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5.1 Introduction 

5.1.1 Background

In the 1970s, synthetic resin sorbents became available as an alternative to GAC (see Chapter
4 for a detailed discussion of GAC). One of the major advantages of these resins over GAC
is their on-site regenerability through steam stripping, solvent extraction, or microwave
irradiation. The ability to regenerate resins on-site potentially offers economic advantages
over GAC, which typically requires off-site high-temperature incineration for regeneration.
In addition, because the manufacturing process of synthetic resins is a controlled process,
resins can have specially designed functional groups and pore size ranges that can be
manipulated to optimize their performance for specific applications. Currently, synthetic
resin sorbents are used in a variety of industrial applications such as purification processes
in the food and drug industry, odor control, and industrial wastewater treatment. They have
also been used in a number of groundwater remediation applications (e.g., removal of
halogenated organic compounds) and landfill leachate purification. However, the use of resin
sorbents in municipal drinking water applications has been limited. In particular, there are
currently no full-scale installations of resin systems for MTBE removal from drinking water.
The higher unit costs of resins compared to the more traditional sorbent GAC has been
mainly responsible for the limited applications of resin sorbents in drinking water treatment
scenarios. 

The effectiveness of resin sorbent systems for MTBE removal is evaluated in this document
because recent developments have suggested that synthetic resin sorbents may be
economically competitive with other more established treatment technologies (air stripping,
AOPs, and GAC) for this application. First, it is now recognized that groundwater contami-
nated with MTBE may also be contaminated with TBA — a contaminant in some fuel grade
MTBE and a by-product of microbially mediated MTBE degradation. Because TBA is more
hydrophilic and has a lower Henry’s constant than MTBE, TBA is even more challenging to
remove by air stripping or GAC, and can be practically removed only through advanced
oxidation processes and, potentially, biological treatment. Some preliminary findings
suggested that synthetic resins may have sufficiently better sorption capacities for TBA
relative to GAC to present a practical alternative treatment technology for sites that contain
TBA. Secondly, improvements in resin regeneration processes such as steam regeneration,
solvent regeneration, and microwave regeneration may make the life cycle cost of a resin
system competitive or, perhaps, more economical than other options. Thirdly, resins (unlike
AOPs) do not produce oxidation by-products. Finally, a greater demand for resin sorbents may
lead to lower unit prices that would make them more cost-effective.

5.1.2 Objectives of the Evaluation

In light of the developments noted above, this chapter will evaluate the applicability of resins
for MTBE removal from water under typical drinking water treatment applications encountered
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in the field. In addition, costs are also estimated for a flow rate (6 gpm) likely to be associated
with site remediation applications. Using the available published literature, manufacturer/
vendor information, communication with consultants, researchers, resin manufacturers, and
other knowledgeable parties, the following major areas of interest and concern regarding the
use of resins are addressed:

• Synthetic resin sorption capacities for MTBE and TBA in water relative to GAC.

• Effects of background water quality parameters such as temperature, pH, NOM, and the
presence of other synthetic organic compounds on the sorption capacities of resins. 

• Various process flow configurations for a synthetic resin system.

• Regeneration alternatives for synthetic resin systems.

• Capital, operation, and maintenance costs of synthetic resin systems under various config-
urations and combinations of flow rates, influent concentrations, and effluent goals:

a) Flow rates: 6 gpm, 60 gpm, 600 gpm, and 6,000 gpm.

b) Influent concentrations: 20 µg/L, 200 µg/L, and 2,000 µg/L MTBE.

c) Effluent goals: 0.5 µg/L (representing non-detect), 5 µg/L, and 20 µg/L MTBE.

The literature review involved published literature and information provided by manufac-
turers and vendors, and by major researchers and consultants on the use of synthetic resins
in site remediation and water treatment applications. The economic analysis was performed
using the available literature and AdDesignS, a computer software designed by Mertz et al.
(1994) to aid in the design of sorbent treatment systems. The information generated by
AdDesignS was incorporated with the available information on regeneration alternatives to
develop economical resin system design(s). Life-cycle cost analyses were performed based
on 30 years of use and a seven percent discount rate. Field sites where resins have been used
to remove MTBE from water were also identified. Using the limited data available from field
studies, factors that may render the use of synthetic resins impractical or economically
unattractive (e.g., potential resin foulants or regeneration limitations) were identified and
taken into consideration in the design of a practical resin system. Upon completion of the
literature review, economic analysis, and field site identification, research needs and data
gaps were identified. 
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5.2 Process Principles

Synthetic resins, like the widely used GAC, rely on sorption processes to remove organic
compounds from water. Sorption processes fall into two broad categories: adsorption and
absorption. Adsorption is the physical and/or chemical process in which a substance is accu-
mulated specifically at an interface between two phases (typically a gas or solution phase in
contact with a solid), while absorption involves the intermixing of a substance with the
matrix of the second phase (typically an amorphous or gel-like phase rather than a true solid).
The substance being removed from one phase is referred to as the sorbate while the sorbent
is the phase onto or into which the accumulation occurs. In the context of water treatment,
the process of interest generally involves the sorption of contaminants, such as certain ions
or organic compounds from water by porous solid or semi-solid sorbent particles. The
sorption of compounds by such sorbents occurs because of two primary driving forces: the
hydrophobic (water-disliking) character of the sorbate and/or the high affinity of the sorbate
for the sorbent. For the majority of systems encountered in water and wastewater treatment
systems, sorption results from the net effect of the combined interactions of these two driving
forces (Weber, 1972). 

The hydrophobicity (water-disliking character) of a compound is inversely proportional to its
solubility in water. An extremely hydrophobic compound has a low aqueous solubility and,
thus, may prefer to sorb onto a solid surface or into an amorphous matrix rather than remain
surrounded by water molecules. On the other hand, hydrophilic (water-liking) compounds
like MTBE tend to be stable in aqueous solutions and will leave the solution only if the
sorbent provides an attractive force sufficient to overcome the strong bonds between the
compound and water molecules. This attractive force, or affinity of the compound for the
sorbent, can result from physical or chemical mechanisms.

Physical mechanisms include dipole-dipole interactions and van der Waals interactions.
Dipole moments in molecules are caused by a net separation of positive and negative charges
resulting from the configuration of their atoms and electrons. When dipoles from two
molecules are near each other, they tend to orient their charges to lower their combined free
energy; the negative poles of one molecule tend to approach the positive pole of another, and
vice versa. This intermolecular interaction results in a net attraction between the two
molecules (Montgomery, 1985). When two neutral molecules that lack permanent dipoles
approach each other, a weak polarization is induced in each because of quantum mechanical
interactions between their charge distributions. The net effect is a weak attraction between
the two molecules known as van der Waals force. As a general rule, van der Waals interactions
increase with increasing size or surface area of the molecules involved (Schwarzenbach et
al., 1993). Van der Waals interactions are generally weaker than dipole-dipole interactions. 

Chemical sorption, or chemisorption, is based on functional chemical group interactions.
The principal difference between physical sorption and chemisorption is that the former is
less specific with respect to which compounds sorb to which surface sites, has weaker forces
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and lower energies of bonding, and operates over longer distances between sorbate molecules
and sorbent sites (Montgomery, 1985). In chemisorption, the attraction between sorbent and
sorbate approaches that of a covalent or electrostatic chemical bond between atoms, with
shorter bond length and higher bond energy. Sorbates bound by chemisorption to a surface
generally cannot accumulate to much more than one molecular layer (monolayer) because of
the specificity of the bond between the sorbate and the surface. The location of the sorption
sites tends to be very specific since only certain functional groups on a sorbate molecule are
able to form these chemical bonds.

In general, synthetic resins designed as sorbents for organic compounds have lower densities
and varieties of chemical functional groups than activated sorbents such as GAC, and sorbate
interactions with their surfaces are, thus, primarily through physical, rather than chemical,
mechanisms. When compounds such as MTBE are removed from solution through direct
sorption on surfaces within the very small pores of porous sorbents, their accumulation may
be markedly enhanced through condensation within the pores. In the very narrow (less than
10-9 m) pore spaces of some synthetic resin sorbents and some GACs, intramolecular
interactions (e.g., between MTBE molecules) can occur. These attractive intramolecular
forces can result in the build-up, or condensation, of small pockets of pure solutions of these
compounds in pore spaces. 

The following section describes two equilibrium models that are commonly used to character-
ize sorption onto various sorbents and that can be used to facilitate comparisons of the
effectiveness of different resins among themselves and with GAC. 

5.2.1 Equilibrium Sorption Models 

The sorption of chemical compounds from solution onto a surface or into a matrix may be
viewed as an energetic process driven by thermodynamics. Various models have been devel-
oped to describe the thermodynamic equilibrium that exists in a system containing a sorbent,
a sorbate, and a solvent. These models take the form of sorption isotherm equations that
relate the concentration of the sorbate on or in the sorbent phase to the bulk concentration of
the sorbate in solution (solvent) at a given temperature. For a description of isotherm testing
procedure, see Chapter 4. The Freundlich and Dubinin-Astakov models are two that are
commonly used to describe sorption of organic compounds from gases and aqueous phases
by synthetic resins. While the latter model generally provides a more precise representation
of the sorption phenomena involved in such cases, the Freundlich model is more widely used
to compare the performance of resins with GAC because of its mathematical simplicity and
its broader range of applicability. GAC sorption is represented well by the Freundlich model;
therefore, much of the available information for GAC isotherms is provided in the form of
Freundlich parameters.
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The Freundlich Model

The Freundlich model is particularly suitable for describing processes involving hetero-
geneous sorbents having broad ranges of sorption site energies. This model has the form:

q = KFCn

where q is the concentration of the sorbate on the sorbent [mg/g] and C is the sorbate
concentration in the bulk solution [mg/L]. The KF value is related to the sorption capacity
while the exponent n is related to the energy of sorption and to site heterogeneity. For
homogeneous sorbents of uniform site energy, the value of n approaches unity. The log-
transformed version of this equation (log q = log KF + n log C) is useful for regression
analysis of experimental data. KF and n can be calculated from the y-intercept and slope,
respectively, of a plot of log q vs. log C. Studies designed to compare the effectiveness of
resins and GAC typically use log KF and n values as bases for comparison. 

