adsorption sites, rather than by kinetic limitations.
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Breakthrough for MIB for coconut carbons and bituminous carbons was identified in two
different surface waters, one water with a TOC of 1.9 ppm (Figure 18) and one water with a
TOC of 2.2 ppm (Figure 19). While C-4 experienced breakthrough first in the chloroform
RSSCTs, C-4 experienced breakthrough last in the MIB RSSCTs. Both of the compounds tested
in the RSSCTs were of a smaller size, yet this performance indicates that a factor beyond the
available adsorption sites is limiting the removal rates. Above a pore width of 15.90 Å, C-4 had
the largest pore volume per pore width of all the coconut carbons. Below 9.98 Å, C-4 had an
average volume of 0.0169 mL/g, which was less than C-1, C-2, and C-3. There is a positive
correlation between the volume of pores per pore width at a range of 18.61-34.34 Å and the
breakthrough of the carbons, which suggests that the lower end of mesopores are important in the
removal of MIB with NOM present in coconut carbons.
For bituminous carbons in the MIB RSSCTs, B-1 experienced breakthrough first,
contrary to chloroform results where B-1 had the longest removal time. There is a positive
correlation for a pore width of 12.69-13.70 Å and the removal of MIB for bituminous carbons.
B-1 has the smallest pore volume (0.00092 mL/g) at this pore width, while B-3 has the largest
pore volume (0.0159 mL/g). B-3 had the highest IDC out of the bituminous carbons in the
fluorescein and XO dye tests (IDCs of 254.7 and 108.4 mg/[g*hr0.5]), and also had the most
delayed breakthrough in the MIB tests.
There are some notable differences between breakthrough in the carbons in the MIB tests
for TOCs of 1.9 ppm and 2.2 ppm. The 2.2 ppm water results show accelerated breakthroughs
for the majority of the carbons, compared to the 1.9 ppm water. Notable changes are the drastic
acceleration in breakthrough of C-6R (8.8 L/g vs. 17.4 L/g for the 2.2 ppm and 1.9 ppm waters).
It is difficult to discern the exact reason as to why this carbon had such a drastic change in
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adsorption of MIB. With the exception of that carbon, the rest of the carbons brokethrough in
roughly the same order as the 1.9 ppm water.
All RSSCT figures shown have been plotted with sigmoidal fits to describe the
breakthrough. Chloroform and MIB breakthroughs plotted against liters of water processed per
gram of carbon are presented in Figures A4-A6.

Figure 17 - Chloroform RSSCTs for coconut and bituminous carbons. A bed volume was
measured at 0.357 mL. C/Co is the effluent concentration over the initial concentration of
10 ppb.
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Figure 18 - MIB RSSCTs (TOC = 1.9 ppm) for coconut and bituminous carbons. A bed
volume was measured at 0.357 mL. C/Co is the effluent concentration over the initial
concentration of 125 ppt.

