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ABSTRACT

The feasibility of using adsorptive carbonaceous coatings on ultrafiltration (UF)
membranes was evaluated by quantifying atrazine and methylene blue removal
capabilities in addition to flux reductions associated with adsorbent applications. Various
alternative adsorbents were incorporated in this study, including multi-walled carbon
nanotubes (MWCNTS), nano-graphene platelets (NGPs), and superfine powdered
activated carbon (S-PAC), for comparison with a more traditional material, powdered
activated carbon (PAC). All adsorbents except S-PAC were associated with filtration flux
reductions of less than 5% after application as a membrane coating during constant
pressure tests, and flux recovery after membrane backwashing was greater than 88% for
all materials and masses tested.

For removal of methylene blue in a lab-scale UF system, S-PAC showed fast
adsorption kinetics and a steep breakthrough curve. It is likely that the mesopore volume
and large external surface area available for adsorption contributed to this phenomenon.
MWCNTs were inferior to PAC for overall methylene blue removal, which may be
attributable to their lower surface area, extensive aggregation, and lack of micropores.
The breakthrough was slower with adsorption occurring in a stirred vessel configuration
than through adsorption in a carbon coated membrane, but overall contaminant removal
was roughly equivalent in both cases. With atrazine as the second model contaminant, S-
PAC and NGPs were the most efficient for rapid adsorption, while MWCNTSs and PAC

had slower kinetics. Using a stirred vessel setup rather than the coated membrane resulted



in lower retention of atrazine for all adsorbents, which is in contrast with the methylene
blue results.

The homogeneous surface diffusion model (HSDM) for packed-column
adsorption was applied to the membrane coating results, with significant deviations
noted. The deviations likely resulted in part from inaccurate estimation of the surface
diffusion coefficient, since adjustment of this parameter in the model yielded well-fitted
curves. The linear driving force (LDF) model showed better accuracy, though this model
was considered empirical. Considering the minimal flux reduction associated with
adsorbent application on the membrane as well as contaminant removal capabilities,
membrane coatings have the potential to be a transformative technology for water

treatment.
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CHAPTER ONE

INTRODUCTION

A study in the 1990s highlighted the long-range transport of heavy metals,
radionuclides, and organic contaminants of industrial and agricultural origin. Such
transport has led to the detection of these species in the air, snow, and sea water of
remote Arctic areas (1). Based on these findings, it is unlikely that there remains any
liquid surface water on this planet unaffected by anthropogenic chemicals. In fact, a
recent study in the United States revealed the presence of herbicides, steroids, flame
retardants, pharmaceuticals, and plasticizers in drinking water sources, with a median of
four different contaminants detected at each sampling site (2).

Although contaminant concentrations in drinking water typically do not exceed
the microgram-per-liter level, the long-term effects on humans exposed to low-level
water contamination are not known with certainty. Results from animal testing require
high-to-low dose extrapolations and other approximations when estimating effects on
humans. Nonetheless, extensive data indicate the carcinogenicity of many organic
contaminants, and detections in drinking water have in the past exceeded maximum
contaminant levels (MCLs) set by the EPA (3). For example, atrazine, an herbicide that
has been found to have endocrine-disrupting properties, has exceeded its MCL of 3 pg/L
at a Midwestern treatment plant on at least one occasion (4).

As the detection limits of analytical instruments decrease, new pollutants become
identifiable in source and treated water. Despite improvements in detection, many

commercially available chemicals remain free of any control measures, with only



approximately 1% of chemicals regulated in any part of the world (5). Consequently,
improvements to water treatment technologies are desirable for reducing the prevalence
of regulated and unregulated contaminants in drinking water, thereby improving public
health.

Powdered activated carbon (PAC) has been coupled with ultrafiltration (UF)
processes in drinking water treatment for the removal of contaminants. PAC has been
selected for this purpose because its large surface area, on the order of several hundred
meters squared per gram, provides an extensive number of adsorption sites, in particular
for hydrophobic organic contaminants. However, new carbonaceous materials with
potential adsorptive capabilities have been developed in recent years and merit study for
application to membrane systems. This project examined the advantages and drawbacks
of three novel adsorbents and differing UF system setups, considering contaminant

removal effectiveness as well as flux reduction and flux recovery characteristics.



CHAPTER TWO

BACKGROUND

2.1  Activated Carbon
2.1.1 Origins and Production

According to the International Union of Pure and Applied Chemistry (IUPAC),
activated carbon is “a porous carbon material, a char which has been subjected to reaction
with gases, sometimes with the addition of chemicals before, during, or after
carbonization to increase its adsorptive properties” (6). Carbonization is the use of
pyrolysis to transform organic material to elemental carbon, which occurs through a
multitude of reactions. The resulting char is then “activated” by thermal or chemical
mechanisms, though a combination of the two may be employed to achieve a desirable
level of porosity (7). Thermal activation consists of partial oxidation with high-
temperature carbon dioxide, air, or steam to create a microporous structure, while agents
such as zinc chloride and phosphoric acid may be used in chemical activation.

As a result of activation, unique surface characteristics arise on the carbon.
Typical raw materials include coal, wood, and coconut shells, but in recent years other
materials, such as newspapers and corncobs (8, 9), have been converted to activated
carbons with the intent of utilizing waste products as adsorbents.

2.1.2 Applications

The uses for activated carbon span many industries, and applications exist for

both gas and liquid-phase processes. Primarily employed for contaminant removal, it may

be found in cigarette filters, fish tank filters, and household filters for faucets. On an



industrial scale, it is used for purification in refineries and as a catalyst (7). However,
Figure 2.1 shows that water treatment facilities are the main destination for activated

carbon produced in the United States.

(a) (b) Ground

Water

Drinking
Water

Other

Waste-
water

Water
Treatment

Figure 2.1. (a) The distribution of activated carbon applications in the United States, and
(b) the distribution of activated carbon applications in water treatment. Based on data
presented in ref. [7].

Typical forms of activated carbon utilized in water treatment include granular
activated carbon (GAC), with a particle size of 1-2 mm, and PAC, with a particle size up
to about 150 pum. The usefulness of activated carbon for adsorption of contaminants
stems from its extensive surface area, which is in the approximate range of 800-1000
m?/g. It is mainly applied for organic pollutant removal from water, though it is also
implemented for odor, taste, and color refinement (7, 10).

2.1.3 Factors Influencing Adsorption

The ability for an activated carbon to remove a pollutant from a water supply

depends on characteristics of the adsorbent, target contaminant, and solution, which are



summarized in Table 2.1. How the adsorbent interacts with the target contaminant and

other components of the solution governs the adsorption capacity as well as Kinetics.

Table 2.1. Factors Influencing Adsorption on Activated Carbon (7)

Adsorbent Adsorbate Solution
Characteristics Characteristics Characteristics
o Porosity Dimensions and pH
(interparticle and molar volume Water hardness
intraparticle) Polarity Temperature

o Surface chemistry
o Surface area
o Particle size

Concentration
PKa

O O O O O

lonic strength
Competing species
(i.e. organic matter)

The pore structure of the carbon is important to consider because the adsorbate
molecules may be influenced by size exclusion, and different pore sizes are associated
with different adsorption energies. Macropores, which are classified as those having
diameters greater than 50 nm, are poorly suited for adsorption compared to mesopores,
ranging from 2 nm to 50 nm, and micropores, which are less than 2 nm (10). Adsorption
in micropores is associated with the greatest adsorption energy, since the confined space
allows several points of contact (11). The optimal pore size is dependent upon
characteristics of the adsorbing molecule, including dimensions and geometry. For
example, the optimal pore size for adsorption of atrazine, an herbicide that contaminates
drinking water, is 10-20 A (1-2 nm), which falls under the classification of secondary
micropores (12).

There are two distinct descriptors for porosity: intraparticle and interparticle.
Voids inside an individual carbon particle constitute intraparticle porosity. The packing

of the particles in an adsorbent bed or layer influences the fraction of interparticle voids



relative to the total bed volume. Interparticle porosity is relevant to GAC columns as well
as PAC coating applications, the focus of this project. Because larger voids indicate a
longer diffusion distance necessary for contaminant-adsorbent contact, a high
interparticle porosity is associated with slower adsorption. Although interparticle porosity
is independent of adsorbent particle size, the particle size influences adsorption kinetics
and, to a lesser extent, adsorption capacity at equilibrium (13).

Surface chemistry and surface area are additional characteristics that result from
the choice of raw material and activation process. Numerous functional groups may be
present in activated carbons, some of which are depicted in Figure 2.2. Carbonaceous
materials are hydrophobic, but oxygen groups at the surface reduce hydrophobicity,
leading to enhanced sorption of water molecules. Water molecules may form three-
dimensional, hydrogen-bonded clusters at the surface (14). Although oxygenated groups
constitute only a small fraction of the adsorbent surface, their affinity for water molecules
has been shown to reduce sorption capabilities for the target contaminant. One study
concluded that adsorbents with higher surface acidities are associated with reduced
adsorption of hydrophobic organic contaminants, a phenomenon that originates with

increased polarity at the carbon surface (15).
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Figure 2.2. Examples of oxygen and nitrogen-containing functional groups on an
activated carbon surface. Adapted from ref. [7] and [10].

Research has shown that activated carbons contain ionic groups, which include
calcium, sulfate, and phosphate (16). Sulfur and phosphorus have also been described as
heteroatoms in the carbon structure. Furthermore, specific surface modifications may be
employed to impart desired surface qualities on the adsorbent. Techniques for the
evaluation of surface chemistry, which include elemental analysis and FTIR (17), may
offer information about specific functional groups and elements present, and net external
charge may be determined using zeta potential measurements. The pH at which the net
surface charge is zero is termed the point of zero charge, or pHp,c (18); the net surface
charge is negative or positive at pH values higher or lower than pHpyc.

Properties of the target contaminant are important for predicting adsorption on a
particular adsorbent. If a contaminant molecule is not able to enter small pores because of

size exclusion, the accessible surface area and adsorption capacity of the adsorbent



decrease (7, 19). The polarity of the adsorbate determines the magnitude of the forces
associated with adsorption, which occurs through London dispersion forces, specifically
dipole and induced dipole. In addition, aromatic compounds can undergo m-m interactionS
with the carbon surface (7).

If the contaminant has a pKj, that falls in the pH range of the water in contact with
the adsorbent, then the protonation and deprotonation associated with pH changes may
influence how well the contaminant is retained at the carbon surface. One last important
factor is contaminant concentration. The isotherm for the contaminant of interest provides
information about the adsorption capacity at different concentrations. As concentration
increases, adsorption capacity increases. However, the effect of increased adsorption
capacity with increasing concentration may not be noticeable with small variations in
concentration, and adsorption capacity is essentially constant at higher concentrations.

In addition to pH and concentration, there exist many different solution
characteristics that have the potential to influence adsorption. Most of these
characteristics pertain to the presence of other species in the solution. For example,
natural organic matter (NOM) sorbs to activated carbon and is ubiquitous in natural
waters. Consequently, it competes with the target contaminant for adsorption sites on the
carbon surface. In addition to the issue of competitive adsorption, NOM can have a pore-
blocking effect, thereby hindering the effectiveness of contaminant removal (20).
However, some activated carbon adsorption efforts are specifically directed at the
removal of dissolved organic matter (DOM). Studies have shown that the effectiveness

for adsorption of DOM on GAC increases with increasing ionic strength, which was



thought to be a result of a decrease in effective molecular size for the DOM. In particular,
divalent ions such as calcium were shown to have a greater effect than monovalent ions
(21).
2.1.4 Regeneration

Contaminants adhere to carbon surfaces through physical adsorption, a reversible
process, so regeneration is feasible. However, regeneration of PAC is not usually
considered economically advisable (11), so most regeneration efforts are directed at
GAC. The carbon may be exposed to high temperatures to promote volatilization of
sorbed chemicals and decomposition of sorbed organic matter, though this process can
result in 8-15% adsorbent loss (7). Other options include steam, solvents, or other
chemicals that are applied to react with and eliminate a specific adsorbate from the
surface. Lastly, digestion by microorganisms is less energy and resource intensive than
the other methods (11), potentially converting toxic adsorbates to benign substances.
However, this technique requires optimization and control of the environmental
conditions needed to ensure colony growth, including temperature and pH.
2.2  Alternative Adsorbents

Throughout this text, the term “alternative adsorbents” is used as a descriptor for
recently developed materials that are under study to act as substitutes for PAC in
adsorption processes. This designation includes three carbon-based materials analyzed in
this project: superfine powdered activated carbon (S-PAC), multi-walled carbon

nanotubes (MWCNTS), and nano-graphene platelets (NGPs).



2.2.1 Superfine Powdered Activated Carbon

With the proper equipment, PAC can be ground into S-PAC, which is
characterized by a submicron particle size. The fraction and size of macropores is likely
to be lower on S-PAC than on PAC because of the large reduction in particle size. Faster
adsorption kinetics is cited as the main motivation for the application of S-PAC to water
treatment (22), as verified using dissolved organic carbon and trace organic contaminants
(23).

2.2.2 Carbon Nanotubes

Described as “helical microtubules of graphitic carbon,” CNTs were brought to
attention through their production at a laboratory scale in 1991 (24). MWCNTSs consist of
concentric tubes that have diameters typically in the range of 2-25 nm and lengths of
several micrometers, while an SWCNT consists of a single microtubule of diameter 1-2
nm (25).