The Dubinin-Astakov Model

Davis and Powers (1999) reference the work of several researchers who have shown that
sorption isotherms for carbonaceous resins generally are not continuously linear over
residual aqueous concentration ranges spanning several decades when plotted on a log-log
scale (Weber and van Vliet, 1981; Kong and DiGiano, 1986; Hand et al., 1994; Parker, 1995;
Gallup et al., 1996). Sorbent concentrations (q) approach a maximum value at high aqueous
concentrations (C). As suggested by Weber and van Vliet (1981), the curvilinear nature of
these isotherms indicates a micropore (pore diameters less than 2x10-9 m) filling process
described by Dubinin, a process more similar to the capillary condensation phenomenon
discussed earlier than to a build-up of sorbate film layers on the sorbent surfaces (Gregg and
Sing, 1992). 

The model developed by Dubinin and Astakov is described by the following isotherm
equation:

q = qm exp[-(A/E)b]

where A is the sorption potential (J/mol) defined as (Parker, 1995): 

A = RT ln (Cs/C)

and

q = sorption capacity or concentration of the sorbate on the  sorbent (mg/g)

q m = capacity at monolayer coverage (mg/g)

E = characteristic energy (J/mol)

R = ideal gas constant (8.314 J/mole K)

T = temperature (°K)

Cs = aqueous solubility of the adsorbate (mg/L)

C = concentration of the adsorbate in the bulk solution (mg/L)
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The parameters qm, E, and b are typically used as fitting parameters even though they
represent physical characteristics of the sorbate and the sorbent (Davis and Powers, 1999). 

A comparison of Freundlich model and Dubinin-Astakov model fits to experimental data for
a resin (Ambersorb 572) is presented in Figure 5-1 (Davis and Powers, 1999).

5.2.2 Sorption Rates

Equilibrium isotherms are useful for estimating ideal or theoretical sorption performance,
but under dynamic conditions, the efficiency of the process will be controlled by the rates at
which equilibrium conditions are approached. In GAC and resin systems, the efficiency of
contaminant removal from water is usually determined by the method of contact between the
adsorbate and sorbent. The process of sorption can be broken down into a series of steps
(Table 5-1) which are described by individual rate relationships (Montgomery, 1985). In
water treatment applications, the steps of bulk transport and chemical or physical bonding
(steps 1 and 5) are generally rapid, and the overall rate of sorption is controlled by film and/or
pore diffusion (steps 2 and 3). Characterization of mass transfer coefficients and surface
diffusivities useful for adsorber system design can be obtained by performing bench-scale or
pilot-scale kinetic studies (Liu and Weber, 1981; Crittenden et al., 1991). For a description of
dynamic column tests, see Chapter 4.
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Figure 5-1. Comparison of Freundlich model and Dubinin-Astakov (DA) model fits to

experimental data for a carbonaceous resin (Ambersorb 572). The r2 values were 0.970

and 0.994, respectively. (Davis and Powers, 1999)



Table 5-1
Steps in the Process of Sorption (Montgomery, 1985)
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STEP CONTROLLING FACTORS

1 Transport of sorbate from the bulk solution to the rates of advection and turbulent mixing

boundary layer or surface film surrounding the

 sorbent particle.

2 Transport of sorbate across the film boundary rate of molecular diffusion

layer to the exterior surface of the sorbent particle.

3 Diffusion of sorbate within the pores, from the rate of molecular diffusion

exterior to the interior surfaces of the sorbent particle.

4 Transport of the sorbate along the surfaces of pore rate of surface diffusion

 walls.

5 Physical or chemical interactions of the sorbate rate of chemical interactions at surfaces and

at internal surfaces and in micropores of the sorbent. in micropores
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5.3 Application of Synthetic Resins
to Water Treatment 

5.3.1 Resin Production

The largest manufacturers of synthetic resin sorbents used for the removal of organic
compounds and the products’ market applications are listed in Table 5-2. Not surprisingly,
these companies are also some of the biggest manufacturers of ion-exchange resins. Sorbent
resins and ion-exchange resins are manufactured through very similar processes and are
often created from the same base material or polymer backbone. The main difference
between the two products is that ion-exchange resins contain charged functional groups,
which can form chemical bonds with ions in solution while sorbent resins rely on physical
or non-ionic interactions to remove contaminants from water. 

Table 5-2
Largest Manufacturers of Polymeric and Carbonaceous Resins Used

for the Removal of Organic Compounds

In addition to their chemical composition, resins are differentiated on the basis of their pore
size distributions. As a matter of convention, micropores are defined as pores less than 20
angstroms (Å) (2x10-9 m) in diameter, mesopores are between 20 to 500 Å (2x10-9 to 5x10-

8 m) in diameter, and macropores have diameters greater than 500 Å. Synthetic resins
generally have a more controlled and even distribution of pore sizes than GAC. In order to
be useful for sorptive applications in water treatment, resins have an extensive network of
micropores, similar to GAC, which creates high surface areas and abundant sorption sites.
To produce superior kinetics over GAC, resins are also designed with a significant
percentage of pores in the mesopore and macropore size range, which can provide access to
the inner surfaces of resins. A gram of a synthetic resin can have more than 1,000 m2 of
surface area. Synthetic sorbents can be classified into two categories: polymeric resins and
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MANUFACTURER PRODUCT LINE APPLICATIONS

Rohm and Haas Company Amberlite, Ambersorb,
Duolite, XAD

groundwater remediation, spill cleanup, wastewater treatment, vapor
phase treatment of toxic air emissions, odor control, decolorization
of food products, purification of food and pharmaceutical products,
removal of chlorinated solvents, phenols, and aromatic compounds
from waste streams

Dow Chemical Company DOWEX Optipore removal of phenol and other organic compounds from water;
processing of corn syrups

Bayer Lewatit water and wastewater treatment

Purolite Hypersol-Macronet color, taste, and odor removal from corn and cane syrups, pesticide
and herbicide removal from potable water sources, removal of
aromatic compounds (phenol and chlorinated phenols), dyes,
mineral oil, and detergents from wastewaters, caffeine isolation,
desugarization of molasses, decolorization and debittering of juices

Based on Manufacturer Literature as of 1999.



carbonaceous resins. In general, polymeric resins are non-ionic versions of ion-exchange
resins, and carbonaceous resins are based on a particular type of ion-exchange resin that has
undergone partial pyrolysis, or a slow heating of the base material in the absence of air.
Although polymeric resins are widely applied for the removal of organic compounds from
aqueous solutions (e.g., removal of aromatic compounds from industrial wastewater), current
evidence suggests that carbonaceous resins are more effective than polymeric resins in the
removal of MTBE. The results of several bench-scale studies comparing the MTBE sorption
capacities of polymeric vs. carbonaceous resins are discussed in Section 5.3.3.

Polymeric Resins 

Polymeric resins are typically based on cross-linked polymers having polystyrene, phenol-
formaldehyde, or acrylate matrices (Figure 5-2) (Faust and Aly, 1998). Most commercial
macroporous polymeric sorbents are based on polystyrene-divinylbenzene copolymers
(Neely, 1982) in which the divinylbenzene serves as a cross-linking agent that makes the
styrene insoluble and confers physical strength to the resin (DeSilva, 1995). Although they
can be based on the same matrices, polymeric resins differ from traditional ion-exchange
resins in their lack of ionic functional groups. 

Figure 5-2. Various matrices used for polymeric resins (Faust and Aly, 1998).

To produce macroporous polymeric resins, the polymerization process is carried out in the
presence of an inert material. Small amounts of an inert material yield a non-macroporous,
three-dimensional network while a high inert material content leads to the formation of
microstructures, or nuclei. As the polymerization progresses, the nuclei agglomerate and
crosslink to form microspheres. Aggregates of microspheres form irregularly shaped
particles, which constitute the resin beads (Malley et al., 1993). The pore size distribution of
polymeric resins can be controlled during their manufacture by varying the amount of
extender used in the polymerization reaction; this governs the degree of cross-linking and the
ultimate pore structure created (Weber and van Vliet, 1981). 
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Carbonaceous Resins

Synthetic carbonaceous resins are formed by the partial pyrolysis of macroporous polymer
beads (Weber and van Vliet, 1981). Ambersorb,® a line of carbonaceous resins developed and
patented by Rohm and Haas (Neely, 1997 and Maroldo et al., 1989), is created from the
partial pyrolysis of macroporous sulfonated styrene-divinylbenzene ion-exchange resin
(Parker, 1992). This process produces resins that have lost their ionic functional groups and
have relatively non-polar surfaces (Davis and Powers, 1999). Different levels of pyrolysis will
yield slightly different pore size distributions and surface areas for the same synthetic
polymer base. While the macropores and mesopores are maintained during the process of
pyrolysis, more micropores are generated. The presence of micropores is critical to the ability
of carbonaceous resins to function well in water treatment applications. The micropores are
only accessible to smaller molecules and, thus, reduce fouling of and competition for sorption
sites associated with larger molecules typical of NOM.

5.3.2 Physical and Chemical Properties of Resins 

A summary of the physical and chemical properties associated with some commercially
available synthetic resins and GAC is presented in Tables 5-3a and 5-3b. The resins included
in the table are those that have been evaluated or recommended for MTBE removal by
various researchers and/or manufacturers and for which data were available. All of the resins
come in the form of spherical beads with diameters of approximately 1 mm or less. For
comparison, data is also presented for two GAC products that have been evaluated for MTBE
removal by various researchers and/or manufacturers and for which data was provided.
Filtrasorb 400 (Calgon Carbon; Pittsburgh, PA) is a coal-based GAC commonly used for
drinking water applications. CC-602 — a a coconut shell-based GAC manufactured by U.S.
Filter/Westates — was found to have the highest sorption capacity among the GAC products
evaluated in Chapter 4. In general, coconut-based GAC has been found to perform better than
coal-based GAC for MTBE applications (see Chapter 4).