Figure 19 - MIB RSSCTs (TOC = 2.2 ppm) for coconut and bituminous carbons. A bed
volume was measured at 0.357 mL. C/Co is the effluent concentration over the initial
concentration of 125 ppt.
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4.6 IDCs correlated to RSSCTs
Utilizing the dye tests to predict breakthrough in RSSCTs (in L/g) was an essential goal
of the kinetic dye test. Breakthrough in RSSCTs (in L/g) at 10 ppt (the taste and odor threshold
for MIB) has been plotted against the IDCs for XO (Figure 20) and fluorescein (Figure 21)
(Graham et al., 2000).
For predicting the breakthrough of MIB, linear fits correlating the XO IDCs for coconut
carbons and breakthrough resulted in an R2 of 0.77 and 0.85 for the TOC of 1.9 ppm and 2.2
ppm waters, respectively. For bituminous carbons, correlations were found with an R2 of 0.70
and 0.79 for the TOC of 1.9 ppm and 2.2 ppm waters, respectively. Correlations for coconut
carbons and fluorescein IDCs to MIB breakthrough were found at R2 of 0.81 and 0.77 for the
TOC of 1.9 ppm and 2.2 ppm waters, respectively. Bituminous carbons had correlations at R 2 of
0.83 and 0.87 for the TOC of 1.9 ppm and 2.2 ppm waters, respectively. This data has been
graphed and added to the appendix (Figure A8-A9).
The author sought to look at the correlation at different breakthroughs, and found a
promising correlation at 4 ppt (not shown in a figure), which was deemed to be the onset of
breakthrough in the MIB RSSCT testing. 4 ppt has also been referenced as the initial
concentration that humans can detect the presence of MIB (Rangel-Mendez et al., 2005).
Coconut carbons and XO IDCs had correlations of R2 of 0.94 and 0.92 for the TOC = 1.9 ppm
and 2.2 ppm waters, respectively. Bituminous carbons did not have as promising of a correlation
(R2 = 0.69 and 0.76), unless the B-1 carbon was not used in the data set (R2 = 0.88 and 0.96).
These correlations demonstrate two aspects of the MIB removal by carbon. One, the
removal of MIB looks to be heavily weighted in the kinetics of the carbons. Two, there look to
be other factors affecting the removal of MIB, which would most likely include the availability
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of adsorption sites. Namely, the availability of adsorption sites is not constant in the tests. NOMs
can block adsorption sites while simultaneously hindering the diffusion of compounds.
Looking at Figure A8 and Figure A9, it looks as if using the IDCs to predict
breakthrough will underestimate breakthrough when using coconut carbons. C-1 looked to be an
outlier in both MIB waters: breaking through much sooner than predicted by the IDC. This
could, again, be an indicator of the adsorption capacities of the carbons. While the IDC may be a
useful indicator of the adsorption rates of a carbon, if the carbon becomes limited by the
adsorption of MIB due to the availability of adsorption sites, then the adsorption kinetics are
presumed to be in the third phase, which is out of the scope of the IDC model. The exact
influence of the adsorption capacities of the carbons in the RSSCTs (and thus full-scale columns)
during the experimental runs of the RSSCTs is difficult to determine. There are also points that
have been overestimated. A preloading effect for NOMs can occur in RSSCTs near the effluent
side of the column, and this is primarily due to NOMs not being as easily adsorbed as some
organic compounds, thus a higher concentration gradient of NOMs moves down the column
before the organic compounds (Li et al., 2003). This may explain some of overestimations in
breakthrough while comparing to the IDCs.
There are several aspects of the RSSCTs that can be further examined to explain the
differences between the predicted and observed values. In the MIB water with TOC of 1.9 ppm
(Figure 18), as well as the TOC of 2.2 ppm (Figure 19), there are two types of curves present.
One is more of an exponential curve, while one is s-shaped. These could imply that there are two
different types of mass-transfer zones in the carbon columns. A more basic explanation may just
be the limitation of adsorption sites, causing the adsorption of MIB to be limited by two factors:
intraparticle diffusion and the adsorption. Again, this would imply that the curves are leveling
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off, and thus in the third stage of diffusion. Additionally, the sudden breakthroughs apparent in
the s-curves may be attributable to a sudden decrease in adsorption sites due to pore blockages
caused by larger NOM molecules (Pelekani et al., 2000). A larger amount of mesopores can
reduce this occurrence.
The chloroform RSSCTs suggest that the removal of chloroform is more heavily
weighted in the adsorption capacities of the carbons, rather the kinetic capacities of the carbons.
Breakthrough of chloroform plotted against the IDCs for XO did not yield positive correlations.
It is difficult to identify the exact influence that mesopores will have on the adsorption of
chloroform under these conditions. An isotherm may provide a better correlation. The data
obtained for chloroform does not necessarily identify that kinetics are not important to the
removal of chloroform, but rather that a separate mechanism is controlling the removal. It is
possible that the kinetics, which typically reflect the mesopores of a carbon, are less significant
in the removal of chloroform compared to small micropores. The exact influence of added
mesopores is unknown, as a correlation between the pore volumes and the carbons was difficult
to determine. A strong correlation was found between the pore volumes of primary micropores
(4.06-4.4 Å) and bituminous carbons with an R2 = 0.78, yet a similar correlation could not be
established for coconut carbons. The exact reason for this is unknown, but, based off previous
results, the critical pores necessary for the removal of compounds are different between coconut