Adsorption between the walls of an individual multi-walled tube is unlikely
because the gaps are not sufficiently large for the entrance of a contaminant (26).
However, CNT aggregation is extensive, and the voids created by the aggregates can act
as pores for adsorption (27). Consequently, adsorption may occur on the external surface
of CNTSs, the inner wall of the center tube, or in the pores formed from aggregation.
Aggregation is accompanied by a decrease in surface area, however, and it is described as
an unfavorable phenomenon (28). As with activated carbon adsorbents, some surface
chemistry may be observable on CNTSs. Alternatively, specific surface functionalization

may be imparted by exposure to oxidizing agents such as HNOj, H;0,, or KMnOy,
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though this type of alteration has been shown to reduce adsorption capabilities for
hydrophobic contaminants (29).
2.2.3 Graphene

Like CNTs, graphene is a hydrophobic material with graphitic properties; it
consists of carbon atoms arranged hexagonally into sheets of single-atom thickness (30).
One form of graphene, NGPs, have nanoscale thicknesses and diameters of several
micrometers. While graphene has potential applications in electronics (30), its usefulness
as an adsorbent has been investigated in a few recent studies (31, 32). Adsorption
mechanisms on graphene are similar to those for CNTs, except that the available surface
area and pore structure formed through aggregation are different because of its sheet-like
primary morphology.
23 Adsorbent/Membrane Systems

Carbonaceous adsorbents have been integrated into water treatment systems in a
variety of ways. Flow-through columns with residence times of several minutes may
include GAC as a substrate, while PAC may be integrated in the water treatment process
through addition at a specified point to impart a desired residence time.
2.3.1 Conventional PAC/UF

One use for PAC in a treatment system involves addition to a mixed tank
preceding a filter, such as a UF membrane, in a process called PAC/UF, which is shown
in Figure 2.3. The membrane is typically a polymeric material, which for UF has a pore
size range of approximately 0.01-0.2 um (33). Because of the larger pore size compared

to nanofiltration and reverse osmosis, most organic molecules are not sufficiently
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retained by the membrane. However, it is useful for preventing larger particles, such as
viruses and macromolecules, from entering the effluent. Microfiltration (MF) and UF
systems are becoming more prominently used in water treatment as capital costs decrease
and flexibility for implementation improves. In 2000, there were 110 new installations for

membrane treatment systems, following an upward trend (33).

Waste
Recirculation
Adsorbent
Addition
Pretreatment |:> :> VI |:> Effluent
Membrane

Stirred Tank

Figure 2.3. Schematic of a PAC/UF treatment plant implementing a stirred tank for
adsorption. Adapted from ref. [34].

One advantage of PAC/UF is that a low pressure, on the order of 15 psi (33), may
be used, corresponding to a reduced energy requirement compared to reverse osmosis for
example, which runs at 800-1000 psi. A notable characteristic of PAC/UF is the
accumulation of PAC particles on the membrane to form a layer (35). In cross-flow
filtration, the layer has been observed to reach a maximum thickness, after which PAC
deposition equals removal due to the fluid flow (36). Backwashing is applied every 30-90
minutes to remove foulants from the system and regenerate PAC (37), and chlorine may
be used during backwashing to impede bacterial growth on the membrane (38). However,

chlorine may negatively impact adsorption capabilities by oxidizing the carbon surface.
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A survey of membranes for trace contaminant removal at the nanogram-per-liter
level confirmed that UF is not suitable for most pollutants, though retention up to 90%
was noted for steroidal compounds (39). The retention of the target compounds was
probably a result of adsorption on the membrane polymer, which would eventually reach
capacity. Conversely, a removal of 50% or more was measured for 58 out of 65 tested
compounds when PAC was incorporated in the filtration setup at a dose of 5 mg/L (39).
One commercial PAC/UF application is termed CRISTAL® (Combination of Reactors,
Including Membrane Separation Treatment and Adsorption in Liquid), which has been
implemented at treatment plants in France to alleviate problems with taste and odor,
organic micropollutants, and halogenated compounds, issues that were not adequately
addressed with GAC columns (40).
2.3.2 Alternative PAC/UF: Membrane Coatings

The setup utilized in this project implements an intentionally applied adsorbent
layer on the membrane, which would be represented by Figure 2.4 for a full-scale system.
In this proposed setup, the adsorbent is added after a backwashing cycle directly to the
influent water preceding the membrane, rapidly forming a coating without interruption in
the filtration process.

One objective of this project is an evaluation of the adsorption kinetics for each
of the two PAC-membrane systems: the membrane coating and the stirred vessel
approach described in the previous section. An immediately discernible advantage of the
membrane coating technique is the elimination of the need for an adsorption tank, as the

intent is to form the membrane coating rapidly after the addition of the adsorbent to the
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system. The absence of the adsorption tank reduces the amount of space needed for the

UF system and also decreases energy requirements because the need for stirring is

eliminated.
Membrane Coating
Waste
Adsorbent
Pretreatment Addition Effluent
Membrane

Figure 2.4. Schematic of a full-scale treatment plant implementing membrane coatings.

While membrane fouling is a concern with the carbon layer, PAC particles are
often large enough to prevent a significant flux reduction (36). In fact, a reduction of
membrane fouling has been observed with PAC coated membranes, since the adsorbent
layer prevents some foulants in the influent water from reaching the membrane (47-42).
This constitutes a key advantage of the carbon layer. However, there are some conflicting
reports in the literature, with some studies indicating that hydrophobic membranes may
be fouled by PAC (43). Ensuring compatibility of the adsorbent and membrane is an
important consideration for the design of PAC-membrane systems.

One study showed that S-PAC coatings tested on a lab scale exhibited better
atrazine adsorption kinetics compared with PAC and also prevented biopolymer foulants
from reaching the membrane (23). Other research for wastewater treatment has shown
that PAC coatings applied to hollow-fiber microfiltration membranes decrease flux

reductions (44).
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An additional incentive for the use of membrane coatings is related to the
dependence of adsorption capacity on bulk liquid concentration. With the membrane
coating technique, the adsorbent is in contact with the contaminant at concentrations
present in the feed solution, as shown in Figure 2.5a. However, with the stirred vessel
approach, the adsorbent is in contact with a solution of reduced contaminant
concentration as the adsorbate molecules are being removed from solution in the enclosed
vessel (Figure 2.5b). Analysis of an adsorption isotherm, such as that in Figure 2.5c,
shows that as equilibrium concentration increases, adsorption capacity increases, a
characteristic that is most prominent at low concentrations that would be typical of a
water treatment scenario. Consequently, the possibility of an increased adsorption

capacity for membrane coatings is a key feature of the technique.
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Figure 2.5. Illustrations of the stirred tank (a) and membrane coating (b) configurations,
with a corresponding hypothetical isotherm (c). C represents the concentration of the
solution in contact with the adsorbent particles in the stirred tank setup, while Co is the
feed solution concentration. Figures not drawn to scale.
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In addition to carbon-based membrane coatings, polymeric materials have also
been studied for membrane applications. The application of poly(ether ether ketone) to a
nanofiltration membrane was shown to reduce fouling by creating a nearly neutral overall
surface charge that resulted from having a negatively charged polymeric coating on a
positively charged membrane (45).

Polydiallyldimethylammonium chloride (polyDADMAC), a positively charged
polymeric coagulant, was selected for this project to be tested as an adsorbent-membrane
cross-linker. The polymer was applied to the membrane before the carbon was added,
with the intent of improving adsorbent adherence. Previous research has shown that
polyDADMAC binds strongly to the negatively charged substrate montmorillonite (46).
A similar effect was anticipated to occur between the polymer coating and the
carbonaceous adsorbents, which have negative net surface charges. However, one
disadvantage for the use of polyDADMAC 1is its potential to form N-
nitrosodimethylamine (NDMA), a probable carcinogen that has been shown to be

generated during chloramination in water treatment processes using polyDADMAC (47).

cr —

/ \CHs
H5;C

Figure 2.6. Molecular structure of polyDADMAC.
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24 Modeling Carbon Layer Adsorption

Several mathematical models have been developed for adsorption processes on
activated carbon in fixed beds (48, 49). It was thought that these models would be
applicable to thin-layer carbon coatings, which can be described as short carbon columns.
Consequently, the homogeneous surface diffusion model (HSDM) and linear driving
force (LDF) model, which are applicable to fixed bed adsorption, were selected for
evaluation in this project. The adsorption process underlying these models consists of
several stages. The contaminant first needs to diffuse through the liquid phase towards
the adsorbent particle. It then must be transported through the liquid film surrounding the
particle, and finally undergo intraparticle surface diffusion to reach an internal adsorption
site (50).
2.4.1 Estimation of Parameters

Important parameters that must be incorporated in the models are detailed in
Table 2.2, along with equations used to approximate them. The film transfer coefficient,
ks, and the surface diffusion coefficient, Ds, are the most difficult parameters to accurately
quantify (50). The Sontheimer correlation, used as an approximation of Ds, is described
by Sontheimer as “crude” (/0). This parameter is assumed to be constant, with no
variability resulting from differences in surface concentration (50). The Wilke-Chang
method is well known for approximating liquid phase diffusion and was used in this
modeling effort (57). Other parameters, such as isotherm coefficients (Section 5.2) and

particle size (Section 5.1.1), were experimentally determined.
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Table 2.2. Methods for Estimating Model Parameters

Parameter Relevant Equation(s) Assignment of Variables
Liquid o Di=liquid diffusion coefficient
Diffusion (m?/s)

D =1.17x1 solvent (g/mol)

o MYV =molar volume of solute
(m*/kmol)

o T'=temperature (K)

o N =solution viscosity (kg/(m-s))

0 T+«/2.6MW @) |° MW = molecular weight of
UMV 0.6

Film o dp=particle diameter
Transfer® Re — P,V o kr = film transfer coefficient
nll—¢) @) | o Re= Reynolds number
o Sc = Schmidt number
n o vs = superficial velocity
Sc= oD, (3) | o €= adsorbent bed porosity

o s =solution density

_24v,Re™ (4)

kf SCO.SB
Surface o Co=feed solution concentration
Diffusion* D — 3D¢,C, G)|° Ds = surface diffusion
s 7 coefficient
¢ o ge=solid-phase concentration
in equilibrium with Co

o &p = intraparticle porosity

o = apparent particle density
Interparticle V-V, o V' =volume of adsorbent bed
Porosity &= ; ©) |, V» = volume of adsorbent

particles

“Ref. [52]. ? Ref. [53].  Ref. [10].

2.4.2 Homogeneous Surface Diffusion Model

The HSDM is a mechanistic model that has been successfully applied to fixed-bed
column adsorption (54, 55). It assumes that adsorbent particles are homogeneous and
spherical, though in reality the adsorbent exhibits pore size heterogeneity (50). The model

is based on an assumption that the adsorbate is transported along the pore walls to
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adsorption sites in the particle. A final assumption is an equilibrium state between liquid
and solid-phase concentration along the particle surface (56).

Equations for solid and liquid-phase concentrations must be solved
simultaneously to determine the permeate concentration at a particular time during the
filtration. Solid-phase diffusion is predicted by Fick’s Law, and the material balances for

the solid phase and liquid phase, respectively, are written in simplified form as

ﬁd D,tpg.(1—-¢) 1 0 (.09
— 2 _2 r ~— (7)
oT «C o(d, /2) o or

— _ 1
X X 3[q(r?)ar (8)
0z pg.(l-¢)oT 6T 5

in which Ds = surface diffusion coefficient, = = hydraulic residence time, d, = carbon
particle diameter, p = apparent particle density, Co = initial feed solution concentration, ge
= solid-phase concentration in equilibrium with initial feed solution concentration, & =
interparticle porosity, T = dimensionless position in carbon particle, 2r/d,, J=
dimensionless solid-phase concentration, T = dimensionless time, teCo/(tpQe(1-€)), T =
dimensionless concentration, ¢/Cop, and Z = dimensionless position in fixed bed (48).
Several initial conditions and boundary conditions need to be fulfilled. Initial
concentrations are set at zero, and the change in solid-phase concentration, 0q /0T , at the
particle center is assumed to be zero throughout the filtration. One final boundary

condition at the particle surface is given as

S 2 (e -t) = — [ g(rir 9)
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in which & = film transfer coefficient, Re = Reynolds number, and C,= dimensionless

liquid-phase concentration at the particle surface. Tests must be conducted to determine
the best-fit isotherm correlation, such as the Langmuir or Freundlich equation, and the

parameter C,is eliminated by rearranging the isotherm expression and substituting in

Equation 9.

Equations 7 through 9 constitute a system of partial differential equations that
must be solved numerically. Two equation simplification methods can be used: finite
difference and orthogonal collocation. Orthogonal collocation has been shown to be the
more viable method for solution of the system of differential equations, since finite
difference exhibits instability and convergence problems (55). A system of algebraic
equations has been developed as an empirical simplification of the HSDM, but the
approximation is valid only for sufficiently long contact times (57), which are not
achieved in thin-layer coatings.

The orthogonal collocation method was derived from the method of weighted
residuals, in which a trial function is chosen to evaluate the system of equations at set
points, which have residuals of zero (58). As the number of collocation points increases
to infinity, the approximated solution converges to the exact solution. The values of the
collocation points derived from Legendre polynomials are tabulated in the literature,
along with the corresponding coefficients for the simplified differential equations (59).
The orientations of the collocation points in the fixed bed and adsorbent particle are
clarified in ref. [60], and application of the orthogonal collocation method to Equations 7

through 9 is detailed in ref. [55].
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2.4.3 Linear Driving Force Model

The LDF model is based on the premise that the difference between liquid-phase
concentration at the particle surface and adsorbed concentration serves as a driving force
for adsorption (49). Two versions of the model have been developed. For adsorption
scenarios that involve mass transfer dominated by surface diffusion, the LDFQ model is
applicable. In cases for which film transfer to the particle surface is the primary limiting
factor, the LDFC model may be more suitable. The models have been applied
successfully to experimental results in both gas and liquid phases (49, 6/-64), and
applying both models to a single data set reveals which mechanism is dominant.

The LDFC model may be solved to determine at what time a certain effluent

concentration is reached:

t=t,

L A% (1_Rln(1—6)—ln6j (10)

k:C, 1-R
t represents the time corresponding to an effluent concentration of T , while # is the
characteristic time, or the time at which the effluent concentration is 1-C . R 1s an

equilibrium parameter that may be obtained using the correlation

Ro_— L
1+ K, C,

(11)
in which K: is the Langmuir constant extracted from isotherm data. Using a linear
regression on a plot of ¢ versus the expression in parentheses in Eq. 10, fitted parameters

may be identified and used to apply the model. Consequently, the model functions as an

empirical means of identifying the primary adsorption mechanism.
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The LDFQ model is available in two forms. Eq. 12 below utilizes a surface
diffusion coefficient, Ds, while Eq. 13 incorporates the pore diffusion coefficient, D,.