The flexible polymeric structure of synthetic sorbents, compared to the rigid structure of
GAC, allows resins to be regenerable through steam stripping or microwave irradiation.
When resin beads are heated using steam, for example, the polymeric matrix relaxes or
loosens and the pores widen. As the pores widen, they become accessible to steam, which
can then re-solubilize formerly adsorbed organic compounds. In addition, heating the resin
and widening the resin pores can volatilize pockets of condensed organic compounds in
micropores (see Section 5.2). 
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Table 5-3a.
Physical and Chemical Properties of Polymeric Sorbents
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Physical and Chemical Properties of GAC and Carbonaceous Resins



5.3.3 Results of Bench-scale Studies

Sorption Capacity/Static Isotherm Studies

• Malley et al. (1993) Study

Amidst concerns over gasoline contamination of drinking water supply wells by leaking
USTs, the New Hampshire Department of Environmental Services (NHDES) performed an
evaluation of the various POE treatment technologies available. The study concluded that a
combination of air stripping and GAC was cost-effective and reliable for the removal of all
of the volatile components of gasoline except for MTBE. Thus, it was necessary to find an
alternative treatment technology for the removal of MTBE from contaminated groundwater.
Malley et al. (1993) was asked to evaluate several alternative options, one of which was the
use of synthetic resins. In their study, Malley et al. evaluated seven synthetic polymeric and
carbonaceous resins: the polymeric resins Amberlite XAD-4 and XAD-7 (Rohm and Haas;
Philadelphia, PA) and XUS-40285 and XUS-40323 (Dow Chemical Company; Midland,
MI), and the carbonaceous resins Ambersorb 563, 572, and 575 (Rohm and Haas;
Philadelphia, PA). Filtrasorb 400, a coal-based carbon, was being used by the NHDES in
POE units at the time of testing; therefore, it was used as a benchmark for comparison.

Preliminary kinetic studies were conducted to determine how quickly the same mass of each
sorbent reached equilibrium with a solution containing an initial MTBE concentration of
1,026 µg/L. Equilibrium was said to have been reached when the MTBE concentration in the
solution was no longer changing. Testing revealed that the polymeric resins generally had
lower ultimate sorption capacities compared to the GAC at equilibrium. Conversely, the carbo-
naceous resins were found to remove more MTBE than the GAC and at a faster rate. All three
carbonaceous resins reached equilibrium after 5 days as opposed to 10 days for the GAC.

Based on the results of the preliminary kinetic studies, Malley et al. subsequently performed
batch sorption isotherm studies in simulated groundwater for the three carbonaceous resins
and Filtrasorb 400. Overall, Ambersorb 563 and 572 were found to have the highest MTBE
capacities followed by Ambersorb 575 and Filtrasorb 400, which the researchers found to
have the lowest capacity for MTBE. At an aqueous MTBE concentration of 500 µg/L, the
sorption capacities of Ambersorb 563 and 572 were approximately 2.5 times greater than that
of Filtrasorb 400 (10.8 and 11.4 mg/g vs. 4.2 mg/g). Column studies performed on the
Ambersorb 563 indicated that it can remove up to 1.7 times as much MTBE as Filtrasorb 400
per gram of wet sorbent at an MTBE concentration of approximately 1,200 µg/L. 

Based on the results of their study, Malley et al. concluded that Ambersorb sorbents warrant
further investigation for use in MTBE removal. In particular, they recommended the investi-
gation of regeneration methods that could make resins more cost-effective than GAC.
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• Davis and Powers (1999) Study

Davis and Powers performed a preliminary screening of various sorbents (GAC, carbona-
ceous resins, C18 bonded silica, acrylic resin, and porous graphitic carbon) based on their
MTBE sorption capabilities. Their isotherm studies indicated that the porous graphitic
carbon (Hypercarb - Life Sciences International; London, England) and the carbonaceous
resins (Ambersorb 563 and 572) had greater capacities for MTBE than the GAC (Filtrasorb
400). However, the required addition of a pre-wetting agent (e.g. methanol) to suspend and
activate the Hypercarb made this sorbent unsuitable for treatment applications. The
Ambersorb 563 and 572 resins were found to have sorption capacities four to five times
greater than the Filtrasorb 400 at an aqueous MTBE concentration of 1,000 µg/L (16.2 and
13.8 mg/g, respectively, vs. 3.1 mg/g). The observed superior performance of Ambersorb 563
and 572 over Filtrasorb 400 supports the findings of Malley et al. (1993). 

• Suffet et al. (1999) Study

A total of 11 sorbents were evaluated by Suffet et al. based on their MTBE sorption capa-
bilities, including two polymeric sorbents (Amberlite XAD-4 and XAD-8), one carbona-
ceous resin (Ambersorb 572), and several GACs. The results showed that within the
experiment range of approximately 5 to 600 µg/L MTBE, the coconut-based GAC (GRC-22)
(Calgon Carbon; Pittsburgh, PA) and the Ambersorb 572 had the highest sorption capacity
ranges at 1.5 to 40 mg/g and 0.5 to 15 mg/g, respectively. The data for these two sorbents also
fit the Freundlich model for equilibrium isotherms. On the contrary, the Amberlite XAD-4
and XAD-8 were found to have inferior sorption capacities compared to the other GAC
products examined and were poorly represented by the Freundlich model. 

• Industry/Manufacturer/Vendor Studies 

American Purification, Inc. 

An isotherm study performed by AmeriPure, Inc., a division of American Purification, Inc.
(Newport Beach, CA) that designs regenerative liquid and vapor phase sorption systems,
showed that Ambersorb 563 had greater capacity than Dowex Optipore L-493 at aqueous
MTBE concentrations less than approximately 10 mg/L. Beyond 10 mg/L, Dowex Optipore
L-493 surpassed the capacity of Ambersorb 563. The capacity range for Ambersorb 563 was
found to be 0.7 to 21 mg/g over an aqueous MTBE concentration range of 0.006 to 72 mg/L.
Dow L-493 was found to have a capacity range of 0.25 to 45 mg/g over an aqueous MTBE
concentration range of 0.04 to 94 mg/L.

Equilon Enterprises, L.L.C. 

MTBE isotherms were generated by a research group at Equilon Enterprises, L.L.C. for
Ambersorb 563 and Dow Optipore L-493 resins (Sun, 1999). The sorption capacity range of
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Ambersorb 563 (0.5 to 18 mg/g) was found to be approximately an order of magnitude
greater than that of Dowex Optipore L-493 (0.03 to 1 mg/g) over an aqueous concentration
range of 0.002 to 1 mg/L. The slopes of the isotherms are similar for the two resins and
suggest a consistently superior performance for Ambersorb 563 over Dow L-493, contra-
dicting the results observed by AmeriPure, Inc. at the higher concentrations discussed above.

Ion-exchange resin manufacturers 

Several ion-exchange and sorbent resin manufacturers were contacted to determine if they
currently have, or are in the process of developing, any products that would be suitable for
MTBE sorption. 

Purolite (Philadelphia, PA) is currently testing their Hypersol-Macronet sorbents for MTBE
application (Boodoo, 1999). Hypersol-Macronet is a diverse line of products that includes
both ionic and non-ionic resins. To date, Purolite has provided no isotherms. Bayer Company
(Pittsburgh, PA) is also researching potential applications of their products for MTBE
removal (Fatula, 1999). No isotherms are currently available but Lewatit VP OC 1066, a non-
ionic resin, was suggested for consideration by Bayer Company. 

Absorbent Products
(MicroClean Services Co. [Castro Valley, CA] and Guardian Environmental Technologies
[GET] [Kent, CT])

MicroClean Services Co. (Castro Valley, CA) and GET (Kent, CT) are two relatively new
companies that are marketing disposable or nonregenerable absorbent products. These two
products are composites of GAC and a polymeric resin. Unlike polymeric and carbonaceous
resin sorbents, which rely on surface interactions, these non-porous products absorb contami-
nants into their internal polymeric matrix. Thus, the absorption of organic compounds causes
these products to swell. This mechanism allows for potentially high contaminant loadings,
which manufacturers claim can exceed 100 percent on a mass basis. 

According to MicroClean Services Co., their product PetroLOK, a polymer-enhanced activated
carbon material, has been demonstrated in the company’s laboratory and limited field studies
to have MTBE equilibrium absorption capacities between 500 to 1,000 mg per gram of the
media at concentrations approximately 10 mg/L and above (MicroClean Services Co., 1999).
No isotherms were provided, but MicroClean indicated that they are willing to offer a
guaranteed price for their product based on this range of absorption capacity. 

The MTBE absorption capacity of GET’s PolyGuard was tested by an independent labora-
tory in a closed-loop, continuous flow system and was found to be 1,530 mg per gram of the
absorbent (Baron Consulting Co., 1995). However, this capacity has not been observed under
field conditions and most likely indicates an ultimate capacity under highly optimal
conditions (i.e., a single-component [MTBE only] solution and a long contact time of 48
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hours). A pilot study of PolyGuard (Section 5.5.4) observed an MTBE absorption capacity
of 150 mg/g under an average influent concentration of 263 mg/L. For comparison, Amber-
sorb 563, which appears to be the industry’s best resin candidate for MTBE removal, has
equilibrium sorption capacities ranging from approximately 1 to 200 mg MTBE/g sorbent
over an aqueous concentration range of 0.01 to 1,000 mg/L.

Independent quantitative testing of these absorbent products in the laboratory and in the field
needs to be performed to more accurately characterize their absorption capacities relative to
polymeric and carbonaceous resins and GAC.