and bituminous carbons.
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4.7 Correlation to PVDs
To further understand the correlation between breakthrough, pore volumes, and the IDCs
of the carbons, the author plotted the IDCs and MIB breakthrough for the carbons against the
incremental pore volumes of the carbons-- specifically, the R2 of the linear relationships of the
IDCs of the carbons vs. the incremental pore volumes and the R2 of the linear relationships of the
breakthroughs vs. the incremental pore volumes, as shown in Figure 20 and Figure 21. It was
found that the IDCs and breakthrough had similar correlations to pore volumes. In Figure 20, the
reliance on certain pore volumes for the IDCs and for the breakthrough of MIB in the TOC of
1.9 ppm and 2.2 ppm waters was nearly identical. The 1.9 ppm water looked to have a strong
correlation at about 5.92 Å, which is in the range of the size of an MIB molecule, yet this relation
was not shared in the 2.2 ppm water, which makes sense as the removal of MIB in the 1.9 ppm
water looked to be more weighted in adsorption capacities of the carbons. The 2.2 ppm water and
IDCs almost matched up perfectly, which lends some more evidence to the theory that IDCs and
breakthrough are correlated. The bituminous carbons, shown in Figure 21, had the same trend, in
that the IDCs matched the breakthrough results for the carbons. Both fluorescein and XO IDCs
show a reliance on similar pore structures, and while they were slightly similar in size, their
MWs were drastically different (376.26 and 716.62). This is indicative of adsorption relying on
the size of a molecule, rather than the molecular weight.
In these figures, there is almost no correlation to the breakthrough of chloroform and the
IDCs, and as such the correlation is not shown. The bituminous carbons showed an interesting
correlation in the primary micropores and the breakthrough of chloroform, but the same
correlation was not found in coconut carbons, which may be related to the size and weight of the
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compound. Krupa et al. (1996) found correlations between pore ranges and the adsorptive
capacities of carbons for dyes at R2s of 0.90-0.95 for paranitrophenol adsorption, MW=139, <16
Å; methylene blue, MW=320, <50 Å; and congo red, MW=697, 14-475 Å. This correlation
dropped to R2s < 0.3 for pores outside of that range. While these correlations were compared to
the adsorptive capacities of the carbons rather than the kinetic capacities, this may explain why
chloroform (MW 120) showed almost no reliance on the mesopores of the carbons. This, and the
fact that the NOM content of the water was so low would preclude the effects of competition on
kinetics.
Rangel-Mendez et al. utilized modified lignite GACs (tailored through various activation
methods) and analyzed the breakthrough of MIB (at 4 of 135 ppt and TOC 2.07 ppm) and found
correlations at ranges of 5.41-10 Å (R2 = 0.48), 5.41-32 Å (R2 = 0.85), 5.41-100 Å (R2 = 0.88),
5.41-200 Å (R2 = 0.91), and 5.41-400 Å (R2 = 0.94) (Rangel-Mendez et al., 2005). It is
interesting to note that the work herein also had a weak correlation between pore volumes below
10 Å and the carbons analyzed. When the author attempted to identify those same R2s between
bituminous and coconut carbons and the breakthrough at 4 ppt, the resulting R2s were <0.6. This
may be indicative of the different reliance on pore structures that coconut and bituminous have.
The carbons tested in that study were lignite-based, and possibly those carbons perform best with
unique ranges of pore volumes, like the coconut and bituminous carbons studied herein. The
work they performed utilized a bituminous carbon similar to a carbon found in this study and
noted that it did not have the same correlation to pore volumes as the lignite carbons.
From the kinetic dye tests, it is apparent that coconut carbons and bituminous carbons are
different in their reliance on pore structures for the removal of compounds. To explain these
differences would require further research. Ebie et al. (2001) found that a range of 30-100 Å was
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critical in alleviating of the competitive effects of NOM in the absorbance of trace organics to
bituminous carbons, yet the extent to which the literature has identified this relationship in
coconut carbons is suspect. The author proposes that the internal structures of the carbons are
inherently dissimilar due to the nature of their starting materials. The path a molecule takes to
reach an adsorption site can be different due to the graphene layering within the carbons. While
B-4D was activated in the same fashion as a coconut carbon, the rest of the bituminous carbons
were reagglomerated. The activation method of a carbon can produce a variety of pores in the
form of thermal cracks, pitting, and pore enlargement (Achaw et al., 2001). The exact surface
characteristics are difficult to identify, but it can be assumed that the pore structures are
constructed differently.
While surface chemistry may affect diffusion in the form of tortuous diffusion paths and
blockages due to water molecules, the effects of surface acidity primarily occur in the primary
micropores of carbons (Karanfil et al., 1999). The extent to which smaller micropores played a
role in adsorption is debatable through the use of these dyes, as the size of the molecules would
cause them to rest in the upper end of the micropores. Perhaps if molecules were migrating from
larger pores to smaller pores this could be an issue, but that would likely occur after the kinetic
phase, which was out of the scope of the IDC model.
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Figure 20 –Coconut carbons. R2s are shown for linear fits for IDCs and RSSCT
breakthrough vs. the incremental pore volumes per pore width.