Both versions include a correlation parameter, ¢, which is ideally equal to one:

d2

g0 ( R et In(l—E)—lj (12)
60¢D, | 1-R 1-R
pad,? (R 1

t=t,+——2" ( InC——In(l—c‘:)—l) (13)
60¢D,C, \1-R 1-R

As with the LDFC model, parameters needed for the model may be determined by a
linear regression with the experimental data.
2.5  Flux Reductions and Recoveries

A portion of this project was dedicated to assessing and modeling the flux
reductions associated with the application of a carbon layer on the membrane. The
general flux equation for filtrations is

VA
SRR 049

in which J is the flux, AP is the transmembrane pressure, 1 is the viscosity of the feed

J

solution, R~ 1s the membrane resistance, and R. is the resistance contribution from the
carbon layer (65). For the dead-end setup employed in this project, the Kozeny-Carman
model was used for determining the resistance to flow caused by the carbon layer, which

can be described as

o EHLST
(%Zé% (15)
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in which ¢ is the porosity in the layer, h is the height of the layer, and d, is the adsorbent
particle diameter.

There are three factors that contribute to flux reduction by foulants (33). Pore
constriction refers to adsorption of the foulant in the membrane pores, and pore blocking
renders pores inaccessible to fluid flow at the membrane surface. Cake formation
describes the accumulation of a foulant layer on the membrane. An evaluation of the
decrease in flux associated with application of the adsorbent layer on the membrane is
necessary to draw conclusions about the additional energy that would be required to
maintain a constant volumetric effluent output.

Based on the model, PAC coatings with thicknesses on the micrometer scale are
not predicted to decrease flux appreciably during constant pressure filtrations. However,
S-PAC particles with sizes comparable to the membrane pore size are susceptible to cake

formation as well as pore clogging and may significantly reduce the flux.
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CHAPTER THREE

RESEARCH OBJECTIVES

This project was designed with the intent of evaluating the organic contaminant

removal capabilities of carbon coatings and determining the effect that coatings have on

filtration efficiency. Specifically, the objectives were as follows:

1)

@)

3)

(4)

Compare the suitability of different carbonaceous materials for adsorption
of methylene blue and atrazine in membrane coatings. In particular, the
potential for alternative and novel adsorbents to act as substitutes for PAC in
water treatment systems was of interest.

Determine the effect of varying filtration parameters on contaminant
retention. Feed solution concentration, flux, and carbon dose were altered
sequentially to elucidate the influence of these parameters on adsorption
kinetics in the carbon layer.

Use a stirred vessel setup for comparison with the coated membrane
approach. In water treatment plants, incorporation of a stirred tank ahead of
the UF membrane is a more traditional method for contaminant adsorption
on carbon, and it is desirable to study the usefulness of this setup alongside
the coated membrane system.

Develop a predictive model for contaminant adsorption in the carbon
layer. This aspect of the project could be useful for calculating the carbon
dose required to maintain the permeate concentration below a maximum

contaminant level (MCL) for a specified filtration period.
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(6)

()

Evaluate the contribution to membrane resistance resulting from
application of a carbon coating and determine the extent of flux recovery.
These characteristics are key to ascertaining the amount of energy required
to maintain the flow rate as well as determining the extent of irreversible
membrane fouling caused by small adsorbent particles.

Attempt to improve coating adherence to the membrane with the use of
polyDADMAC. This material was selected for its coagulation properties.
Improving adhesion to the membrane is especially relevant if the coated
membrane method is to be applied to cross-flow systems.

Evaluate the advantages and disadvantages of the different adsorbents.
Considering adsorption kinetics based on breakthrough curves as well as
isotherm and flux characteristics, the materials can be assessed for their

expected usefulness in water treatment.
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CHAPTER FOUR

MATERIALS AND METHODS

4.1  Adsorbents

Coal-based WPH and F400 activated carbons (Calgon Carbon Corporation) were
used in this project. S-PAC was produced from the WPH PAC in a wet-mill micro-
grinding process at Netzsch Premier Technologies. F400 GAC was used to verify that the
HSDM works for fixed column adsorption. For some of the filtrations, the F400 GAC
was ground and sieved using 230/400 and 100/120 mesh sizes to produce two size
fractions. MWCNTs and NGPs were purchased from Nanostructured and Amorphous
Materials, Inc. and Angstron Materials, respectively. All adsorbents were weighed on a
microgram balance (Mettler Toledo MX5) in powder form and then soaked in 2 mL of
distilled or deionized water overnight before use in a filtration.
4.1.1 Particle and Pore Size Characterizations

Images of PAC on a hemocytometer were obtained under a light microscope
(Zeiss Axioskop 2) and analyzed with a MATLAB program that was designed to
determine the particle size distribution (PSD). A total of 20-25 images were analyzed for
each carbon type, and some representative images of the particles are included in Figures
A-1 through A-4. The program used to find the PSDs is in Appendix B-1. It functions by
determining the visible area in pixels of each particle, which is then converted into
particle volume based on a pixel-to-micrometer calibration that assumes spherical
geometry. Particles are then sorted into size ranges, and a PSD plot is made. The PSD for

S-PAC was obtained using a particle size analyzer (Brookhaven Instruments Corp.
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90Plus) because the particles were too small to be viewed with the microscope. To
promote disaggregation of particles, the S-PAC was sonicated for 10 minutes prior to
analysis in a bath sonicator (Branson 2510) at 130 W. The pore size distributions were
obtained with nitrogen gas adsorption at 77 K using density functional theory
(Micromeritics ASAP 2020), and surface areas were calculated from the Brunauer-
Emmett-Teller (BET) equation.

4.1.2 FTIR Spectroscopy and Oxygen Analysis

To assist with surface chemistry characterization, the activated carbon adsorbents
were analyzed with a Thermo Scientific Nicolet 6700 Fourier transform infrared (FTIR)
spectrometer using attenuated total reflectance (ATR). Diffuse reflectance is more
suitable for activated carbons because of their high radiation absorption characteristics
(7), but this technique was not available. Resolution was set at 4 cm™ with 256 scans, and
adsorbents were dried for 3 hours in a 105°C oven prior to analysis.

An elemental analyzer (Flash EA 1112) was used for the determination of oxygen
content. A mass of approximately 1 mg was weighed and transferred to a silver cup for
each adsorbent, though for the low-density NGPs only 0.2 mg could be contained in the
cup. Instrument calibration was completed with the use of a 2,5-bis-(5-tert-
Butylbenzoxazolyl)-thiophene (BBOT) standard (CE Elantech Inc.) with a 7.43% oxygen
content, and samples were run in duplicate.

4.1.3 Zeta Potential Measurements
Adsorbent masses of 10 mg were measured on a microgram balance, transferred

to vials with 10 mL of deionized water, and allowed to equilibrate overnight. MWCNTS,
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S-PAC, and NGPs were sonicated for 10 minutes prior to analysis. Zeta potentials were
measured with a ZetaPALS (Phase Analysis Light Scattering) program (Brookhaven
Instruments Corp. 90Plus). The instrument was set to convert mobility to zeta potential
using the Smoluchowski method, which was selected because the mixtures were aqueous.
4.1.4 Electron Microscope Imagery

A small mass of each adsorbent was deposited on 0.1 um pore size hydrophilic
PVDF membranes. S-PAC, MWCNTSs, and NGPs were sonicated for 10 minutes prior to
deposition on the membranes. After sputter coating the samples with gold, images were
obtained using a Hitachi TM3000 scanning electron microscope (SEM); these images are
shown in Figure A-5 and A-6. Additional images, which may be seen in Figures A-7, A-
8, and A-9 were generated with a Hitachi SU6600 SEM using platinum surface coatings.
Despite the use of sonication, the MWCNTSs and NGPs displayed extensive aggregation.
4.2  Adsorbates

A survey of water treatment techniques for the elimination of chloro-s-triazines
showed that, with the exception of activated carbon adsorption, the compounds were not
readily removed by conventional treatment processes (66). Furthermore, the authors
claimed that comparatively high doses of PAC were needed to decrease concentrations
appreciably. Atrazine, a member of the chloro-s-triazine class, was selected for this
project to evaluate the effectiveness of membrane coatings with the intent of improving
its retention in simulated water treatment systems. In addition, methylene blue was

selected as a second model contaminant for comparison with atrazine. Methylene blue

28



has been studied for PAC-membrane adsorption processes because of its ease of detection
and ability to adsorb well to activated carbon.

The molecular structures of the target contaminants are shown in Figure 4.1, and
various chemical and physical properties are included in Table 4.1. Methylene blue is a
cationic dye, and atrazine is an herbicide. These chemicals adsorb fairly well to activated
carbon, a trait that may result in part from their aromatic structures and corresponding
ability to undergo n-m interactions with adsorbents. Both chemicals have very low pK,
values. This indicates that in the pH range used in the filtrations, which was varied from

5.5 10 7.0, both chemicals were in base form.
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Figure 4.1. Molecular structures of methylene blue (a) and atrazine (b).

Table 4.1. Adsorbate Properties

Compound | Chemical | Dimensions (A) | MW Molecular | pK, Solubility | log Ky
Formula (g/mol) | Volume® in Water
(m*/kmol) (g/L)
Atrazine CgH14CINs | 9.6x8.4x3 ¢ 215.7 0.247 1.95° | 0.03° 2.75°
Methylene | CisHigHsS | 14.3x6.1x4 ® 373.9 |0.374 <19 40’ 3.56 ¢
Blue CI-3H,0

2 Ref. [67]. " Estimated using Le Bas method (52). ¢ Ref. [68]. ¢ Ref. [69]. ¢ Ref. [70].

"Ref. [71]. ¢ Estimated using atom/fragment contribution method (72).

Methylene blue was purchased from Mallinckrodt, Inc. Instead of using a stock

solution and diluting to make the feed solution, a separate mass of solid methylene blue
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was used to make the feed solution for each filtration. Radiolabeled atrazine was
purchased from American Radiolabeled Chemicals, Inc., and used in conjunction with
non-labeled atrazine from Accustandard, to enable detection with a liquid scintillation
counter. Two batches of atrazine were used. The first had a specific activity of 10
mCi/mmol, and the second was 160 mCi/mmol. The stock solution with an activity of 10
mCi/mmol was prepared with a labeled to non-labeled atrazine ratio of 1:2, while the 160
mCi/mmol solution was not diluted with the non-labeled atrazine. Instead, the feed
solutions for individual filtrations were adjusted with the non-labeled atrazine in a 1:29
ratio. The stock solutions were prepared in ethanol, and aliquots were transferred to
distilled or deionized water to make feed solutions.
4.3  Adsorption Experiments
4.3.1 Coated Membrane Filtrations

The lab-scale dead-end UF setup, shown in Figure 4.2, consisted of an 800-mL
pressure vessel (Millipore) that held the feed solution, a 16-mL capacity membrane cell
(Millipore) containing the UF membrane and mesh support material, glassware for
permeate collection, and a balance connected to a computer to monitor the flux. Pressure
for the filtrations was supplied by a nitrogen tank connected to the pressure vessel. The
membranes (Millipore VVLP) were hydrophilic PVDF with a pore size of 0.1 pm and
diameter of 2.5 cm (2.1-cm active diameter when installed in the filtration cell).
Membranes were soaked in distilled or deionized water overnight before use in

filtrations.
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Figure 4.2. The lab-scale ultrafiltration setup.

Methylene blue filtrations with PAC and alternative adsorbents had feed solution
concentrations of 0.9 mg/L unless otherwise indicated and were run at a constant flux of
500 L/m*/h (Imh), which was achieved with manual pressure adjustments as needed. In
this study, adsorbent additions occurred as pulse inputs for all filtrations, and carbon
coatings were made by adding the adsorbent directly to the membrane cell, which was
filled with the feed solution. Permeate samples were collected in glass vials and analyzed
with a UV/Vis spectrophotometer (Varian Cary 50 Bio) at 666 nm, with the method
detection limit calculated as 4 ppb. Because of a comparatively low precision with
analysis of the permeate samples, methylene blue experiments were performed in
triplicate.

For the filtrations with atrazine as the target contaminant, feed solutions were
made by transferring stock solution to 1-2 L of distilled or deionized water. Feed solution
concentrations were 15 ppb except for the filtrations that were intended to determine the

effect of varying concentration. Controls were run to ensure that the model contaminant
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did not adsorb to the equipment. Permeate samples were collected in 20 mL polyethylene
vials. Liquid scintillation counting (Wallac 1415) was used for detection of '*C-atrazine
in the permeate samples, which were composed of 10 mL of sample and 10 mL of liquid
scintillation cocktail (UltimaGold XR). The count time was 10 minutes per sample, and
the detection limit was calculated as 0.07 ppb.

It was discovered that the first atrazine batch (10 mCi/mmol) was contaminated
by an unknown, tritium-labeled compound, which originated at the lab where it was
produced. The contamination affected several of the filtrations, which are tabulated in the
results and discussion section, and for the other atrazine filtrations the new atrazine batch
(160 mCi/mmol) was used. Several filtrations affected by the contaminated stock solution
were redone with the new stock solution to assess the magnitude of the deviations. In
addition, selected filtrations were run in duplicate to verify the accuracy of the results.
4.3.2 Stirred Vessel Filtrations

For the filtrations simulating a stirred tank configuration, a 250-mL Erlenmeyer
flask containing a stir bar was incorporated between the pressure vessel and the
membrane cell, and the carbon was added to the flask before the filtration. Some
adsorption of carbon in the tubing connecting the stirred vessel to the membrane cell was
noted, which may have caused experimental errors, though tubing length was minimized

to help prevent such errors.
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Figure 4.3. The lab-scale stirred vessel ultrafiltration setup. The Erlenmeyer flask
represents a completely stirred tank reactor (CSTR).
4.3.3 Adsorption Isotherms

Methylene blue solutions of varying concentrations were contacted with the four
adsorbents using a carbon mass of 1-2 mg and a volume of 140 mL in glass bottles.
Bottles were mixed on a rotary tumbler in the dark for two days, which was determined
to be sufficient for reaching equilibrium based on batch kinetics tests (73, 74). MWCNT,
NGP, and S-PAC samples were centrifuged prior to analysis to remove the carbon that
was capable of settling. Controls without methylene blue were run to determine the
absorbance by the carbon that did not settle during centrifugation.