• Summary of Existing MTBE Isotherm Data

A summary of the existing MTBE isotherm data for synthetic resins and two GAC products
is shown in Figure 5-3. Linear regression data based on the log-transformed Freundlich
equation were compiled from various sources and re-formatted, when necessary, so that the
data can be compared. It is important to note that the data comes from various sources and
does not necessarily reflect the same experimental conditions. The experimental conditions,
and the resulting Freundlich model parameters, associated with the various sources of MTBE
isotherms are presented in Table 5-4. In looking at the isotherms presented in Figure 5-3, the
experimental conditions, specifically background water quality parameters, need to be taken
into consideration since they can impact resin and GAC sorption capacities.

MTBE isotherms were included for three synthetic resins: Ambersorb 563, Ambersorb 572,
and Dowex Optipore L-493. Amberlite XAD-4 and XAD-8 isotherms were not included for
reasons previously cited. Isotherm data for two GAC products were also included for
comparison to synthetic resins. As noted previously, CC-602 is a coconut shell-based GAC
while Filtrasorb 400 is a coal-based GAC commonly used for drinking water applications.
Figures 5-4a and 5-4b present the observed sorption capacities of these various resins and
GACs at aqueous concentrations of 100 µg/L and 1,000 µg/L MTBE, respectively.

The results of two independent comparative studies (Malley et al., 1993 and Davis and
Powers, 1999) suggest that Ambersorb 563 is a promising alternative to GAC. However,
these studies compared Ambersorb 563 with Filtrasorb 400, a coal-based GAC. Since
industry data suggest that coconut-based products generally offer superior sorption capacities
for MTBE over coal-based products, tests comparing resins with the best coconut-based
GAC available should be performed to fully quantify the advantage of resins over GAC. In
addition, Calgon Carbon (Pittsburgh, PA) recently introduced Filtrasorb 600, a new coal-
based GAC that was specifically designed for the removal of trace levels of MTBE and other
organic compounds from water. 

Although data from manufacturer-independent sources are currently not available, isotherms
generated by Calgon Carbon for a deionized water solution and a field sample are promising
(Appendix 5A). It is recommended that Filtrasorb 600 be considered in future studies as well. 
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Figure 5-3. MTBE isotherms. The endpoints do not mark actual
data points and are used for identification purposes only. The
heavy lines represent Ambersorb resins (continuous for 563 and
dashed for 572). Dowex L-493 is represented by long dashed lines
and GAC products are represented by short dashed lines.
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Figures 5-4a and 5-4b. Sorption capacities of various synthetic resins and GAC at aqueous

concentrations of 100 and 1,000 µg/L MTBE. Note: a = Sun (1999); b = Malley et al. (1993);

c = Suffet et al. (1999); d = AmeriPure, Inc. (1999); e = Davis and Powers (1999); f = U.S. Filter/

Westates (1999).
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An upcoming pilot test in Santa Monica, California may provide more solid data on the
sorption performance of resins relative to GAC under field conditions. For information
regarding this pilot test, see Section 5.5.5.

Effects of pH

Malley et al. (1993) performed studies on Ambersorb 563, 572, and 575 to evaluate the
effects of pH on the removal of MTBE. The pH 6.5, 7, and 8.5 isotherms for all three sorbents
did not appear to be different from each other, indicating that the pH of the simulated
groundwater did not affect the capacity of the sorbents. This finding is consistent with the
fact that resins do not have functional groups and generally do not rely on chemical inter-
actions that could be affected by pH.

Effects of Temperature

Malley et al. (1993) performed studies on Ambersorb 575 and Filtrasorb 400 to evaluate
temperature effects on their MTBE sorption capacities. The results for the GAC confirmed
previous observations that showed an inverse correlation between capacity and temperature,
implying an exothermic sorptive process (Weber and Moris, 1964). On the contrary, the
sorption capacities of Ambersorb 575 appeared to be the same at 10°C and at 25°C (Malley
et al., 1993), suggesting that the sorption capacity of Ambersorb 575 is unaffected by
temperature over this range. 

There is currently very limited data available on the effects of temperature on resin MTBE
sorption capacities. Controlled tests need to be performed on individual resins to fully
quantify any temperature effects.

Effects of Oxidants

The effects of various chemical oxidants such as sodium hypochlorite (NaOCl), O3, and
H2O2 on carbonaceous resins have been investigated (Isacoff, 1999; Suri et al., 1999; and
Crittenden et al., 1997). Isacoff of Rohm and Haas (1999) performed a study where
Ambersorb 563 was exposed to 1,000 mg/L of a hypochlorite solution for 42 days.
After exposure, there were no changes observed in the resin’s sorptive capacity for
chloroform. In addition, the resin’s degree of hydrophobicity was unaffected, as indicated by
water sorption isotherm studies performed before and after exposure to hypochlorite solution.
Similar results were observed by Isacoff (1999) for the exposure of Ambersorb 563 to a 32
percent H2O2 solution.
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This finding is consistent with unpublished results by Suri (1999), which indicate that
Ambersorb 563 resins are unaffected by exposure to H2O2 and O3. 

There have also been studies (Crittenden et al., 1997 and Suri et al., 1999) in which
Ambersorb 563 resin beads were impregnated with the metal oxide catalysts TiO2 and
Pt-TiO2 and subjected to multiple cycles of sorption and steam regeneration. These tests
seem to indicate that Ambersorb 563 is unaffected by any hydroxyl radicals (•OH) generated
through the reaction of these catalysts with water under exposure to sunlight or UV radiation.

Interference of NOM

To evaluate the effects of the presence of humic substances on the MTBE sorption capacities
of synthetic resins vs. GAC, Suffet et al. (1999) performed isotherm studies on Ambersorb
572 and GRC-22, a coconut-based carbon, using groundwater from Santa Monica,
California wells and compared their results with isotherms derived from organic-free water.
On average, the groundwater contained 0.5 mg/L of total organic carbon (TOC) and had a
pH of 6.5. There was a marked decrease in the sorption capacity of the GRC-22 under
exposure to humic substances while the Ambersorb 572 appeared to be unaffected (Figures
5-5a and 5-5b). 

These findings support results from a previous study by Hand et al. (1994), which showed
that Ambersorb 563 is resistant to fouling by NOM. Hand et al. performed TCE isotherm
studies on Ambersorb 563 and Filtrasorb 400 that had been pre-exposed to groundwater
containing NOM (1-3 mg/L) for 2.5, 10, and 24-week intervals. After 10 weeks of NOM
exposure, there was no observed decrease in the capacity of the Ambersorb 563 for TCE
compared with an average decrease of 35 percent for the GAC. Even after 24 weeks of NOM
exposure, the capacity of the Ambersorb 563 resin only decreased by an average of 12
percent.

Biofouling

Studies performed by Rohm and Haas indicate that Ambersorb products are not prone to
biofouling (Isacoff, 1999). According to Isacoff, the narrow pores in carbonaceous resins
make them inaccessible to microorganisms that could cause internal fouling of the resins
(1999). In addition, as noted earlier, the internal pores in carbonaceous resins are inaccessible
to NOM that are necessary for sustained microbial growth. However, as with GAC, resins
may be subject to biofouling on their external surfaces under conditions of high NOM
content and long EBCTs (see Section 5.4.5). In these cases, disinfection of the influent water
prior to contact with the resins may be necessary.
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Figures 5-5a and 5-5b. Effects of background humic substances in Santa Monica water
on the sorption capacities of coconut-based GAC (GRC-22) and Ambersorb 572 (Suffet
et al., 1999).

(a) Coconut-based GAC (GRC-22)

(b) Ambersorb 572
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Competitive Sorption 

• BTEX

Davis and Powers (1999) performed bi-solute isotherm studies on Ambersorb 563 and
Ambersorb 572 to determine their effectiveness in the presence of other gasoline hydro-
carbons. 

m-Xylene was used as a representative BTEX compound and was added at a concentration
of 43.2 mg/L in different samples containing a constant mass of the sorbents and varying
MTBE concentrations (5 to 2,500 mg/L).

m-Xylene was removed to below detection limits (0.1 mg/L) in all the competitive sorption
experiments. MTBE, however, was detected for the entire concentration range studied.

These results imply that the resins preferentially sorb m-xylene over MTBE at an initial m-
xylene concentration of 43.2 mg/L. Davis and Powers point out that given the hydrophobic
nature of these resins, the preferential sorption of m-xylene, which is more hydrophobic than
MTBE, is to be expected. A comparison of the chemical properties of MTBE and m-xylene
is presented in Table 5-5.

Figure 5-6 illustrates the observed decrease in MTBE sorption capacities of Filtrasorb 400,
Ambersorb 563, and Ambersorb 572 in the presence of 43.2 mg/L m-xylene and an aqueous
MTBE concentration of 1 mg/L. Further studies should be conducted to investigate the
potential for competitive sorption under lower BTEX concentrations.
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Chemical Properties of MTBE, m-Xylene, and TBA (NSTC, 1997 and Malley et al., 1993)



• TBA

For comparison to MTBE, a list of the chemical properties of TBA is included in Table 5-5.
TBA isotherms were provided for Ambersorb 563, Dowex Optipore L-493, and Filtrasorb
400 by Sun (1999) (Figure 5-7). Isotherm tests for Ambersorb 563, Dowex Optipore L-493,
and Filtrasorb 400 were performed for synthetic groundwater (buffered, organic-free water
with a concentration of salts representative of groundwater) spiked with TBA. An isotherm
test was also performed for Ambersorb 563 and a water sample from one of the wells in the
Charnock well field in Santa Monica, California (discussed in Section 5.5). The results
suggest that Ambersorb 563 has a significantly greater sorption capacity for TBA than both
Filtrasorb 400 and Dow L-493. These experiments strongly suggest that Ambersorb 563
should be considered for use in sites where MTBE and TBA co-exist. 