Figure 21 – Bituminous carbons. R2s are shown for linear fits for IDCs and RSSCT
breakthrough vs. the incremental pore volumes per pore width.
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CHAPTER 5 Conclusions
Predicting the removal of trace organic compounds under mass-transfer limitations was
achieved through the use of the kinetic dye test, and more specifically the intraparticle diffusion
constant. It was found that the removal of MIB in the presence of NOM correlated considerably
well with the rate of diffusion of dyes into carbons. In a more general sense, this experimental
test method gives us a quantitative measurement of classifying activated carbons that was
unachieved through established test methods. Several of the key findings are as follows:
 A range of pore widths were identified as critical for providing the kinetics necessary for the
removal of dyes in coconut carbons. For fluorescein, this range was found to be 25.21-27.24
Å (R2 = 0.91). With XO, a larger range of 21.65-34.34 Å (R2 = 0.96) was identified. Also, a
at a pore width of 25.21-27.24 Å, a linear correlation with an R2 = 0.99 was obtained.
 Identifying a critical pore range in bituminous carbons was difficult, as the performance of
the bituminous carbons in the dye tests and the RSSCTs did not correlate with the same
critical pore ranges identified for the coconut carbons. Correlations were found with
fluorescein at 12.69-13.70 Å (R2 = 0.75) and 73.93-79.85 Å (R2 = 0.92). With XO dye,
correlations were found at 13.70-14.72 Å (R2 = 0.88) and 73.93-79.85 Å (R2 = 0.84).
 Breakthrough at 10 ppt for MIB waters of TOC 1.9 ppm and 2.2 ppm had linear correlations
in coconut carbons to XO IDCs (R2 of 0.77 and 0.85) and bituminous carbons to XO IDCs
(R2 of 0.70 and 0.79).
 XO was determined to be the choice dye to work with, over fluorescein and methylene blue,
due to workability and accuracy of results.
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 Methylene blue was found to have a high rate of adsorption to activated carbons, and
identifying the phase of adsorption that was dictated by the kinetics of the carbon was not
possible with the test parameters chosen.
 Breakthrough of chloroform in RSSCTs and the IDCs obtained through the kinetic dye tests
were not strongly correlated. Chloroform breakthrough at 2 ppb was correlated with a pore
volume per pore range of 4.06-4.4 Å (R2 = 0.78) in bituminous carbons. This, and the lack of
a correlation to the IDCs, suggested that the breakthrough of chloroform from carbons is
dependent on the availability of adsorption sites on the carbons. A similar correlation was not
obtained for coconut carbons.
 With the exception of C-1 and B-1, C-4 had the least amount of pore volume per pore width
>34.34 Å out of the carbons studied, yet C-4 generally outperformed the other coconut and
bituminous carbons in the kinetic dye tests, and performed best in the adsorption of MIB in
RSSCTs. There was virtually no correlation between kinetics and pore volumes after 34.34 Å
in coconut carbons.
The author proposes that kinetics can be an important factor in and even dictate the
removal of a compound. As such, the quantification of kinetics could be a valuable tool in
predicting the removal of micropollutants or compounds in multicomponent adsorption systems.
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APPENDIX
Calibration Curves:

Figure A1 – Methylene blue calibration curve. The y-axis is concentration and the x-axis is
absorbance. Squares represent the filtered curve and open triangles represent the unfiltered
curve. The equation and R2 shown are for the filtered curve.

Figure A2 – Xylenol orange calibration curve. The y-axis is concentration and the x-axis is
absorbance. Squares represent the filtered curve and open triangles represent the
unfiltered curve. The equation and R2 shown are for the filtered curve.
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Figure A3 – Fluorescein calibration curve. The y-axis is concentration and the x-axis is
absorbance. Squares represent the filtered curve and open triangles represent the
unfiltered curve. The equation and R2 shown are for the filtered curve.
RSSCTs presented in L/g:

Figure A4 - Chloroform RSSCTs in liters of water processed per gram of carbon. Influent
concentration of chloroform was measured at 10 ppb.
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Figure A5 - MIB RSSCTs (TOC = 1.9 ppm) in liters of water processed per gram of
carbon. Influent concentration of chloroform was measured at 125 ppt.

Figure A6 - MIB RSSCTs (TOC = 2.2 ppm) in liters of water processed per gram of
carbon. Influent concentration of chloroform was measured at 125 ppt.
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Pore Volume Distributions:
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Figure A7 – Pore volumes (mL/g) per select pore width ranges (in Å) are shown. Pore
width ranges chosen are 4.07-7.95 Å, 7.95-13.70 Å, 13.70-21.65 Å, 21.65-40 Å, and 40-500 Å.
Table A1 – A summary of the PVDs for each carbon.
Carbon

C-1

C-2

C-3

C-4

C-5R

C-6R

Volume of Micropores (mL/g, 4.06-21.65 Å)

0.38

0.38

0.43

0.42

0.38

0.35

Volume of Mesopores (mL/g, 21.65-503.6 Å)

0.01

0.06

0.07

0.07

0.05

0.09

Ratio of Micropores to Mesopores

96.5

87.0

85.7

85.2

87.8

80.5

Total Pore Volume (mL/g, 4.06-1000 Å)

0.39

0.43

0.51

0.49

0.44

0.44

Carbon

B-1

B-2

B-3

B-4D

B-5R

B-6R

Volume of Micropores (mL/g, 4.06-21.65 Å)

0.27

0.25

0.32

0.29

0.23

0.28

Volume of Mesopores (mL/g, 21.65-503.6 Å)

0.04

0.06

0.11

0.10

0.09

0.11

Ratio of Micropores to Mesopores

88.4

81.9

73.8

74.4

72.3

72.1

Total Pore Volume (mL/g, 4.06-1000 Å)

0.31

0.31

0.44

0.39

0.32

0.40
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Figure A8 - XO dye. IDCs for carbons are correlated to the breakthrough in MIB RSSCTs
at 10 ppt with linear fits.

Figure A9 - Fluorescein dye. IDCs for carbons are correlated to the breakthrough in MIB
RSSCTs at 10 ppt with linear fits.
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