For atrazine, initial concentrations were varied, and about 1 mg of adsorbent was
added to each glass bottle containing 250 mL of solution. Mixtures were mixed on a
rotary tumbler in the dark for one week, which has been shown to be a suitable time
period for attaining adsorption equilibrium for atrazine using batch kinetics tests (37, 75).

Because the UF membrane with 0.1 um pore size had only 3% atrazine retention, it was
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acceptable to separate the adsorbents from the solutions using membrane syringe filters
rather than centrifugation, though membrane retention was taken into account in the
calculations.
4.4 Flux Tests

Constant pressure filtrations consisting of four stages were run to determine the
extent of membrane fouling by the adsorbents. The first stage was required to determine
the flux for the blank membrane, and this was achieved with filtration of distilled water
for 20 minutes at 3 psi. Membrane characteristics and apparatus are as described in
Section 4.3.1. For the second stage, a specified mass of adsorbent was added to the
membrane cell, and the flux decline was determined at 3 psi for 20 minutes of filtration
after the carbon had settled on the membrane. Membrane backwashing was then
performed by reversing the membrane direction in the membrane cell and filtering
distilled water. This process was conducted at 35 psi for one minute, conditions that have
been used for PAC/UF pilot-scale evaluations (76). The membrane was dipped in water
to remove loose carbon and replaced in the membrane cell for the flux recovery, which

involved 20 minutes of filtration at 3 psi.
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CHAPTER FIVE

RESULTS AND DISCUSSION

5.1  Characterization of Adsorbents
5.1.1 Particle Size Distributions and Surface Areas

The average diameters for WPH PAC and S-PAC were determined to be 25 (+
14) ym and 0.23 (£ 0.02) um, respectively, and the PSDs are shown in Figure 5.1. For the
F400 fractions, average particle sizes were 65 (= 16) um and 170 (£ 19) um, and these
fractions will be distinguished by their average particle sizes rather than their sieve sizes
throughout this text.

The average particle sizes for the two F400 fractions were unexpectedly high,
considering that the upper mesh sizes used for these fractions were 63 and 150 pm,
respectively. Observation of the geometries of the particles under a microscope indicates
that many of them have an oblong shape, with one dimension much larger than the other.
This potentially enables a particle with a dimension larger than the mesh size to pass
through the sieve. Therefore, using an arithmetic mean as the average particle size for

modeling and other purposes may be inadvisable when high accuracy is required.
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Figure 5.1. Particle size distributions of WPH PAC and S-PAC (inset).
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Figure 5.2. Particle size distributions for two carbon fractions produced from
F400 GAC.
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MWCNTSs were reported by the manufacturer to be 10-20 um in length. Other
dimensions provided by the manufacturer are a 5-15 nm inner diameter and a 30-50 nm
outer diameter, and the outer diameter has been measured as 29 (+ 13) nm using
transmission electron microscopy (77). Inspection with light microscopy showed that
MWCNTs suspended in distilled water formed oblong aggregates in the 200 pm to
several mm range. NGPs were reported by the manufacturer to have dimensions of less
than 5 um diameter and less than 1 nm thickness, though aggregation was also observed
for this adsorbent. As a result of this analysis, MWCNTs, NGPs, and S-PAC were
sonicated in vials for 10 minutes prior to use in filtrations. Full disaggregation was not
achieved for the MWCNTs and NGPs, which is clear from Figures A-2 and A-3, but
aggregate sizes were reduced.

Assuming spherical particles, approximations for the external surface area on the
activated carbon adsorbents were determined. These approximations use the average
particle size for calculation and do not include internal pore space. It was determined that
S-PAC had an external surface area of 33 m*/g, while for PAC the result was only 0.27
m°/g. In addition, the total surface areas measured with nitrogen gas adsorption for each

adsorbent are tabulated in Table 5.1.
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Table 5.1. Adsorbent Surface Areas

Material Surface Area (m°/q)
MWCNTSs 187 (x 1)
F400 948 2
NGPs 624 (= 4)
S-PAC 773 (+ 3)
WPH PAC 900 (+ 4)

T For F400 GAC (Ref. [15]).

5.1.2 Pore Size Distributions

Shown in Figure 5.3 are the pore size distributions for WPH PAC and the
alternative adsorbents, and the summations of the micro and mesopore volumes are
summarized in Table 5.2. As expected, the activated carbon adsorbents had a
microporous structure, while CNTs and NGPs had primarily mesoporous volume. PAC
and S-PAC had comparable micropore volumes, but S-PAC had a significantly higher
mesopore volume, a finding that is compatible with previous measurements on the same

adsorbent batch by another research group (78).
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Figure 5.3. Pore size distributions of the adsorbents.

Table 5.2. Pore Size Classifications

Material Micropore Volume (cm®/g) | Mesopore Volume (cm°/q)
MWCNTSs 0.009 0.365
NGPs 0 1.108
S-PAC 0.230 0.257
WPH PAC 0.257 0.020

5.1.3 FTIR Analysis and Oxygen Content

FTIR analysis of the adsorbents showed several small peaks for PAC and S-PAC.

The spectra were overlaid and are shown in Figure 5.4 with likely peak identifications.

The activated carbon adsorbents are associated with functional groups containing oxygen

(Figure 2.2), and the spectra for these materials do indicate the presence of oxygen.
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Figure 5.4. FTIR spectra of activated carbon adsorbents, labeled with likely functional
group identifications.

The FTIR technique is capable of responding to functional groups only on the
particle surface, so groups in the internal pores are not identifiable with the method.
Therefore, total oxygen content was determined with elemental analysis, and results are
presented in Table 5.3. The oxygen content for the NGPs was reported by the
manufacturer to be 2.1%, which is compatible with the experimental results. Although
the S-PAC was produced from the WPH PAC, its oxygen content was about 4% higher.
F400 PAC and F400 GAC had very similar results of around 4% oxygen, though
previous work on F400 elemental composition yielded a measurement of 10% (79). As
stated in Chapter 2, oxygen groups are expected to reduce adsorption effectiveness for

hydrophobic contaminants because of increased hydrophilicity on the carbon surface,
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though electrostatic interactions between the positively charged methylene blue and

negatively charged oxygenated groups may be favorable for adsorption.

Table 5.3. Oxygen Contents of the Adsorbents

Adsorbent % Oxygen (Sample 1) % Oxygen (Sample 2)
F400 GAC 3.62 4.71
F400 PAC ® 4.23 2.98
MWCNTSs 1.49 1.48

NGPs 2.24 1.80

S-PAC 8.33 9.05
WPH PAC 4.28 421

Particle size 170 um.

5.1.4 Zeta Potential

To draw conclusions about the net external surface charges on the adsorbents,
zeta potential measurements were obtained. The tests were conducted at the approximate
pH of the filtration feed solutions, which showed variability among measurements but
fell in the range of 5.5 to 7.0. Table 5.4 summarizes the zeta potentials of the adsorbents

and the pH values at which they were obtained.
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Table 5.4. Zeta Potential Measurements

Adsorbent pH Zeta Potential (mV)
MWCNTSs 7.05 -37.9 (£ 6.9)
F400 PAC 5.98 -30.6 (x 4.1)
NGPs 6.78 17.2 (£5.7)
S-PAC 6.35 -31.9 (+ 4.8)
WPH PAC 6.43 -42.7 (£ 3.9)

Note: Zeta potential entries are based on the average of 5 replicate
measurements at an adsorbent concentration of 0.1 mg/mL.

Studies on the surface characteristics of coal-based PAC revealed a zeta potential
of -30 to -40 mV in the pH range of 6 to 7 (16), which correlates well with the results in
the above table. For adsorption of cationic dyes, such as methylene blue, a low zeta
potential of less than -30 mV, corresponding to an overall negative surface charge, is
desirable (80). It has been noted that the use of electrophoretic mobility as an indicator of
zeta potential may not be accurate for characterizing the total surface charge of activated
carbons because of their porous texture (10). However, this method is useful for
determining overall charge on the external surface area.

Some features of the results for the alternative adsorbents are notable. Unlike the
other adsorbents, the NGPs had a zeta potential above zero, indicating a positive net
surface charge. S-PAC was expected to have the same zeta potential as the WPH PAC
from which it was formed, since the microgrinding process used to produce S-PAC was
not expected to affect surface chemistry. However, the experimental results indicate that
WPH PAC had a slightly lower zeta potential than S-PAC, measured at an essentially

equivalent pH.
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5.1.5 Adsorbent Monolayers

Calculations were done to determine the mass of PAC required to form a
monolayer on the membrane, assuming spherical particles with the average diameter. The
calculations also assume that the arrangement of particles constitutes a simple rhombic
layer (81), which is shown in Figure 5.5 and corresponds to a bed void fraction of 0.37. A

MATLAB program for this procedure was created and is included as Appendix B-2.

Figure 5.5. Aerial view of carbon particles, constructed using the arrangement that was
assumed for monolayer mass calculations. Adapted from ref. [81].

Table 5.5 summarizes the calculated monolayer masses of the five activated
carbon adsorbents used throughout this project. Monolayer calculations are useful for
determining what fraction of the membrane surface is covered by an adsorbent of a
particular particle size. An apparent particle density of 0.90 g/mL was assumed for all
activated carbon adsorbents. This value was calculated based on the apparent powder
density for F400 GAC, 0.52 g/mL, which was provided by Calgon Carbon Corporation.

Apparent powder density accounts for volume supplied by the particle skeleton as well as
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the interparticle and intraparticle pores, while the apparent particle density is based on the

skeleton and only the internal particle pore volume (82).

Table 5.5. Calculated Masses for Membrane Monolayers

Adsorbent Average Particle Mass of Membrane
Size (um) Monolayer (mq)
F400 GAC 1400 260
F400 PAC 65 13
F400 PAC 170 34
S-PAC 0.23 0.045
WPH PAC 25 4.9

5.2  Adsorption Isotherms

The experimental results of the isotherm tests were fit to the Langmuir and

Freundlich models (83). The Freundlich equation is given by

q=KC"

(16)

in which g. is the solid-phase concentration at equilibrium, C. is the liquid-phase

concentration at equilibrium, and Kr and » are the Freundlich constants. The Langmuir

equation is

_aKG
KG+

q

with go and K as the Langmuir constants.

5.2.1 Methylene Blue

(17)

As shown in Figure 5.6, the Langmuir equation more accurately modeled the

results for most of the adsorbents, especially in the upper range of equilibrium
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concentrations. The trends seen with the isotherm tests are compatible with approximate
total removal in the filtrations with the coated membranes. With a small particle size that
enables better access of adsorbate to pores, S-PAC showed the highest adsorption
capacity. The MWCNTs were not expected to have a large adsorption capacity because
of their low surface area and lack of microporosity compared to the other materials.

Although NGPs lack micropores as well, they have a 3x higher BET surface area than the

CNTs.
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Figure 5.6. Isotherms for methylene blue with different carbonaceous adsorbents
showing Freundlich (solid lines) and Langmuir (dashed lines) model fits.
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Table 5.6. Methylene Blue Isotherm Coefficients

Adsorbent Freundlich Model Langmuir Model
Kr.(mg/g)(L/mg)"™ 1/n R’ qo, mg/g Ki, L/mg R
F400 PAC* 154.5 0.10 | 0.43 163.8 20.4 0.55
MWCNTs 52.2 0.34 | 0.60 51.5 7.8 0.46
NGPs 100.4 0.04 | 0.40 101.0 141.4 0.48
S-PAC 185.9 0.14 | 0.55 189.4 26.4 0.88
WPH PAC 158.7 0.15 | 0.77 138.1 80.4 0.74

“ 170 pm particle size.

A previous study found the Langmuir constant o to be 46.2 mg/g for methylene
blue and CNTSs (84), which is comparable to the results presented here. For equilibrium
concentrations up to the gram-per-liter level, the Langmuir adsorption capacity, qo, has
been reported as 417 mg/g on F400 carbon (73). On a mg-per-m? basis, the adsorbents in

this study had very similar adsorption affinities for methylene blue (Figure 5.7),

indicating that surface area is the primary determinant for methylene blue adsorption.
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Figure 5.7. Isotherms for methylene blue adsorption, normalized to adsorbent surface
area (m%/g).
5.2.2 Atrazine

Table 5.7 includes the Freundlich and Langmuir isotherm coefficients for atrazine
adsorption on PAC and the alternative adsorbents; these tests were conducted with the
new batch of atrazine. In contrast to the methylene blue isotherms, PAC had a greater
adsorption capacity for atrazine than S-PAC. Because the S-PAC was produced from
PAC, they were thought to bear the same chemical surface characteristics. Therefore, it is
unclear why the adsorption capacity trends for PAC and S-PAC differed between atrazine
and methylene blue, though the use of lower concentrations for atrazine compared to
methylene blue or differences in porosity may have affected the results. The R? values in
Table 5.7 were low for the CNTs and NGPs, indicating that the Freundlich and Langmuir

isotherm models may not be suitable for these adsorbents.
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Figure 5.8. Isotherms for atrazine with different carbonaceous adsorbents showing
Freundlich (solid lines) and Langmuir (dashed lines) model fits.