Further testing should be performed to confirm the results from these tests and to determine
any decrease in MTBE and TBA sorption capacities resulting from competitive sorption. 
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To evaluate the effects of the presence of TBA on the MTBE sorption capacities of synthetic
resins vs. GAC, Suffet et al. (1999) performed isotherm studies on Ambersorb 572 and GRC-
22 using organic-free water spiked with 100 µg/L TBA. Samples contained varying amounts
of the sorbent and the same initial concentrations of MTBE at 1,000 µg/L. The sorption
capacity of the Ambersorb 572 for MTBE appeared to be unaffected by competition from
TBA while there was a significant decrease in the MTBE sorption capacity of the GRC-22
(Figures 5-8a and 5-8b). In a separate study, Sun (1999) found that the MTBE sorption
capacities of the synthetic resins Ambersorb 563 and Dow Optipore L-493 were approxi-
mately an order of magnitude greater than their TBA counterparts (Figure 5-9).

286

TBA Isotherms

0.001

0.01

0.1

1

0.001 0.01 0.1 1

Aqueous Phase Concentration (mg/L)

S
o

rb
ed

 P
h

as
e 

C
o

n
ce

n
tr

at
io

n
 (m

g
 s

o
rb

at
e/

g
 s

o
rb

en
t)

Ambersorb 563 - Charnock sample (Sun, 1999)

Ambersorb 563 (Sun, 1999)

Dowex Optipore L-493 (Sun, 1999)

Filtrasorb 400 (Sun, 1999)

Sorbent log KF n
Resins

Ambersorb 563 - Charnock sample (Sun, 1999) 0.25 0.85
Ambersorb 563 (Sun, 1999) 0.91 1.20

Dowex Optipore L-493 (Sun, 1999) -1.13 0.71
GAC

Filtrasorb 400 (Sun, 1999) -1.45 0.31

Figure 5-7. TBA Isotherms. One isotherm was conducted for a field sample (Charnock well field
in Santa Monica, CA). All other isotherms were conducted for synthetic groundwater at 25°C.
The endpoints do not mark actual data points and are used for identification purposes only.

S
or

be
d 

P
ha

se
 C

on
ce

nt
ra

tio
n 

(m
g 

so
rb

at
e/

g 
so

rb
en

t)

Aqueous Phase Concentration (mg/L)



287

Figures 5-8a and 5-8b. Effects of TBA (100 µg/L) on the equilibrium sorption capaci-
ties of coconut-based GRC-22 and Ambersorb 572 resin (Suffet et al., 1999).

(a) Ambersorb 572

(b) Coconut-based GAC (GRC-22)
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Desorption

As in the case of GAC, desorption from resins is most likely to occur when the influent concen-
tration of MTBE decreases significantly, reversing the concentration gradient between the bulk
liquid and the resin pore space, or when the influent concentration of other organic compounds
increase, resulting in competitive sorption. If desorption occurs to a significant extent, one will
observe spikes in effluent concentrations that may exceed influent concentrations. Thus, the
occurrence of desorption may create the need for multiple resin vessels in series, a greater
number of sampling locations, a higher frequency of sampling, and a more frequent
regeneration of resins. Due to the limited number of field studies for MTBE treatment, there
are currently no published data available on the topic of MTBE desorption from resins;
however, the upcoming pilot test at the Charnock well field in Santa Monica, California (see
Section 5.5) is expected to provide some valuable information regarding desorption. 

Regeneration

As stated previously, the ability to regenerate resins on-site may result in an economic advan-
tage over the use of GAC. The following sections describe the regeneration methods currently
available for resins and present the results of studies that have evaluated the effectiveness of
these methods. These methods include steam regeneration, solvent regeneration, and micro-
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wave regeneration. A detailed analysis of the economics of resin systems using steam
regeneration is presented in Section 5.6.

• Steam Regeneration

In steam regeneration, saturated steam is passed through a loaded/saturated resin bed,
condensed, and collected. The steam is used to desorb organic compounds from the resin and
to transport them away from the column. The condensed steam is typically discarded or
treated through “superloading.” In superloading, the condensate is passed through a sorbent
column just prior to the column’s regeneration cycle, taking advantage of the additional
capacity of the sorbent at higher concentrations.

The use of steam has been demonstrated to be an effective means of regenerating Ambersorb
563 resins loaded with a variety of organic compounds such as THMs (Vandiver and Isacoff,
1994) and TCE (Parker and Bortko, 1991). In these cases, steam regeneration was able to
fully restore the resin’s sorption capacity for these compounds. Suri et al. (1999) confirmed
these findings in a study which showed that 28 to 40 BVs of steam (160°C) per regeneration
cycle effectively regenerated resins saturated with p-polychlorinated biphenyls (p-PCB),
PCE, and CCl4 over six regeneration cycles. In the case of o-PCB, there was a 20 percent
loss in capacity observed after the first regeneration cycle; however, subsequent cycles did
not result in further loss of sorption capacity (Suri et al., 1999). 

Limited studies have been published on the specific application of steam regeneration to
MTBE-loaded columns. A preliminary study by Sun found a five percent decrease in the
MTBE sorption capacity of an Ambersorb 563 column after the first steam regeneration
cycle (1999). However, consistent with the results observed for o-PCB described above, no
further loss in capacity was observed in succeeding regeneration cycles. A pilot plant
scheduled to be operated in Santa Monica, California (Section 5.5.5) may provide more long-
term quantitative information on the effectiveness of steam regeneration specifically for
MTBE removal applications.

There is research currently being performed on a process that combines steam regeneration
with a metal oxide-catalyzed photooxidation process. The objective of this research is to
develop a combined process that would not only remove organic contaminants from water,
but also destroy them directly during the regeneration process. Suri et al. (1999) published
results from a study that evaluated the steam regeneration of Ambersorb 563 beads
impregnated with the metal oxide catalysts, TiO2 and Pt-TiO2. It had previously been
reported that Ambersorb 563 impregnated with metal oxide catalysts can provide significant
destruction of certain organics in the gas phase at 250°C (Brendley et al., 1993 and
Vandersall et al., 1993). However, while Suri et al. (1999) found that 28 to 40 BVs of steam
at 160°C effectively regenerated resins saturated with p-dichlorobenzene (p-DCB), o-PCB,
PCE, and CCl4, they observed minimal or insignificant destruction of these adsorbed
compounds during regeneration. Suri et al. noted that higher destruction of adsorbed organics
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on Ambersorb 563 may potentially be achieved by using more active catalysts, greater steam
contact times (>0.9 seconds), or higher steam temperatures. The development of steam-
regenerable resins for combined removal and destruction of organic compounds such as
MTBE is an important issue that should be explored in future studies.

• Solvent Regeneration

In solvent regeneration, a solvent in which the adsorbate is highly soluble is passed through
the saturated bed. Studies by Rohm and Haas have demonstrated that the use of solvents such
as methanol or acetone at a flow rate of 2 BVs an hour can successfully regenerate resin
columns (Rohm and Haas, 1992). In one study, methanol was found to extract more than 99
percent of 280 mg of TCE adsorbed per gram of Ambersorb 563 (Parker and Bortko, 1991).
A second study showed that 4 to 5 BVs of methanol at a flowrate of 1 BV per hour can
remove more than 95 percent of 1,2-dichloroethane (DCA) loaded on an Ambersorb 563
column (Isacoff et al., 1992). A rinse with water or steam is typically performed after
regeneration to remove any residual regenerant prior to the next sorption cycle.

Limited studies have been published on the effectiveness of solvent regeneration specifically
for MTBE-saturated columns. However, in one experiment by Malley et al. (1993), methanol
was demonstrated to be ineffective in regenerating an MTBE-saturated Ambersorb 563
column. In this experiment, methanol was passed through an Ambersorb 563 column
supersaturated with MTBE at a rate of 4 BVs an hour for 4 hours. After being returned to
service, the regenerated column had lost a significant portion of its sorption capacity and was
able to remove only between 0 and 15 percent of MTBE in the simulated groundwater. 

Although there is currently insufficient data to draw conclusions on the effectiveness of
solvent regeneration for MTBE applications, it is unlikely that solvent regeneration will be
approved for drinking water applications due to concerns over potential contamination of the
effluent with the solvent, inefficiencies of the process, and uncertainties in the final disposal. 

• Microwave Regeneration

Most studies on the use of microwave regeneration of sorbents examined vapor-phase
applications in which the sorbents are used to remove VOCs from gaseous emission streams.
However, the use of microwave regeneration for a liquid phase sorbent system is likely to be
a similar process. Unlike steam regeneration, which uses steam to heat up the sorbent system,
microwave irradiation generates heat directly in the sorbent bed by exciting sorbent and
adsorbate molecules. Contaminants adsorbed onto a resin column are volatilized and
subsequently extracted through an induced vacuum (AmeriPure, Inc., 1999). Microwave
heating has been shown to effectively eliminate the heat and mass transfer resistances that
limit the rate of regeneration in conventional steam systems (Price and Schmidt, 1997). 
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A bench-scale study by Price and Schmidt (1997) demonstrated the ability of microwave
irradiation to desorb VOCs such as methyl ethyl ketone (MEK), toluene, and n-propyl acetate
from the polymeric resin Dowex Optipore L-502. A pilot scale of a moving bed column
desorber (Salinas et al., 1999) found effective regeneration and recovery of the polar solvents
isopropyl alcohol and MEK from Dowex Optipore L-502 and the carbonaceous resin
Ambersorb 600. Non-polar toluene was found to be recoverable through microwave
regeneration of Ambersorb 600. Dowex Optipore L-502 and Ambersorb 600 are vapor-phase
application versions of Dowex Optipore L-493 and Ambersorb 563 and 572, respectively. 

As in the cases of steam and solvent regeneration, further work is needed to more completely
quantify the applicability of microwave regeneration to MTBE applications.
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5.4 Key Variables in the Design of
Synthetic Resin Sorbent Systems 

5.4.1 Type of Synthetic Resin

The various synthetic resins for which MTBE isotherms are available were presented in
Figure 5-3. Based on the data currently available, Ambersorb 563 and Ambersorb 572 appear
to have the most competitive sorption capacities of the resins that have been evaluated. It is
recommended that these two resins be considered in bench-scale or pilot-scale designs. 

Although isotherm studies are useful for screening resins, it is important to note that these
isotherm data are based on batch equilibrium sorption studies that may not be directly
representative of dynamic performance configurations. Like the case of GAC, the actual
mass loading on a resin may be significantly lower than that predicted from an isotherm
study depending on numerous variables such as competitive sorption effects, background
water quality, contact time, etc. Tests performed by Calgon Carbon (Pittsburgh, PA) have
shown that operating carbon usage rates, based on capacity at the time of breakthrough, can
be estimated at 45 to 55 percent of the equilibrium capacity for VOCs (Stenzel and Merz,
1988). In order to determine a similar relationship for resins, it would be necessary to
conduct dynamic column tests.

For use in drinking water applications, the synthetic resin has to be certified by the National
Sanitation Foundation (NSF) under Standard 61, which regulates the use of products in
contact with potable water. Of the products listed in Table 5-6, only Ambersorb 563,
Ambersorb 572, Filtrasorb 400, and CC 602 have been confirmed to meet this criterion.

5.4.2 Background Water Quality

Limited data are currently available on the effect of background water quality on the MTBE
removal efficiency of resins. As discussed in Section 5.3.3, the data currently available
suggest that the performance of Ambersorb resins is unaffected by pH (6.5 to 8.5),
temperature (10°C vs. 25°C), oxidants (HOCl, H2O2, and O3), the presence of NOM, and the
presence of TBA. Ambersorb resins have also been found to be unsusceptible to biofouling.
However, m-xylene, which could be considered representative of BTEX compounds, has
been found to compete with MTBE sorption. Site-specific studies should be conducted to
investigate the extent to which other synthetic compounds could compete with MTBE
sorption. In addition, as discussed in Section 5.3.3, the issue of MTBE desorption would
need to be addressed through site-specific studies to determine the potential need for
multiple resin vessels in series, a greater number of sampling locations and a higher
frequency of sampling, and a more frequent regeneration of resins. 

Depending on the background water quality, pretreatment of influent water may be necessary
to optimize the efficiency of resins for MTBE removal. Influent water may need to be filtered
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to remove particulate matter, which may clog the top of the resin column and create poor
distribution. To reduce the organic loading on the resin, it may be prudent to use GAC
columns at the front end of the process flow to remove BTEX compounds. GAC is cheaper
on a per unit basis and is generally more effective for the removal of highly hydrophobic
compounds like BTEX. In cases of high NOM fouling, disinfection of the influent water may
be necessary.

5.4.3 Process Flow Configuration

The process flow configuration of synthetic resin systems is very similar to that of GAC
systems. The main difference between a resin system and a GAC system is the provision for
a regeneration process. A typical process flow configuration for a resin system is shown in
Figure 5-10. 

Sorption columns can be used in either a downflow or upflow service mode. In general, the
system configuration will be dependent on a number of factors, including the effluent
standard, regeneration technique, and vessel design constraints. In situations where low
effluent standards must be met (such as primary or secondary drinking water standards for
MTBE) and, thus, low leakage levels are allowed, a resin system works best under counter-
current operation and regeneration, with operation in the upflow mode and regeneration in
the downflow mode (Rohm and Haas, 1992). Using the downflow mode for regeneration has
been found to result in better removal efficiencies and lower leakage levels once the column
is returned to service after regeneration (Rohm and Haas, 1992). 

Sorbent columns can be operated in series, in parallel (also referred to as carousel), or as a
combination of the two configurations depending on a number of factors, including the need
for continuous operation, space constraints, effluent criteria, service cycle time constraints,
operation logistics, and requirements for multi-barrier treatment. The operation of columns
in-series (partially or completely) confers several advantages (EPA, 1995):

• The system can continue to operate at full flow while the lead column is being regenerated.

• A lag column provides extra insurance that the effluent water quality will meet stringent
effluent criteria.

• A lag column allows complete exhaustion of sorption capacity for the lead column. In a
single column mode, the vessel would have to be regenerated once the effluent quality
reached the effluent criteria. With two columns operating in series, the lead column would
not be subjected to final effluent standards and, thus, can take a higher loading of the
adsorbate.
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Figure 5-10. Typical process flow configuration for a resin system (based on EPA, 1995).



However, from a cost perspective, the specific magnitude of the in-series advantage is a
function of the length of the breakthrough curve as determined by the length of the MTZ
(Figure 5-11). If the MTZ is very short (i.e., < 0.5 meter for a 6,000 gpm system), the
increased utilization of the leading column will be a small percentage of the breakthrough
time and, thus, the cost-savings resulting from in-series operation may not offset the increased
capital costs. Alternatively, if the MTZ is long, the second vessel will significantly increase
the time until the first vessel requires regeneration. Many field systems do not exhibit ideal,
narrow breakthrough curves, but show elongated curves with tailing on the front and back
end (Suffet, 1999 and Sun, 1999). This would suggest that in-series operation offers an
economic advantage over carousel operation. This hypothesis is evaluated in the economic
analysis (Section 5.6).

5.4.4 Regeneration

The ability to regenerate a resin sorbent bed on-site is a key factor in determining the
economics of a resin system. Several alternatives available for regeneration were discussed
in Section 5.3.3. These options include steam regeneration, solvent regeneration, and
microwave regeneration. As stated in Section 5.3.3, solvent regeneration is unlikely to be
approved for treatment applications. Therefore, this method will not be considered further.

Salinas et al. (1999) reference a study by Schweiger et al. (1993) that found the regeneration
of sorbent beds by conventional heating methods (i.e., steam) to be an inefficient process.
The study found that most of the energy is used to heat the sorbent and the vessel, and only
about one-fourth to one-third of the energy is actually used for desorption of the sorbent. This
factor may be an important consideration in choosing between the use of steam vs. micro-
wave irradiation.

Figure 5-11. Hypothetical breakthrough curve and its MTZ at one point in time.
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Steam Regeneration

For their Ambersorb products, Rohm and Haas recommends a steam pressure of 20 to 30
psig and a temperature between 125 to 135°C. A total steam volume of 0.5 to 2.0 BVs
measured as condensate is typically used. Regeneration efficiency can be optimized while
minimizing the cycle time by using a lower flow rate for initial steam introduction followed
by higher flow rates during later stages (Rohm and Haas, 1992). The total number of BVs of
steam condensate can be optimized based on the effluent targets and required minimum
service cycle times. Chlorinated organics typically require up to 20 BVs of steam as
condensate to consistently meet stringent effluent criteria such as MCL drinking water
standards. In the case of chloroform (CHCl3), 85 to 90 percent is generally removed from the
resin after the first 5 to 10 BVs of steam (measured as condensate) are passed through the
bed. There were no MTBE-specific data available.

Ambersorb beds should be cooled down for at least 2 hours after steam regeneration. Rohm
and Haas (1992) recommends that treated water be introduced upflow at a low flow rate (0.25
gpm/ft2) to rehydrate the bed and remove air pockets without disturbing the bed.

MTBE- and site-specific optimal operating conditions should be determined through bench-
or pilot-scale studies.

Microwave Regeneration 

The following variables should be considered in the design of a microwave regeneration
system:

• Purging

Efficient desorption requires a purging of the desorbed compounds from the sorbent columns
to prevent build-up of the gas phase concentration. For microwave regeneration, purging can
be done by inducing a vacuum in the sorbent column or by flowing a purge gas through it.
An evaluation by Price and Schmidt (1998) indicate that vacuum purging offers substantial
performance and economic benefits, including a smaller condenser and a lower microwave
power consumption rate. 

• Regeneration Pressure

The operating pressure of a microwave system is a key parameter that affects desorption
kinetics, as well as the size and power consumption of the recovery system (Price and
Schmidt, 1998). While a lower pressure (i.e., higher vacuum) improves the extraction of
volatilized compounds, it requires a larger vacuum pump, which consumes more power.
However, microwave power consumption and generator capacity decrease since reducing the
pressure lowers the final temperature to which the bed must be heated to achieve a given
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degree of desorption. A preliminary cost evaluation by Price and Schmidt (1998) revealed
that, overall, the benefits of decreased pressure outweigh the disadvantages. Mechanical
vacuum pump energy is generally cheaper and has a stronger effect on desorption equilibria
than microwave heating.

The optimal pressure for MEK on Dowex Optipore L-502 was found to be in the 1-5 torr
range (Price and Schmidt, 1998). Due to the limited amount of data and experience available
on the use of microwave regeneration for MTBE sorption systems, the optimal operating
range for an MTBE and sorbent resin system will need to be determined from a bench- or
pilot-scale study.

• Post-regeneration Sorbent Concentration

The degree to which the sorbent is regenerated is primarily dependent upon the heating
temperature. Unlike the case of steam regeneration, where complete desorption of contami-
nants is seldom economically practical, experimental studies (Price and Schmidt, 1998)
indicate that microwave regeneration allows for an economically attractive complete
regeneration of resin beds. This is true for several reasons: 1) microwaves heat the entire bed
while the vacuum pump maintains a uniform gas pressure (consequently, there are no moving
heat and MTZs and the bed can be efficiently desorbed to completion); 2) high bed
temperatures are readily achieved with microwave heating since there is no limiting heat
source temperature; and, 3) regenerating the bed to near completion will minimize the
possibility of early breakthrough in the subsequent sorption cycle.

AmeriPure, Inc. (Newport Beach, CA) is presently marketing a patented microwave regener-
ation system for MTBE applications. Pilot- and full-scale units have been installed for vapor-
phase sorbent systems involving the removal of toluene, benzene, acetone, and other organic
compounds from an industrial waste air stream but, to date, no units have been installed for
MTBE applications (AmeriPure, Inc., 1999). 