Table 5.7. Atrazine Isotherm Coefficients
Adsorbent Freundlich Model Langmuir Model

Kr.(mg/g)(L/ug)'™ 1/n R’ qo, mg/g Ki, L/ug R

MWCNTs 0.02 1.40 | 0.80 -2.44 -0.01 0.39
NGPs 0.22 0.84 | 0.70 2.66 0.10 0.67
S-PAC 2.06 0.59 | 0.89 15.87 0.14 0.94
WPH PAC 2.83 0.65 | 0.81 6.51 0.96 0.86

Normalizing the data to surface area did not affect the appearance of the
isotherms significantly, though CNT adsorption capacity did improve slightly on the

surface-area-adjusted scale. This observation indicates that there is a factor other than
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surface area that affected adsorption. Yan et al. (85) observed that the equilibrium
adsorption capacities of SWCNTs and MWCNTSs differed on a surface-area-normalized
basis, and they inferred that surface chemistry was responsible for the differences.
Correspondingly, surface chemistry may contribute to differences noted for the
adsorbents in this study. The general consensus in the literature is to classify atrazine as a
molecule susceptible to hydrophobic interactions (86-88), though some attest that it is
influenced by polar mechanisms as well (89). Therefore, it would seem that the higher
oxygen contents detected with the activated carbon adsorbents would contribute to

reductions in the effectiveness of atrazine adsorption.
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Figure 5.9. Isotherms for atrazine adsorption, normalized to adsorbent surface area
(mg).

Alternatively, the molecular sizes and optimal pore sizes for adsorption of the two

model contaminants may contribute to the noted differences in adsorption capacity

49



among the carbonaceous materials. Since atrazine is a smaller molecule that may access
smaller micropores, the significantly larger micropore volume for the activated carbon
adsorbents compared to the CNTs and NGPs may account for the larger adsorption
capacities of PAC and S-PAC. As a larger molecule, methylene blue may not be capable
of accessing the small micropores and may be less affected by the disparities in
micropore volume among the adsorbents.
5.3  Methylene Blue Retention in Coated Membrane Filtrations

The HSDM and LDF model were applied to the breakthrough curves for the
carbon coated membranes, but the models are not applicable to the stirred vessel setup or
the uncoated membrane filtrations. For this reason, Sections 5.5-5.6 include selected
figures with the HSDM and LDF model applied, and the figures in Sections 5.3 and 5.4
display trendlines to guide the eye rather than models. All methylene blue filtrations with
PAC and the alternative adsorbents were run with a feed solution concentration of 0.9
mg/L.
5.3.1 Effect of Coating Mass

Carbon coated membranes were shown to be viable for consistent removal of
methylene blue. Figure 5.10 shows removal for 1 and 3-mg (2.9 and 8.7 g/m®) coated
membranes using WPH PAC as the adsorbent. There was an improvement in methylene
blue retention compared to the uncoated membrane, with the membrane contributing to
about 20% of the removal. Using a 3-mg coating, the system was capable of removing

nearly 100% of the methylene blue initially.
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The calculated monolayer mass for PAC was 5 mg (14.5 g/m®). However, it is
likely that both 1 and 3-mg PAC coatings sufficiently covered the membrane surface
because the broad PSD in Figure 5.1 indicates the presence of smaller particles. In
addition, the membranes appeared gray with no white space visible, implying full surface
coverage. Despite these observations, it is likely that successful full-scale implementation
of the membrane coating adsorption technique will be more easily achieved with

adsorbent applications greater than the calculated monolayer mass.
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Figure 5.10. Methylene blue removal by UF membranes coated with 1 and 3 mg of WPH
PAC (2.9 and 8.6 g/m?), with permeate concentrations (C) normalized to the feed solution
concentration (Co). Removal by the uncoated membrane is shown for comparison, and
the solid lines in the figure correspond to trendlines.
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5.3.2 Comparison of PAC, S-PAC, MWCNTs, and NGPs

The membrane coated with 1 mg of S-PAC (Figure 5.11) showed better initial
methylene blue retention than the membrane coated with 1 mg of PAC (Figure 5.10). The
large external surface area of S-PAC is hypothesized to be the leading cause of the
differences apparent for the breakthrough curves for PAC and S-PAC, considering that
the calculations described in Section 5.1.1 revealed an external surface area for S-PAC
that was 122 times higher than that of PAC on a per-gram basis. The reduced particle size
of S-PAC corresponds to a high immediate contaminant removal but a steep
breakthrough curve because of the lower pore volume and limited internal adsorption
sites. For PAC, pores are deeper because of the higher particle volume. Therefore, pore
diffusion progresses throughout the filtration, and the breakthrough curve is more

gradual.
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Figure 5.11. Methylene blue removal by 1 mg (2.9 g/m®) of alternative adsorbents with a
flux of 500 Imh. The solid lines in the figure are trendlines.

Research has shown that the resistance to solute mass transfer decreases with
decreasing particle size (90), which also likely contributed to faster adsorption kinetics
for S-PAC. An additional factor is the greater number of layers on the membrane for S-
PAC. The calculated monolayer mass was only 50 pg, which implies that the 1-mg S-
PAC coating in Figure 5.11 corresponded to a multilayer coating on the membrane. This
enhanced surface coverage compared with PAC may have contributed to the better initial
retention of methylene blue for the S-PAC coated membrane. One final contributor to the
rapid adsorption on S-PAC relates to its higher mesopore volume compared to PAC

(Table 5.2), a beneficial attribute because mesopores may serve as transport pores (78).
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The adsorption curves for MWCNTs and NGPs in Figure 5.11 illustrate that
neither of these adsorbents removed methylene blue from water as rapidly as S-PAC. A
comparison with Figure 5.10 reveals that MWCNTSs were slightly less effective than
PAC. Methylene blue, with dimensions of 14.3 x 6.1 x ~ 4 A, adsorbs in micropores,
though there is disagreement about the minimum pore size required (67). MWCNTs
consist of pores that fall in the meso- and macropore ranges, though it has been observed
that aggregates can form voids acting as micropores for adsorption (27). The
experimental pore size data in Table 5.2 do indicate a small volume of micropores.
Nevertheless, it is likely that the micropore deficiency and lower surface area contributed
to the inferior adsorption capabilities of MWCNTs.

Studies on the use of functionalized graphene oxide for the adsorption of
methylene blue revealed that electrostatic interactions between the oxidized surface and
cationic dye led to favorable adsorption (37, 32). However, the graphene used in this
project is non-functionalized and had a low oxygen content compared to the activated
carbons, so it is likely that its adsorption effectiveness seen in Figure 5.11 originated
from some other attribute. The NGPs had an intermediate surface area of 624 (+ 4) m’/g
but a mesopore volume four times that of S-PAC, so their rapid adsorption kinetics could
be a result of having more easily accessible adsorption sites, dictated by the prevalence of
mesopores.

To verify the adsorption kinetics observed using the carbon coatings on the
membranes, batch adsorption tests were conducted. Results are shown in Figure 5.12 for

the four adsorbents used for the coated membrane filtrations. The general trends observed
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with the batch kinetics tests are in agreement with the kinetics trends noted earlier in this
section for the coated membrane filtrations. As predicted, S-PAC showed the fastest
removal of methylene blue, with a concentration reduction of more than 20% within 2
minutes. The NGPs and PAC displayed similar kinetics profiles, which may have been
influenced by the tendency for the NGPs to float, a characteristic that could have resulted
from low density or hydrophobicity. The flotation likely contributed to insufficient
mixing in the batch tests, but because the membrane filtrations were done under pressure,

the flotation of the NGPs was not an issue for the coated membrane filtrations.
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Figure 5.12. Batch kinetics adsorption tests for methylene blue and various adsorbents.
Initial methylene blue concentration was 0.9 mg/L, and the carbon dose was 1 mg/L. The
contents of the beakers were stirred at 200 rpm.

5.3.3 Stirred Vessel versus Coated Membrane
The hydraulic residence time in a carbon membrane coating is on the millisecond

scale. For example, a 5-mg (14 g/m?*) PAC coating subjected to an influent flow rate of
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500 Imh has a contact time of about 200 milliseconds. Despite the low contact time,
carbon coatings displayed improved methylene blue removal kinetics over the
conventional adsorption method consisting of a stirred reactor, as shown in Figures 5.13a
and 5.13b. It is hypothesized that the carbon coating on the membrane improves
opportunities for adsorbate-carbon contact, thereby improving retention. However, this
initial improvement in retention is offset by a faster methylene blue breakthrough. At
1200 L/m?, the total adsorption in the S-PAC coating was estimated to be 170 mg/g, and
for the S-PAC in the stirred vessel it was calculated as 100 mg/g. It is likely that the
removal in the stirred vessel was lower because it had not yet reached its adsorption
capacity. This is apparent in the figure, since the permeate sample at 1200 L/m’ for the
stirred flask was of lower concentration than that of the uncoated membrane.
Hypothetical MCLs for contaminants are shown in the figures, which illustrates
that a carbon coating may have the ability to maintain permeate concentrations below the
MCL for a longer filtration period than carbon in a stirred tank. Situations requiring a
large reduction in contaminant concentration may be more efficiently handled with a
membrane coating, since the amount of time, 7, in which the coating removes the
contaminant below the MCL is longer than #, the filtration period during which the
carbon in the stirred vessel maintains concentrations below the MCL. This situation is
depicted in Figure 5.13a, while Figure 5.13b shows the expected scenario for a higher
MCL, for which a stirred vessel configuration may be more advantageous from a carbon

usage perspective.
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Figure 5.13. Comparison of methylene blue removal by a carbon coated membrane and a
stirred vessel setup using 1 mg of S-PAC at 500 lmh, with the solid lines indicating
trendlines. The residence time for the S-PAC in the stirred vessel configuration was
calculated as 1.3 hours. Different hypothetical MCLs are shown in (a) and (b), with
corresponding carbon usage periods, denoted by ¢/ and #2.
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These results suggest that the adsorbent addition point in the filtration system
may be tailored to meet the contaminant removal needs dictated by MCLs or other
criteria. This type of manipulation pertaining to the carbon addition method may enable
treatment plants to minimize their carbon usages rates (CURS), thereby reducing overall
cost. However, there are other variables not addressed here that may need to be assessed,
including adsorbent recirculation and competitive adsorption with NOM.

5.4  Atrazine Retention in Coated Membrane Filtrations

As described in the materials and methods section, the atrazine stock solution was
found to be contaminated by an unidentified, tritiated compound. Therefore, a
clarification is needed to explain which of the data discussed in this section were affected
by the contamination. Table 5.8 provides a summary of the results influenced by the
contaminated solution. To evaluate the extent of contamination, a few of the filtrations
were redone with the new batch of atrazine, and these results are shown in Figure 5.14.
Without the contaminant present, larger concentration reductions for atrazine were noted
in the permeate.

The difference of normalized permeate concentrations (C/Cop) between filtrations
conducted with contaminated feed solution and those with the new feed solution were
calculated. These filtrations were originally run in duplicate, so an average of the
permeate concentration for each sample point was used as the basis for comparison. An
average improvement of 0.15 (C/C, units) was found for the 2-mg (5.8 g/m?) PAC

coatings, and for S-PAC the difference was 0.25 on average.
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Table 5.8. Summary of Atrazine Results

Figure Affected by
Contamination?
5.8-5.9 No
5.14-5.18 Yes
5.19-5.21 No
A-11 Yes
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Figure 5.14. Comparison of atrazine retention by membranes coated with 2 mg (5.8
g/m?) of WPH PAC and S-PAC, with a flux of 2000 Imh. “Batch 17 represents filtrations
done using the original atrazine feed solution, which was found to be contaminated with a
tritiated compound. “Batch 2” refers to filtrations conducted with the replacement feed
solution. Retention by the uncoated membrane is shown for comparison, and the solid
lines indicate trendlines.

Based on these results, it is clear that the activated carbon retained a substantial
portion of the unidentified contaminant. However, retention by the uncoated membrane

decreased from 10% (Figure 5.14) to 3% (data not shown) with the new batch of atrazine.

59



It is possible that atrazine was influenced by intermolecular interactions with the tritiated
contaminant that was adsorbed on the membrane, leading to improved atrazine retention
in the uncoated membrane filtration. It is likely that these trends apply to all of the results
for the filtrations run with the first batch of atrazine. Comparable to the methylene blue
results, the improvement in atrazine retention for S-PAC compared to PAC in Figure 5.14
is a result of its smaller particle size. As with Section 5.3, the solid lines in this figure
correspond to trendlines, as is the case for Figures 5.15 and 5.17-5.21.
5.4.1 Effect of Flux

Figure 5.15 illustrates that a fourfold decrease in flux caused a significant
improvement of atrazine retention in the membrane coatings, with a 25-mg (72 g/m?)
coating removing all atrazine from the feed solution throughout the filtration at 500 Imh.
It is likely that an increase in residence time of adsorbate in the carbon coating
contributed to improvements in removal with the transition from 2000 to 500 Imh. A 10-
mg (29 g/m?) coating run at 500 Imh showed similar adsorption characteristics to a 25-mg
coating at 2000 Imh when plotted on the scale of time, though it should be noted that

there is a lower permeate output in a set period of time with a lower flux.
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Figure 5.15. Effect of flux on atrazine removal by membranes coated with two different
masses of 65 um F400 PAC, with the solid lines indicating trendlines. These filtrations
were done with the atrazine solution that was later found to be contaminated by an
unknown, tritiated compound.
5.4.2 Effect of Feed Solution Concentration

Figure 5.16 shows that a 20x increase in feed solution concentration resulted in
no significant change in atrazine retention, with permeate concentrations normalized to
the feed solution concentration. Findings from a previous study indicate that an increase
in feed solution concentration causes a faster and steeper breakthrough profile (49). The
higher concentration is associated with an increased adsorption capacity, as shown in the
isotherm in Figure 5.8, but the capacity is reached more quickly. Despite these

observations, no significant correlation between feed solution concentration and

breakthrough profile was observed in these results. It is likely that concentration
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increases at the ppb level are not sufficient to cause a notable difference in adsorption

kinetics.
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Figure 5.16. Effect of feed solution concentration on removal of atrazine using
membranes coated with 10 mg of 65 um F400 PAC at a flux of 2000 Imh. These
filtrations were run with the atrazine solution that was later found to contain an unknown,
tritiated compound.
5.4.3 Effect of Adsorbent Type and Size

Figure 5.17 shows that NGPs and S-PAC retained atrazine better than PAC in 2.5
mg applications (7.3 g/m?). In fact, none of the S-PAC samples yielded statistically
significant radioactivity measurements, indicating that the coating successfully removed
all influent atrazine. For methylene blue, retention by the NGP coating was nearly as
effective as the S-PAC coating, but for atrazine there was a notable difference. Aside

from feed solution concentration differences, this could be caused by structural

characteristics of the adsorbates and adsorbents. For example, atrazine is a smaller
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molecule than methylene blue, which enables it to more rapidly diffuse and access
smaller micropores present in the S-PAC but not found in the NGP structure. As with the
methylene blue filtrations, adsorbent surface coverage on the membrane is likely to be an

additional key factor.
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Figure 5.17. Atrazine removal by membranes coated with 2.5 mg of adsorbent, with a
flux of 2000 Imh. The solid lines correspond to trendlines. F400 PAC of average particle
size 65 pm was used, while S-PAC was generated from WPH PAC. These filtrations
were conducted with an atrazine solution that was later found to contain an
unidentifiable, tritiated compound.