AmeriPure, Inc.’s microwave-regenerated system for MTBE applications is designed with
Ambersorb 563. When a resin column is ready for regeneration, the resin beads are
mechanically removed from the vessel, dried to 12-percent water content (by mass), and
transported to a stand-alone microwave regeneration system. The regeneration system consists
of a cylindrical stainless steel vessel with a microwave guide running along its centerline. A
ceramic screen separates the guide from the resin beads while a stainless steel mesh holds
the resin beads away from the tank walls. The resin beads are irradiated with microwaves and
heated to 350 to 400°F to volatilize any adsorbed organic compounds. An induced vacuum
is used to extract the volatilized compounds, which can then be treated through thermal
oxidation. After regeneration, the beads are cooled using a cold surface as a heat exchanger
or by misting the beads with deionized water. The cooled resin beads are then transported
back to their original vessels. The regeneration process is approximately a 6-hour operation,
from the time the resin column is ready for regeneration to the time the column is placed back
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on-line. AmeriPure, Inc. estimates that a 50 gpm sorbent system will require a 2-kW
microwave power generator.

5.4.5 Operating Parameters 

EBCT or Flow Rate Loading

The EBCT — which is calculated as the BV divided by the flow rate, or its reciprocal, the
flow rate loading — is used to estimate the volume of sorbent required and the number of
reaction vessels necessary. The recommended flow rate loading depends on the effluent
criteria, service cycle time constraints, pressure drop, or other site constraints (Rohm and
Haas, 1992).

Resin sorption system flow rates vary from 0.25 gpm/ft3 up to 8 gpm/ft3 sorbent (Rohm and
Haas, 1992). Preliminary tests conducted for the Charnock well field in Santa Monica,
California (see Section 5.5.5) indicated that resins, specifically Ambersorb 563, require a
shorter EBCT of ~5 minutes (1.5 gpm/ft3) compared to GAC for MTBE applications. In
general, GAC systems in municipal water treatment plants have EBCTs ranging from several
minutes to more than 10 minutes (see Chapter 4). However, for MTBE removal, a higher
EBCT is required for GAC systems (10 to 20 minutes) due to the low affinity of MTBE for
carbon, relative to other organic contaminants in water treatment plants (e.g., THMs) (Sun,
1999). 

The lower EBCT required for a resin system results from the kinetics of sorption on resins
compared to GAC. As discussed in Section 5.3.1, resins are designed with a greater percent-
age of mesopores and macropores, which facilitate the transport of adsorbate molecules to
the sorption sites. A lower EBCT for a sorption system can provide the following design
advantages: 1) a smaller volume of sorbent is required for a given flow rate; 2) a vessel with
the same size can take higher flow rates; or 3) fewer units running in parallel will be required
for a given flow rate. 

Hydraulic Loading

Hydraulic loading rates (or linear flow rates) for GAC units vary from 0.4 to 12 gpm/ft2, with
typical values ranging from 3 to 4 gpm/ft2 (Faust and Aly, 1998). It is recommended that
similar hydraulic loading ranges be used in the preliminary design of resin adsorber systems.
Hydraulic loading rates of 4 and 10 gpm/ft2 result in pressure drops of 0.7 and 2 psi/ft of
Ambersorb resin bed depth, respectively. 

Vessel Height

The height to diameter ratio of the adsorber vessels is a function of flow distribution
requirements, pressure drop, or space constraints (EPA, 1995). A minimum bed height of 2
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to 3 feet is typically recommended for each adsorber vessel. A deeper bed provides a margin
of safety by providing a larger treatment zone for the less strongly adsorbed compounds. The
deeper bed also enhances flow distribution and water contact within the sorption vessel.
However, a deeper bed results in a greater head loss across the column, which may increase
energy costs.

5.4.6 Manufacturers and Resin Unit Costs

The costs of various polymeric and carbonaceous resins commercially available are listed in
Table 5-6. Costs for Filtrasorb 400 and CC-602 are also included for comparison. Polymeric
resins are generally less expensive than carbonaceous resins. Synthetic resins can be 5 to 30
times more expensive than GAC on a per unit basis.
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Table 5-6.
Manufacturer Information and Unit Costs

Manufacturer Address/Phone Products
$/lb $/ft3

Polymeric Resins

Rohm and Haas Company Home Office Amberlite XAD-4 $12.60-$12.98 $530-$545

100 Independence Mall West Amberlite XAD-7 $13.41-$13.78 $550-$565

Philadelphia, PA 19106-2399

(215) 592-3000

Dow Chemical Company Customer Info Group DOWEX L-285 $8.33-$13.10 $350-$550

690 Building DOWEX L-323 $8.85-$13.08 $345-$510

Midland, Michigan 48640 DOWEX L-493 $11.11-$15.14 $466-$636

(800) 258-2436

Bayer Corporate Communications Lewatit VP OC 1066 $14.70 $665

100 Bayer Rd.

Pittsburgh, PA 15205-9741

(412) 777-2000

Purolite Corporate Office Hypersol-Macronet --- $400

150 Monument Road, Bala Cynwyd

Philadelphia, PA 19004

(610) 668-9090

Carbonaceous Resins

Rohm and Haas Company Home Office Ambersorb 563 $35-$40 $1,155-$1,320

100 Independence Mall West Ambersorb 572 $50-$55 $1,550-$1,705

Philadelphia, PA 19106-2399
(215) 592-3000

Absorbents
MicroClean Services Co. 4950 Vannoy Ave. PetroLOK $33 $726

Castro Valley, CA 94546
(510) 727-0662

Guardian Environmental P.O. Box 517 PolyGuard $9 $165

Technologies 25 North Main Street
Kent, CT 06757
(860) 927-1600

GAC
Calgon Carbon Corporate Headquarters Filtrasorb 400 $1.22-$1.88 $38-$59

400 Calgon Carbon Drive
Pittsburgh, PA 15205

1-800-422-7266

US Filter/Westates 6611 San Leandro St. CC 602 $0.85-0.95 $26-$29

Oakland, CA 94621

(510) 639-7274

Unit Cost

Polymeric Resins

Rohm and Haas Company Home Office

100 Independence Mall West

Philadelphia, PA 19106-2399

(215) 592-3000

Dow Chemical Company Customer Info Group

690 Building

Midland, Michigan 48640

(800) 258-2436

Bayer Corporate Communications

100 Bayer Rd.

Pittsburgh, PA 15205-9741

(412) 777-2000

Purolite Corporate Office

150 Monument Road, Bala Cynwyd

Philadelphia, PA 19004

(610) 668-9090

Rohm and Haas Company Home Office

100 Independence Mall West

Philadelphia, PA 19106-2399
(215) 592-3000

MicroClean Services Co. 4950 Vannoy Ave.
Castro Valley, CA 94546

(510) 727-0662

Guardian Environmental P.O. Box 517
Technologies 25 North Main Street

Kent, CT 06757
(860) 927-1600

$726

$165

$1.22-$1.88

$0.85-0.95

$1,155-$1,320

$1,550-$1,705

$530-$545

$550-$565

$350-$550

$345-$510

$466-$636

$665

$400
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5.5 Pilot-scale/Field Studies

5.5.1 Major Oil Refinery in Bakersfield, California (AmeriPure, Inc., 1999)

Pilot testing of a resin unit using Dowex Optipore L-493 followed by Ambersorb 563 was
conducted at a major refinery in Bakersfield, California to treat influent concentrations of
140 to 160 µg/L MTBE. 1,250 gallons of water contaminated with MTBE, BTEX, and other
gasoline components were pumped through the unit at an average rate of 0.5 gallons per
minute over a 2-week period in December 1997 (2,500 minutes of operation time).

MTBE in the effluent was non-detectable by U.S. EPA method 8240 throughout the duration
of testing. The resins were regenerated using 5 gallons of steam measured as condensate.
Steam concentrated the MTBE by a factor of approximately 250, producing condensate with
38.7 mg/L MTBE concentration. Recovery of MTBE from the resins after regeneration was
greater than 90 percent.

5.5.2 World Oil Service Station (AmeriPure, Inc., 1999)

Influent concentrations of 200 µg/L MTBE were treated using a unit similar to the one
described above (Dowex Optipore L-493 followed by Ambersorb 563). 500 gallons of water
containing MTBE and BTEX compounds were treated at a flow rate of 1.0 gallon per minute.
The concentration of MTBE in the L-493 effluent ranged from 1 to 3 µg/L while it was non-
detectable in the Ambersorb 563 effluent throughout the test (EPA method 8240). The L-493
column was regenerated using 2.5 gallons of steam (measured as condensate), which
recovered approximately 93 percent of the MTBE.

5.5.3 BP Oil Company (Alisto Engineering Group, 1996)

Field pilot-scale testing was conducted to assess the sorption capacity and removal
effectiveness of Ambersorb 563 for MTBE and BTEX. The testing unit consisted of two
9-inch diameter by 44-inch high stainless steel canisters connected in series. Each canister
was filled with 33 pounds of resin. 6,000 gallons of contaminated groundwater with concen-
trations ranging from 49,000 to 110,000 µg/L of MTBE were pumped continuously through
the unit at a rate of 0.5 gallons/minute. Groundwater samples were collected daily before and
after each canister until the resin in the second canister was exhausted. 

Ambersorb 563 was found to be effective in adsorbing MTBE with a preference and higher
capacity for BTEX compounds. No BTEX breakthrough was observed throughout the duration
of testing while MTBE was detected in the effluent of the first canister after a throughput of
1,590 gallons. MTBE was not detected above the reported detection limit in the effluent
samples of the second canister until 4,070 gallons had been treated. After 6,018 gallons, the
resins in both canisters were exhausted and no more MTBE sorption was taking place.
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Overall, 1 pound of resin was found to remove 0.05 pound of MTBE (50 mg MTBE/g
Ambersorb 563) in this site’s groundwater. At a flow rate of 0.5 gallon per minute, the life
expectancy of fresh resin for a 2,000-lb system was expected to be about half a year. At a rate
of $40/lb, resin costs would be $160,000/year, not including additional labor, sampling, and
energy expenses. Due to the high projected costs, the resin system was not considered further
and no attempt to regenerate the resin was made.