An additional comparison of the adsorbents is provided in Figure 5.18, which
shows results for filtrations with PAC of two particle sizes, as well as MWCNTs and S-
PAC. The 1-mg S-PAC coatings initially removed more atrazine from the feed solution

than the 25-mg PAC coatings, which reinforces the previous assertions that particle size

and possibly mesoporous structure are key determinants for adsorption Kinetics.
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Figure 5.18. Atrazine removal by membranes coated with F400 PAC, S-PAC, and
MWCNTSs, with a flux of 2000 Imh. The solid lines indicate trendlines, and the filtrations
were done with the atrazine solution that was later found to be contaminated by an
unknown, tritiated compound.

The measured permeate concentrations for S-PAC exceeded the feed
concentration near the end of the filtrations, which is an unexpected result. It is possible
that the S-PAC was passing through the membrane because of its small particle size,
resulting in the detection of adsorbed atrazine molecules by the liquid scintillation
counter. This situation would produce an erroneously high concentration, leading to C/Cy
values greater than one. Alternatively, the tritiated contaminant may have been
competing with atrazine for sorption sites on the carbon particles. If the contaminant had
a stronger sorption affinity than atrazine, it could have induced desorption of atrazine

molecules, leading to increases in permeate concentrations. This explanation is more

reasonable than the membrane passage of S-PAC, as further filtrations (Figure 5.19) with
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the uncontaminated atrazine did not yield normalized permeate concentrations in excess
of one.
5.4.4 Stirred Vessel versus Coated Membrane

Figure 5.19 shows that, for each of the alternative adsorbents, retention of atrazine
in the membrane coating was superior to that in the stirred vessel. As before, MWCNTSs
displayed lower retention compared to the other materials. In fact, while the S-PAC
coating showed atrazine retention near 100% at the beginning of the filtration, the

MWCNT coating had only about 15% removal.
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Figure 5.19. Comparison of atrazine retention in the stirred vessel (open symbols) and
coated membrane (solid symbols). The flux was 500 Imh, and the mass application was
0.5 mg (1.4 g/m?). Trendlines were applied to the data and are shown in the figure.

A notable feature of the atrazine breakthrough profiles in Figure 5.19 that is not

present in the methylene blue results of Figure 5.13 is the significant improvement in

total retention in the membrane coating compared with the stirred vessel. A conjecture for
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the science behind this phenomenon is described and illustrated in Section 2.3.2. In
short, the liquid-phase concentration in contact with the membrane coating is higher than
the liquid-phase concentration present in the stirred tank. Because a higher concentration
corresponds to a higher adsorption capacity on the isotherm, the membrane coatings have
the potential to remove more contaminant before necessitating replacement. The effect is
more significant for lower concentrations, since isotherm curves are steeper at lower
concentrations. Consequently, the methylene blue filtrations at higher feed solution
concentrations did not show noticeable differences in total contaminant removal between
the stirred vessel and membrane coating, while the atrazine filtrations at 26x lower
concentrations did reveal differences.

In addition to the filtrations with the alternative adsorbents, a comparison of the
stirred vessel and membrane coating techniques was done with WPH PAC at a dose of 10
mg (29 g/m?), and results are shown in Figure 5.20. The coated membrane displayed
retention near 100% throughout the filtration, while the stirred vessel configuration
showed lower retention. The curve for the stirred vessel setup has a U-shape, which is
characteristic of pulse dosages to stirred tanks (91). In the early stage of the filtration, the
feed solution ahead of the stirred tank has lower contact with the adsorbent, and permeate
concentrations are relatively high. Decreases in permeate concentration as the filtration
progresses are likely caused by the accumulation of PAC on the membrane surface,
which effectively enables contact between the contaminant and adsorbent in both the
stirred tank and membrane coating. The permeate concentrations then begin increasing

again as adsorption capacity is approached. The U-shaped curve is not apparent in the
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figures for the alternative adsorbents, which may be a result of the lower mass of

adsorbent used.

0.3
@ Stirred vessel
O Coated membrane
0.2
Q
Q
0.1
o &y Py P O =
04— - - - = 7
0 200 400 600 800 1000

Specific volume filtered (L/m?)

Figure 5.20. Atrazine removal by 10 mg (29 g/m?) of WPH PAC comparing adsorption
in a stirred flask and a membrane coating with a flux of 500 Imh. Trendlines were applied
to the data.
5.4.5 Comparison of Atrazine and Methylene Blue

To determine what effects adsorbate identity has on adsorption characteristics,
separate filtrations were conducted with methylene blue and atrazine, with all filtration
conditions equivalent and S-PAC as the selected adsorbent. Accounting for differences in
retention by the membrane, it appears that methylene blue and atrazine exhibit
approximately equivalent affinities for adsorption sites on the carbon particles. However,
the initial retention of atrazine exceeded that of methylene blue, possibly a result of the

faster diffusion associated with atrazine, the smaller of the two molecules. Methylene
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blue has the advantage of bearing three aromatic rings for favorable n-n interactions at
the carbon surface. Atrazine has only one aromatic ring, but it has an advantage of being
a smaller molecule that can access smaller pores, which are associated with greater

adsorption energies.
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Figure 5.21. Filtration with 1 mg of S-PAC at 500 Imh and 0.9 mg/L feed solution
concentration for both atrazine and methylene blue, with the solid lines indicating
trendlines.

55 HSDM Application
The HSDM was applied to the experimental data sets with the intent of evaluating
model accuracy and identifying the causes of deviations. The model was programmed in

MATLAB, and the applicable programs are available in Appendices B-3 through B-7.
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5.5.1 Verification with Packed Columns

Two different approaches were used to determine if the HSDM was properly
programmed in MATLAB. The first was a verification using sample parameters taken
from the literature source that provided the equations for the model (54). Shown in Figure
5.22a and Figure 5.22b are the breakthrough curves from the literature and the MATLAB
model, respectively. The figures correspond to filtration of phenol through F400 GAC
columns of 65 cm depth. As the curves look very similar, it was concluded that the
programming was correct, and the model was verified as applicable for deep-bed GAC

column data.
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Figure 5.22. (a) Breakthrough curve for filtration of phenol through a F400 GAC column
(copied from ref. [54]). (b) HSDM output with identical parameters executed in
MATLAB.

The second approach for analysis of the MATLAB model involved testing it for
application to small-column adsorption data collected in the laboratory with methylene

blue and F400 GAC. Langmuir isotherm coefficients were found in the literature (73),

and they were verified experimentally using four bottles containing equilibrated
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carbon/methylene blue mixtures. Filtrations were run with columns of 1-2 cm, and results
are shown in Figure 5.23. It is notable that the model was adequate for the larger mass of

3.3 g, but for the smaller mass (0.9 g), deviations are apparent.
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Figure 5.23. Model predictions and experimental results for filtrations of methylene blue
through F400 GAC columns with two different masses. Feed solution concentrations
were 3.4 mg/L in each case. Experimental flux values were unsteady, so ranges were
applied to the model, and lines shown in the figures indicate model outputs using the
average flux plus or minus the standard deviation. (In each case, the lower flux
corresponds to the lower line in the graph.)
5.5.2 Application to Membrane Coatings

Using the HSDM for membrane coatings required that the retention of the
adsorbate in the membrane be taken into account. Experiments were run to determine the

relationship between concentration and retention in the membrane, with the results

indicating that the removal in the membrane for both atrazine and methylene blue is a
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percentage of the liquid-phase concentration, not a set amount of removal. The HSDM
was applied to selected experimental filtration conditions, and the results are shown in

Figures 5.24 and 5.25. An additional application to atrazine filtrations is included as

Figure A-12.
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Figure 5.24. HSDM results for filtrations through membranes coated with three different

masses of 170 um F400 carbon. The flux was 1800 Imh, and methylene blue was the
model contaminant with Cy = 0.5 mg/L.
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Figure 5.25. HSDM results for filtrations through membranes coated with three different
masses of WPH PAC. The flux was 500 Imh, and methylene blue was the model
contaminant with Co = 0.9 mg/L.

It is clear from Figures 5.24 and 5.25 that the HSDM did not function well for

membrane coatings. In addition, the model program predicted an immediate breakthrough

for S-PAC coatings, which was not observed experimentally. Possible sources of

deviations are as follows:

1. The carbon layers were sufficiently thin, such that the porosity estimation of 0.37

described in Section 5.1.5 was inaccurate.
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2. The use of an average particle size rather than incorporation of the entire particle
size distribution was inadequate, since particle size affects the shape of the
breakthrough curve.

3. The surface diffusion coefficients obtained with the Sontheimer correlation were
inaccurate.

4. The built-in differential equation solver using the Runge-Kutta method in
MATLAB produced rounding errors.

5. The carbon mass applications were too small, such that the mass transfer zone
was not large enough for model application.

6. The adsorbents were not evenly distributed on the membrane surfaces.

The first point in the list was addressed by applying an adjusted porosity to the
model when the deposited mass was less than that needed to form a monolayer on the
membrane. In such a case, the program finds the porosity using Eq. 6, estimating the bed
volume from the membrane surface area and particle size of the adsorbent. Items 2 and 3
in the above list are addressed in the following sections. Attempts were not made to
rectify the potential problems identified in items 4 and 5, since they would require more
radical adjustments to the model and its programming. Visible inspection of the
membranes did not reveal heterogeneities in the distribution of the activated carbon

coatings on the membranes, so the sixth item in the list was not addressed.
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5.5.3 Effect of Particle Size Distribution

Because Figures 5.1 and 5.2 depict broad PSDs, it was hypothesized that particle
size variability contributed to model deviations. In particular, particles that are smaller
than the average diameter incorporated in the model may have caused lower experimental
permeate concentrations in the first few minutes of filtration than those that were
predicted from the model, since small particles are associated with fast adsorption
kinetics. Figure A-13 shows sample breakthrough curves that emphasize the significance
of particle size on retention characteristics. To enable the model to account for PSD, the
following rationale was used, and program adjustments were made:

o The membrane surface was divided into theoretical fractions based on the
relative percentages of each particle size group given by the PSD.

o The model parameters were adjusted to direct a portion of the influent flow
through each theoretical membrane segment coated with the fractional mass of
adsorbent given by the PSD.

o The total contaminant concentration in the permeate was calculated by
summing contributions associated with each particle size fraction.

Following the above procedure, it was found that the PSD affected the modeled

contaminant retention negligibly. Consequently, using an average particle size as
intended by the original model was adequate for encompassing the differences in

adsorbent size characteristics.
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5.5.4 Adjustment of the Surface Diffusion Coefficient

The surface diffusion coefficient was identified as a parameter that affects model
output significantly. This observation was verified with the use of the LDF model
(described in Section 5.6), which showed that intraparticle diffusion rather than external
mass transfer governed the rate of adsorption for the filtrations with WPH PAC coatings.
Because the Sontheimer correlation has been described as a means of acquiring only a
rough estimation of the surface diffusion coefficient, it was considered possible that the
inaccuracy in this parameter may be a primary source of errors.

Implementing an adjusted surface diffusion coefficient in the model was
successful in fitting the model output to the experimental data points in Figure 5.26.
However, the surface diffusion coefficient used was about 100 times lower than the value
of 7x10™*! cm?/s predicted by the Sontheimer correlation, and the use of the smaller value
could not be justified. Typical values found in the literature are comparable to the number
predicted by the Sontheimer correlation, and the coefficient computed with the

correlation yielded well-fitted curves for the F400 GAC results in Figure 5.23.
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Figure 5.26. HSDM results for WPH PAC filtrations through coated membranes with a
flux of 500 Imh using methylene blue as the model contaminant. For these model
applications, a surface diffusion coefficient of 7x10™*® cm?/s was used, with all other
parameters kept the same as those applied in Figure 5.25.
56  LDF Model Application to Membrane Coatings

As in the HSDM applications, the removal of the contaminant by the membrane
was taken into account for the results reported in this section. Shown in Figure 5.27 are
the results of the LDFC and LDFQ model applications to filtrations with methylene blue
and F400 PAC membrane coatings. For the LDFC model applications, an average R’

value of 0.78 (x 0.13) was achieved, and a comparable value of 0.79 (£ 0.14) was

calculated for the LDFQ.
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Figure 5.27. LDFQ (solid lines) and LDFC (dashed lines) model fits for filtrations with
three different masses of 170 um F400 PAC at a flux of 1800 Imh with methylene blue as
the model contaminant and C, = 0.5 mg/L.

A quantitative assessment of the model fits to the data for the WPH PAC coatings
(Figure 5.28) illustrates that the LDFQ model is more suitable for the results. Calculated
R? values were 0.93 (+ 0.05) for LDFQ and 0.82 (+ 0.09) for LDFC. Consequently, the
surface diffusion mechanism was likely more important than film transfer for these
filtrations. This in turn is a result of the rapid convective flow in the system compared to

the slower surface diffusion into the pores of the adsorbent particles.
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Figure 5.28. LDFQ (solid lines) and LDFC (dashed lines) model fits for WPH PAC
filtrations with methylene blue at a flux of 500 Imh and Cy = 0.9 mg/L.
5.7 Membrane-Carbon Cross-Linking

The application of polyDADMAC to membranes had minimal effect on the
adherence of PAC or S-PAC to the membrane surface. For some trials, the polymer
actually seemed to impede carbon adherence. Furthermore, polymer coated membranes
exhibited poor permeability as evidenced by drastic flux declines. The application of
polymers as cross-linkers in coated membrane filtrations needs to be studied further to
evaluate the best membrane-polymer combinations and application concentrations to

maximize adsorbent adherence and minimize flux reduction.
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58  Flux Measurements
5.8.1 Flux Reductions

A representative data set from the flux reduction experiments is graphed in Figure
5.29, which shows results from a 3-mg S-PAC coating test. The figure indicates the
reference flux through the uncoated membrane as well as the reduction observed with the
addition of the adsorbent and the recovery after backwashing. In Figure 5.30, the average
normalized fluxes after 1-mg carbon additions are shown for the various adsorbents along
with the appearances of the coated membranes. The addition of PAC, MWCNTSs, and
NGPs resulted in only slight flux reductions (less than 4% each), but S-PAC was more
detrimental (17% reduction) for a 1-mg coating. It is apparent that although the small S-

PAC particles had fast adsorption kinetics, they caused the greatest filtration resistance.
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Figure 5.29. Flux measurements for a 3-mg S-PAC coating showing each stage of the
flux experiments. In the region between the uncoated membrane filtration and the carbon
addition, the carbon was depositing on the membrane. The flux recovery was measured
after backwashing.
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Figure 5.30. Flux reductions associated with the addition of 1 mg of adsorbent to the
membrane. The flux values were normalized to the reference flux for the membrane
before carbon application, and the fill patterns of the bars were formed from scanned
images of the coated membranes. Values are based on averages over 20 minutes of
filtration.

The Kozeny-Carman model shown in Eq. 15 was applied to the PAC and S-PAC
results, assuming a porosity of 0.37. For PAC, the model predicted less than 1% flux
decline for carbon applications of 1, 30, and 50 mg, which is consistent with
experimental results. However, for full-scale systems, other variables influence the
degree of fouling. For example, a study on PAC/UF with hollow-fiber membranes
revealed that particles tend to clog fibers at the inlet of the module (41).

Filtrations with seven different mass applications of S-PAC to the membranes
were conducted to draw conclusions about the applicability of the model to S-PAC
coatings and to demonstrate the propensity for this adsorbent to reduce flux. Application

of the model with the 230 nm average S-PAC particle diameter collected from the

particle size analyzer overestimated the flux declines, as shown in Figure 5.31. A better
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fit was found using the model with a particle diameter in the 400-500 nm range. The
deviations may be due to re-aggregation after sonication to produce a larger effective

particle size during the filtration, or to a cake porosity larger than 0.37.
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Figure 5.31. Normalized experimental flux values for seven different mass applications
of S-PAC (data points). The results of the Kozeny-Carman model (solid lines) are shown
for varying particle diameters, which are listed at the right.

In another study, NOM was contacted with S-PAC for comparison with PAC, and
trans-membrane pressure was monitored (92). The authors observed that the system with
S-PAC actually showed less fouling because of its stronger flocculation ability and

increased propensity for removal of NOM, a membrane foulant. Consequently, although

the results of this project imply that S-PAC may negatively impact filtration efficiency,
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other conditions need to be taken into account in an evaluation of the application of S-
PAC to water treatment.
5.8.2 Flux Recoveries

Previous work has implied that higher-pressure filtration causes membrane
compaction, leading to anomalous flux values (93). For this reason, an uncoated
membrane test was run as a control, with the results in Figure 5.30 indicating that the
application of 35 psi backwash pressure for one minute reduced the flux by only 3%,
which might be attributable to the normal flux decline rather than membrane compaction.

After backwashing, flux recovery exceeded 90% in each case, even for S-PAC
applications of up to 6 mg, which had decreased the flux by 66% during the carbon
application. However, the S-PAC membranes remained visibly fouled as noted by their
black color (Figure 5.32). No correlation was noted between S-PAC application mass and
flux recovery, and the average recovery for six trials from 1-6 mg was 92 = 3%. These
observations imply that some physically irreversible pore clogging or surface attachment
occurred, and that this process is independent of mass application. In addition, the
potential for S-PAC to pass through the UF membrane completely is a possibility because
the average S-PAC particle size is close to the average pore size of the UF membrane, an

observation that is reinforced by Figure A-9.
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Figure 5.32. Flux recoveries for 1-mg coated membranes after backwashing, normalized
to the reference flux for the membrane before carbon application. The fill patterns of the
bars were formed from scanned images of the backwashed membranes.

Because S-PAC showed the best contaminant removal properties but the most
extensive membrane fouling, it was considered desirable to attempt to improve the flux
characteristics of S-PAC filtrations. This motivated the construction of layered coatings
using multiple adsorbents. To test this technique, NGPs were applied to the membrane as
a 1-mg coating before assembling a 2-mg layer of S-PAC, with NGPs selected as the
lower layer because of their platelet structure and ability to maintain flux. A schematic of
the intended construction is shown in Figure 5.33.

+— S-PAC
el .
Membrane

Figure 5.33. A representation of a layer-by-layer assembly of adsorbents. Figure not
drawn to scale, and although the manufacturer of the NGPs describes them as platelets,
they may in actuality adopt more spherical shapes as a result of aggregation.
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No change in flux decline or flux recovery was observed compared to the 2-mg S-
PAC coatings without an intermediate NGP layer. It is possible that the S-PAC particles
were small enough to pass through the NGP layer and foul the membrane. If S-PAC is to
be applied to full-scale systems, additional work may be needed to resolve the issue of

significant flux impediment seen with applications even at low masses.
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CHAPTER SIX

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

6.1.1 Assessment of Objectives

Objective 1. Compare the suitability of different carbonaceous materials for adsorption
of methylene blue and atrazine in membrane coatings. For methylene blue, adsorption
effectiveness as determined by kinetics during filtrations was S-PAC > NGPs > PAC >
MWCNTSs, though S-PAC and NGPs showed similar breakthrough profiles. For atrazine,
retention in the S-PAC coating was markedly superior to the coatings with the other
adsorbents, likely a result of mesoporosity and particle size.

Objective 2. Determine the effect of varying filtration parameters on contaminant
retention. Changes in feed solution concentration at the ppb level showed no noticeable
differences in the breakthrough profiles for atrazine. A decrease in flux improved atrazine
removal because of increased contact time between adsorbate and adsorbent during the
filtration, and increasing carbon dose produced an expected increase in contaminant
removal for both methylene blue and atrazine.

Objective 3. Use a stirred vessel setup for comparison with the coated membrane
approach. In the stirred vessel configuration, breakthrough was slower. The methylene
blue results imply that the appropriateness of using a stirred tank or a membrane coating
depends on the magnitude of contaminant concentration reduction needed. For atrazine,

the membrane coating showed greater retention with all adsorbents. The differences
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between the methylene blue and atrazine results likely stem from the differing feed
solution concentrations.

Objective 4. Develop a predictive model for contaminant adsorption in the carbon
layer. The HSDM was not well suited for the prediction of adsorption in thin adsorbent
layers. However, good agreement was obtained between the empirical LDF model and
the experimental results.

Objective 5. Evaluate the contribution to membrane resistance resulting from
application of a carbon coating and determine the extent of flux recovery. Model
predictions and experimental results for PAC demonstrate that applications at the
membrane coating scale (< 300 g/m?) caused negligible flux reductions. Similarly, NGPs
and MWCNTSs only slightly reduced the flux. S-PAC caused significant reductions, even
at low mass applications, though 88% or higher flux recovery was achieved after
backwashing.

Objective 6. Attempt to improve coating adherence to the membrane with the use of
polyDADMAC. Unfortunately, polyDADMAC was unable to contribute to improvements
in carbon adhesion on the membrane, and for some tests, the carbon did not adhere to the
membrane at all. Furthermore, flux tests with polymer-coated membranes revealed
dramatic reductions in flux associated with the application of the polymer.

Objective 7. Evaluate the advantages and disadvantages of the different adsorbents.
Table 6.1 provides a qualitative summary of the filtration characteristics of the four

adsorbent types tested in this project.
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Table 6.1. Evaluation of the Adsorbents

Adsorbent | Overall Contaminant | Adsorption Flux Decline | Flux Recovery
Removal Kinetics
MWCNTs Low Slow Low High
NGPs Intermediate Intermediate Low High
S-PAC High Fast High Intermediate
WPH PAC Intermediate Slow Low High

Note — entries in table are based on relative comparisons among these four adsorbents
only.

Filtrations with S-PAC coated membranes were shown to be the most effective
for rapid contaminant removal, but S-PAC was hindered by its tendency to reduce the
flux significantly. NGPs, with good contaminant removal and low flux reduction, are
likely to be well-suited for membrane applications. Because of low surface area and
possible incompatibilities relating to adsorbate size and pore size, MWCNTs were
inferior to the other alternative adsorbents.

6.1.2 Practical Implications

The fast adsorption kinetics seen with S-PAC coatings can be advantageous in a
scenario in which an immediate contaminant removal is required. However, the superior
adsorption capability of S-PAC compared with PAC and the other adsorbents is coupled
with substantial flux resistance resulting from the small particle size, which could lead to
increased energy requirements. A balance among flux resistance, adsorption capacity,
and adsorption kinetics is desirable for optimizing filtration efficiency.

If S-PAC is produced in slurry form, a separate tank in the filtration system will
need to be allocated for containment of the S-PAC slurry to be added to the influent water

for the membrane coatings. The additional tank is not needed for PAC applications
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because PAC may be added in powder form. For full-scale implementations of carbon
coatings, an analysis of the cost for use of an adsorbent will need to be conducted,
accounting for CUR, adsorbent price, space and energy requirements, and improvements
or reductions in membrane life expectancy associated with adsorbent applications.

6.2 Future Work

Based on the favorable results of this project, it would be beneficial to expand the
scope of the membrane coating method. For example, it would be useful to assess the
stability of carbon coatings in cross-flow filtrations, and a lab-scale hollow fiber
membrane setup may be constructed. Ensuring that the adsorbent coats the membrane
evenly will potentially be a challenge encountered. Additional investigations for
improving the adherence of carbon on the membrane may be needed before the technique
can be implemented successfully in full-scale systems.

In addition, there is potential for small-particle adsorbents like S-PAC to pass
through the membrane. This is an important point to address because it is not desirable to
have particles loaded with adsorbed contaminants entering drinking water supplies.
Furthermore, the influence of NOM on the efficacy of membrane coatings was not
addressed in this study and would be useful for additional assessment of the carbon
coating technique, especially since a previous study concluded that NOM eliminates the
issue of flux decline in S-PAC filtrations (92). Finally, improvements to the adsorption

model are needed, and a model may be developed for MWCNTSs and NGPs as well.
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Appendix A

Additional Figures

8

Figure A-1. WPH PAC on a hemocytometer viewed at 4x magnification under a

microscope.
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Figure A-2. Sonicated NGPs on a hemocytometer viewed at 4x magnification under a
microscope.
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Figure A-3. Sonicated MWCNTSs on a hemocytometer viewed at 4x magnification under
a microscope.
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Figure A-4. Sonicated S-PAC on a hemocytometer viewed at 4x magnification under a
microscope.
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TM3000 2011/07/21 14:56 NL D7.6 x1.5k 50 um

Figure A-5. SEM image of F400 PAC seen at 1,500% magnification on a PVDF
membrane with pore size 0.1 pm.

TM3000 2011/07/21 15:29 NL D7.2 x10k 10 um

Figure A-6. SEM image of a WPH PAC particle seen at 10,000x magnification on a
PVDF membrane with pore size 0.1 pm.
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Figure A-7. SEM image of NGPs at 10,000x magnification on a PVDF membrane with
pore size 0.1 pm.

Figure A-8. SEM image of MWCNTSs at 10,000x magnification on a PVDF membrane
with pore size 0.1 pm.
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Figure A-9. SEM image of WPH S-PAC viewed at 10,000% magnification on a PVDF
membrane with pore size 0.1 pm.
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Figure A-10. Effect of flux on methylene blue removal by membranes coated with 1 mg
(2.9 g/m?) of WPH PAC. The solid lines in the figure represent trendlines.

94



1.0

&6 9o o o o o o 9w 0 mg
O
i o o 0 0 0o o 0mg
08 o “ 3 8 o o 8 o O
1o g O j " % 42| O2.5mg
0 44— 7 c
06 _Vﬂh 0o © o 8 O 2.5 mg
o o860 O s
] ' a8 0 © v > ma
o 04 lo & = + 5mg
= < 10 mg
@ 10 mg
A 25 mg
0.0 & 25 mg
- T T T T
0 1000 2000 3000 4000

Specific volume filtered (L/m?)

Figure A-11. Atrazine removal by membranes coated with different masses of 65 um
F400 PAC with a flux of 2000 Imh. The solid lines in the figure correspond to trendlines,
and these filtrations were done with an atrazine solution that was later found to be
contaminated by an unknown, tritiated compound.
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Figure A-12. HSDM application for atrazine retention in 2-mg S-PAC and PAC
membrane coatings, with a flux of 2000 Imh.

95



0.8f .

0.7f .

0.6f .

0.5+ q

CiC,

0.4 .

0.3t .

217 um

0.1 171 pm | |

128 um

0 5000 10000 15000 20000
Specific volume filtered (L!mz)

Figure A-13. Simulated HSDM breakthrough curves for methylene blue retention in 50
mg F400 PAC coatings with average particle size 170 um, as well as 130 um and 210 pm
(= 25% of average particle size).
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Appendix B

MATLAB Programs

In the following MATLAB programs, parameters that may be changed are

underlined and in bold.

Appendix B-1: Particle Size Distribution Program

This script is designed to categorize particles in groups based on particle
diameter. It requires images obtained on a hemocytometer under a microscope. The
lightness setting on the microscope may need to be set higher for the program to
recognize all particles. A calibration must be done to convert from particle area in pixels
given by the program to area in metric units. Note that MATLAB often displays images

at a reduced magnification, which needs to be considered when calibrating the program.

clear all;

viewImages = 1;

[filename pathname] = uigetfile('E:\17 um 6.2x 10x zoom 0.3 mg
per mL\.jpg', 'Select File', 'MultiSelect',6 'on');

filename = cellstr (filename) ;

nThresh = 1;

totalVolumeMatrix = zeros(l,nThresh);

manualCount = zeros(l,length(filename));

autoCount = zeros(l,length(filename)) ;

counts = zeros(length(filename),1);

for k = l:length(filename) ;
file = char(filename (k));

I = imread([pathname file]);
level = 0.4;

% Decrease 'level' to detect lighter particles.
BW = im2bw (I, level);

M = bwlabeln (BW) ;

N = label2rgb (M,@lines);

BW2 = im2bw (N, level);

[B,L] = bwboundaries (BW2, 'noholes');

stats = regionprops (L, 'Area');

totalArea = 0;
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for m = 1l:length(stats):;
totalArea = totalArea + stats(m) .Area;
ParticleAreas (m) = stats(m) .Area;

% To convert particle area (in pixels) to diameter (um), using
$calibration:

Diameter (m) = ((ParticleAreas(m)/3.14)7(0.5))*2* (enter conversion
factor) ;

end

% For sorting particle sizes into groups based on diameter:
max = max (Diameter) ;

min = min (Diameter) ;

numberofbars = 59;

barwidth = 5; % um

% Second x-value (upper limit for 1lst particle size group) :
x = 10; % pm

for 1 = 1: numberofbars;

y = 0;

for j = l:length(Diameter);
if Diameter(j)< x && Diameter(j) >= (x-barwidth);
y =y + 1;

end;

end;

BarData(l) = y;

X = X + barwidth;

end;

end

% Number of particles per size fraction:
sum = 0;

for j=l:length (BarData) ;

sum = sum + BarData (J);

end;

% X-values for sorting:

x = [5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260
265 270 275 280 285 290 295 300]; % um

% Total volume for each size fraction:

for j=1:(length(BarData));

volume (j) = BarData (j)*(4/3)*3.14% (((x(J+1)+x(3))/2/2))"3;
end;

o

% Total volume for all particles:
sum = 0;

for j=1l:length (Volume) ;

sum = sum + Volume (j);

end;
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% Percent volume of each size fraction:
for j=1:1length (Volume) ;

PercentVol (j) = Volume (j)/sum * 100;
end;

o\

Graph output parameters:

% X-values for plotting purposes (Delete last number from x array
% used previously):

x = [5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260
265 270 275 280 285 290 295];
figure

bar (x, PercentVol, 'histc')

title 'Particle Size Distribution
xlabel ('Particle diameter (\mum)"')

ylabel ('Percent Volume')

% Axis limits:

axis ([0, 300, O, 50])

% Bar color:

colormap summer

% Tick marks:

set (gca, 'Xtick', [10 20 30 40 50 60 70 80 90 100 110 120 130 140
150 160 170 180 190 200 210 220 230 240 250 260 270 280 290]);

figure, imshow(label2rgb (L, @lines), 'InitialMagnification',667)

Appendix B-2: Monolayer Mass Program
This program determines the mass (jg) of carbon needed to form a single layer on
the membrane, assuming spherical particles arranged in the configuration depicted in

Figure 5.5. The corresponding interparticle porosity is also computed.

function [monolayer,porosity] = monolayer (dp,p,d)
%$Inputs: dp = particle diameter (cm), p = apparent particle
%density (g/L), d = membrane diameter (m).

p = p/1000; % Density conversion to g/mL

Area = 3.14*(d/2)"2; % Membrane area, m’

ESArea = 37(1/2)*(dp/2/100)72-3.14/2* (dp/2/100)"2; % Area of one
Sinterparticle void, m?

PArea = 3.14*(dp/2/100)"2; % Cross-sectional area of one
sparticle, m?

np = Area/ (ESArea+PArea); % Number of particles

V = (4/3)*3.14* ((dp/2)"3); % Particle Volume, cm’

monolayer = np*V*p*le6; $ Monolayer mass, ug
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bedv = 3.14*(d/2)"2*dp/100; % Bed volume, m?
porosity = (bedvV-np*v/100/100/100) /bedV;

end

Appendix B-3: HSDM Script

This program is referenced in the graphing program in Appendix B-4. It includes
Equations 7 through 9, rearranged to enable simplification with orthogonal collocation.
The output is a matrix of liquid and solid-phase concentrations at the specified time
points and locations throughout the adsorbent particle and carbon bed. The Mth column
in the output matrix (with “M” being the number of collocation points in the carbon
layer) is the reduced permeate concentration, C/Cy. Original equations may be found in
ref. [48].

function [dCdt] = HSDM(t,C)

[

Parameters % Name of the script in Appendix B-7

i = [0.21535 0.42063 0.60625 0.76351 0.88508 0.96524 1];
% Collocation points in the particle (spherical coordinates)

[

[Ai,Bi,W] = ABsym(i); % Program in Appendix B-6

N

length (i) -1;

= [0 0.03376 0.16939 0.38069 0.61930 0.83060 0.96623 1];
Collocation points in the adsorbent bed (Cartesian coordinates)
= length(1l)-2;

=< oo

[Al,Bl] = AB(l); % Program in Appendix B-5

dCdt = zeros (M+1+ (N+1)* (M+2)+1,1);

for 1 = 2:M+2
sum = 0;
sum2 = 0;

for k=2:M+2

sum = sum+Al (1,k)*C(k-1);
sum2 = sum2+Bl(1,k)*C(k-1);
end;
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dCdt (1-1) = -Dg*sum-Dg*Al (1,1)-3*Dg*Sts*(C(1-1)-
C(N* (M+2)+ (M+1)+1) *ge/ (K* (qO-C (N* (M+2) + (M+1)+1) *ge) ) /CO) ;
end;

g = ll

for 1 = 1:N

for 1 = 1: (M+2)

for k = 1:N+1

index (N+1-(k-1)) = 1+ (M+1)+N* (M+2)-(k-1)* (M+2);
end;

sum(g) = 0;

for j=1:(N+1)

sum(g) = sum(g)+Bi(i,J)*C(index(j))

end;

dCdt (g+ (M+1)) = E*sum(qg);

g = gtl;

end;

end;

for 1 = 1:M+2

for k = 1:N

index (N-(k-1)) = 1+ (M+1)+N* (M+2)-k* (M+2) ;

end;

sum(l) = 0;

for 3 = 1:N

sum(l) = sum(l)+W(j) /W (N+1) *dCdt (index (J));
end;

if 1 ==

dCdt (14 (M+1) +N* (M+2)) = Sts/W(N+1)* (C(M+1+ (N+1)* (M+2)+1) -
(C(1+ (M+1)+N* (M+2) ) *ge/ (K* (qO-C (1+ (M+1) +N* (M+2)) *ge) ) /CO) ) -
sum(l) ;

else

dCdt (14 (M+1) +N* (M+2)) = Sts/W(N+1)*(C(1l-1)-

(C(1+ (M+1)+N* (M+2) ) *ge/ (K* (qO-C (1+ (M+1) +N* (M+2)) *ge) ) /CO) ) -
sum (1) ;

end;

end;

dCdt (M+1+ (N+1)* (M+2)+1) = 0;

end
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Appendix B-4: HSDM Output Graphing Program

Parameters % Name of the script in Appendix B-7

options = odeset('reltol',le-6, 'BDF', 'on');

[t1,Cl] = odel5s (Q@HSDM, tspan,x0,options);
for 1 = l:numel (tl)
tl(i) = tl(i)*Tao*Dg;
svf(i) = tl(i)/60/60*Flux;
if C1(i,M+1)* (8e-5*svf(i)+0.7455) < 1
Cl(i,M+1) = C1l(i,M+1)* (8e-5*svf(i)+0.7455); % Accounts for
% removal of contaminant by membrane.
else
Cl(i,M+1) = 1;
end;
end;
figure;

plot(svEf,Cl(:,M+1))

ylabel('C/C 0");

set(gca, 'FontSize',16);

xlabel ('Specific volume filtered (L/m"2)"');
set (gca, 'FontSize',16);

x2 = 1000; % Upper limit of x-axis (L/m?)
axis([0,x2,0,11);

set(gca, 'FontSize',12);

Appendix B-5: Subprogram for Asymmetric Orthogonal Collocation Coefficients
This program generates the A and B matrices used for the axial collocation points
in the HSDM program (59).

function [A,B] = AB(Xx)

for j=1l:length(x
for i=1: length(x
x(J) " (1
) *x
) * (4

1
J

)i
)~ (1-2) ;
2

)
)
(
i-2)*x(3) " (1-3) ;

(1—1
(1-1)
0;

O.

’

—_— — — — — —
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Appendix B-6: Subprogram for Symmetric Orthogonal Collocation Coefficients
This program generates the A, B, and W matrices used for the radial collocation

points in the HSDM program (59).
function [A,B,W] = ABsym(x)

for i=1:1length (
for j=1:1length/(
Q(3,1) = ( ) (
C(3,1) (2*%1i-2
D(j,1) = (2*1 2
end;

f(i) = 1/(2*1i-243);
end;

A = C/Q;

B = D/Q;

W= £/Q;

2);
J) M (2*1i-3);
*1-1)*x ()" (2*1-4);

X
X
2%1
) *x
) * (

(
2

end

Appendix B-7: Miscellaneous Parameters Script

These are the remaining variables needed to run the HSDM program.

oe

; Number of collocation points in carbon layer.
; % Number of collocation points in carbon particle.

=z,
I
lovloy

[

% Initial conditions:
x0 = zeros (M+1+ (N+1)* (M+2)+1,1);
x0 (length(x0)) = 1;

MW = 284.1; % Molecular weight of solute, g/mol
p = 900; % Apparent particle density, g/L
CO = 2.44e-6; % Feed concentration, mol/L

% Langmuir constants:

K = 80.4*1000*MW; % L/mol (80.4 L/mq)

g0 = 138.1/1000/MW; % mol/g (138.1 mg/qg)
ge = gqO*K*CO/ (K*CO0+1);

dp = 24.75; % Particle diameter, um

dp = dp/1le6*100; % Particle diameter, cm

Flux = 500; % Imh

ps = 1; % Density of solution, g/cm®

MV = 0.347; % Molar volume of solute, m’/kmol

vs = Flux/60/60*100/1000; % Superficial velocity, cm/s
m0 = 1000; % Applied mass, ug
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d = 0.021; % Membrane diameter, m

o\

Liquid diffusion coefficient:

= 0.96; % Water viscosity, centipoise (1 poise = 1 g/ (cm*s))
= n/1000*%100/100; % Viscosity, kg/ (m*s)

= 295; % Temperature, K

MW2 = 18; % MW of water, g/mol
Dl = 1.17e-16*T* (2.6*MW2)"~(0.5)/ (n*(MV~(0.6)))*100*100; % cm?/s

H B B
|

% Porosity & volume of carbon layer:

Q

Vp = m0/1e6/p/1000; % Volume of particles, m

Q

[ml,porosity] = monolayer (dp,p,d); % Monolayer mass, ug, &
% porosity
if mO < ml

V = 3.14*%(d/2)"2*%ap*2/100; % Bed volume, m’

3

Ep = (V-Vp) /V;
else
Ep = 0.37;

V = Vp/ (1-Ep); % Bed volume assuming 0.37 porosity, m’

end;

$ Film transfer coefficient:

n2 0.0096; % Viscosity, poise [l poise = 1 g/ (cm*s)]
Sc = n2/(ps*D1); % Schmidt number
R = ps*dp*vs/ (n2* (1-Ep)); % Reynolds number

kf = 2.4*R*(-0.66)*vs/ (Sc”0.58); % Film transfer coefficient,cm/s

% Solid-phase diffusion coefficient:
Ds = 5*D1*Ep*C0/ (p*qge); % cm?/s

Area = 3.14*(d/2)"2; % Membrane area, m’
F = Flux/1000*Area/60/60; % Flow rate, m’/s

o)

Dg = p*(1-Ep) *ge/ (Ep*C0); % Solute distribution parameter

Tao = V/F; % Hydraulic resistance, s

E = Ds*Dg*Tao/ ((dp/2)"2); % Surface diffusion modulus

Sts = Tao*kf/(dp/2)* ((1-Ep) /Ep); % Stanton number for solid phase

tspan = [0,10]; % Time span
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Appendix B-8: LDF Model Script

This script may be used to evaluate the LDFQ or LDFC models.

R = 0.018; % Obtained from Eqg. 11
Flux = 500;

o

Enter data for regression:

x = [87 202 318 434 549 665 780 896 1012 1127]; % SVF, L/m?

c = [0.24 0.4 0.5 0.53 0.62 0.67 0.67 0.73 0.68 0.75]; % C/Cy
for i = l:numel (x)

t (1) x (1) /Flux*60; % min

c(i) = c(i)/ (8e=5*x(i)+0.7455); %Accounts for removal by membrane
if c(i) > 1

c(i) = 0.999; % Ensures that permeate values do not exceed 1.
end;

% For LDFQ:

cl(i) = (R/(1-R)*log(c(i))-1/(1-R)*log(l-c(i))-1);

% For LDFC:

$ cl(i) = (1-(R*log(l-c(i))-log(c(i)))/(1-R));

end;

[r,m,b] = regression(cl,t);

t0 = b; % Characteristic time, min

o)

slope = m; % Slope of the regression lines in Eg. 10, 12, and 13

n = 1000; % Number of points for model evaluation
c(l) = 0.001; % 1°" point
for 3 = 2:n
c(j) = c(j-1) + 1/n;
end;
for 1 = 1l:numel (c)
% LDFQ Equation:
t(i) = t0 + slope* (R*log(c(i))/(1-R)-log(l-c(i))/(1-R)-1); %
% LDFC Equation:
% t(i) = t0 + slope*(1-(R*log(l-c(i))-log(c(i)))/(1-R)); % min
svf(i) = t(i)/60*Flux; % L/m?
if c(i) <1
c(i) = c(i)*(8e-5*svf(i)+0.7455); % Accounts for removal by
% membrane
end;
end;
figure;

plot(svf,c);

axis ([0,1200,0,171);

ylabel('C/C 0");

xlabel ('Specific volume filtered (L/m"2)"');
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