5.5.4 Gas Station in Bellingham, MA (Winkler, 1999) 

A pilot demonstration of groundwater remediation using PolyGuard was conducted by the
Massachusetts Strategic Envirotechnology Partnership (STEP) program in cooperation with
GET and Environmental Compliance Services (Winkler, 1999). The site involved ground-
water contaminated with BTEX and MTBE from a gasoline spill. Concentrations of BTEX
and MTBE were reported to be 75 and 125 mg/L, respectively, prior to the demonstration.
However, these concentrations decreased by a factor of three or more during the testing. The
demonstration, which began in August 1997 and ended in December 1998, involved several
phases and various design configurations but, in general, the PolyGuard vessels were
constructed in series and were followed by a GAC vessel which served as a polisher. A
minimum contact time of 15 minutes was provided with operating rates of up to 3 gpm.

Under the varying conditions of the test, the highest absorption capacity observed was 150
mg MTBE/g PolyGuard (15 percent capacity, by weight) under an average flow rate of 0.98
gpm and an average influent concentration of 263 mg/L. The PolyGuard system never
reached its full capacity during the evaluation because all tests had to be ended prematurely
to meet discharge requirements. BTEX was removed at 100 percent during all of the tests.

The results of this work and other unpublished studies suggest that PolyGuard is best applied
in bulk removal situations where influent concentrations of MTBE are greater than 25 mg/L
(Litwin, 1999). Further pilot testing of PolyGuard was scheduled to commence in August
1999 at a major oil refinery site where concentrations of MTBE and total petroleum hydro-
carbons (TPH) are 10 mg/L and 0.3 mg/L, respectively (Litwin, 1999). The operating flow
rate is designed to be 5 gpm.

5.5.5 Charnock Well Field in Santa Monica, CA — In Progress (Rodriguez, 1999)

All five drinking water wells located at the Charnock well field in Santa Monica, California
were shut down due to MTBE contamination with concentrations of up to 610 µg/L. Resins
are currently being evaluated as a potential treatment technology for this site due to the
combined presence of MTBE and TBA. Pilot testing may be conducted in 2000 to:
1) determine the effectiveness of resin technology in removing MTBE and TBA to levels
below primary MCLs or other limits imposed by CDHS; 2) identify potential problems
associated with background water quality and regeneration; and, 3) collect data for
calibration of AdDesignS, a sorption system design software. The calibrated model will then
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be used to simulate different inlet concentrations which were not evaluated through actual
testing. The incidental removal of other VOCs such as 1,1-DCE and TCE during testing will
also be evaluated as part of this study.

The tests will be conducted at one of the wells which was shut down due to contamination.
The pilot plant will consist of four operational resin beds, each containing 1.67 ft3 of
Ambersorb 563. The pilot plant will be operated at flow rates of 5 and 4 gpm with
corresponding EBCTs of 2.5 and 3.1 minutes, respectively, per vessel. Regeneration of the
resin beds will be performed using steam with a pressure range of 35 to 75 psi and a
temperature range of 280 to 328°F. A 5 BHp electric boiler will be used to generate the
steam. Spent steam and dissolved organics will be delivered to a condenser skid where it will
be cooled by a forced draft heat exchanger and then passed through a subcooler inside the
condenser. The steam condensate will be collected in a drum for disposal. The regenerated
resin will be cooled down for 2 hours then rehydrated for 1 hour at a flow rate of 0.25
gpm/ft2.
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5.6 Economic Analysis

5.6.1 Objective and Background

The primary purpose for evaluating the use of resins for treating drinking water contaminated
by MTBE is to determine the potential cost savings relative to air stripping, GAC, and AOPs.
Based on the review of the available literature, these potential cost savings originate from:

a) Minimal interference from NOM. Elevated concentrations of NOM will 1) reduce the
sorption capacity of activated carbon for MTBE; 2) foul air stripping systems; and, 3)
competitively interfere with the destruction of MTBE in advanced oxidation systems. All
of these phenomena result in higher treatment costs for MTBE. As previously mentioned
in Section 5.3.3, the resin sorptive capacity for MTBE appears to be unaffected by NOM.

b) Regenerative properties of resins. Despite the high initial capital investment in resins
(~$35+/lb resin) compared to GAC (~$1.25/lb GAC), resins can be regenerated and
reused on-site whereas carbon must be taken off-site, reactivated, and replaced.
Consequently, if resin regeneration costs are sufficiently low and resin usage rates are
equal to or less than carbon usage rates, the lifecycle costs for a resin system (30 years)
will be less than those for a carbon system.

c) Shorter required EBCT. While still under debate by carbon and resin manufacturers, a
preliminary test indicated that resins, specifically Ambersorb 563, require a much shorter
EBCT (~5 minutes) compared to GAC (10-20 minutes) (Section 5.4.5). Consequently,
resin vessels can sustain a much higher flow-through than equivalently sized carbon
vessels, resulting in either a reduction in the total number of required resin vessels or a
reduction in the size of the resin vessels. The smaller volume of resins required may lead
to lower costs.

d) Affinity for TBA. Removal of TBA from groundwater has recently become a concern due to
its frequent co-occurrence in MTBE-contaminated groundwater. The physio-chemical
properties of TBA are such that it cannot be easily air stripped, nor does it readily adsorb to
activated carbon. Conversely, it has been suggested that resins have a relatively high sorption
affinity for TBA and may, therefore, reduce treatment costs if TBA is present in high
concentrations. This suggestion is further evaluated below.

e) Minimal interference with other organics. Initial results from bench scale testing by Davis
and Powers (1999) suggest that at high BTEX concentrations (>43 mg/L), the resin
sorptive capacity decreased by approximately 22 percent for MTBE (aqueous
concentration of 1 mg/L). The bench scale testing did not analyze for decreased sorptive
capacity at lower BTEX concentrations. It is unlikely that BTEX concentrations will
reach 43 mg/L for an extended period of time in most drinking water or remediation
scenarios and, thus, BTEX interference with MTBE sorption is expected to be low.

f) No by-products formation. Unlike other treatment technologies currently being evaluated
for MTBE removal from drinking water (e.g. advanced oxidation processes and biological
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treatment), the use of resins produces no MTBE by-products that may further compromise
drinking water quality. 

Each of these differences suggests a decreased resin cost relative to other well-established
treatment technologies for MTBE removal from groundwater. This analysis is intended to
identify the least expensive treatment process for resin system use and regeneration. All of
the assumptions and background information can be found in Appendix 5B. 

5.6.2 Cost Scenarios

For this economic analysis, all combinations of the following flow rates, influent concentra-
tions, and effluent goals were evaluated. These parameters, with the exception of the 6 gpm
system, are consistent with the evaluations of air stripping, activated carbon, and advanced
oxidation systems in the other chapters.

a) Flow rates: 6 gpm, 60 gpm, 600 gpm, and 6,000 gpm. 

b) Influent concentrations: 20 µg/L, 200 µg/L, and 2,000 µg/L.

c) Effluent goals: 0.5 µg/L (representing non-detect), 5 µg/L, and 20 µg/L. 

In addition, the economic implications of using two resin vessels operated in series vs. two
resin vessels operated in parallel or carousel were evaluated. Finally, a number of steam
regeneration scenarios were evaluated. 

Costs of microwave regeneration were not evaluated in the economic analysis due to the
uncertainty in its application and effectiveness. AmeriPure, Inc. (Newport Beach, CA) owns
a patent for liquid phase applications of a microwave system (Section 5.4.4) and provided
their estimate of the annual operating costs of this system for 100 gpm and 2,000 µg/L
influent to 0.5 µg/L effluent concentrations ($1.20 to $1.50/1,000 gallons) (Hodge, 1999).
Sufficient information and backup assumptions were not available to rigorously review these
estimates; however, they are within the range presented in this analysis and warrant further
investigation of microwave regeneration. Solvent regeneration was not considered in this
evaluation because it is unlikely to be approved for drinking water treatment applications.
Thus, the following five scenarios were evaluated for regeneration:

a) Steam regeneration followed by commercial hazardous waste disposal of regenerant by a
disposal company (e.g., Safety Kleen of Oakland, CA).

b) Steam regeneration followed by air stripping the regenerant and treating the off gas with
a catalytic oxidizer.

c) Steam regeneration followed by a superloaded resin column. Upon breakthrough, this
superloaded column was steam regenerated and the regenerant was disposed by
hazardous waste disposal company.
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d) Steam regeneration followed by a GAC column. Upon breakthrough, this GAC column
was emptied and refreshed with virgin carbon.

e) Steam regeneration followed by microbial degradation of regenerant.

5.6.3 Assumptions

All cost estimates were based on engineering judgement, past experience, and computer
modeling. All of the capital costs for the resin system, steam regeneration system, and
regeneration units were obtained from vendors with correction factors applied to account for
a) electricity, valves, and piping; b) site work; c) contractor overhead and profit; d) engineer-
ing; and e) contingency. The application of these corrections is illustrated in Appendix 5B.
All modeling work to determine breakthrough times and BVs treated was completed on
AdDesignS (Mertz et al., 1998). However, AdDesignS predicts a steep breakthrough curve,
which conflicts with laboratory and field data that suggest a wider breakthrough curve.
Consequently, we have increased the predicted sorption capacity of each vessel by
approximately five percent when estimating the time to complete column exhaustion. We
have also assumed that two vessels in series can be operated to allow complete exhaustion of
each vessel (i.e., the breakthrough curve can be contained within one vessel). Additional cost
information, analytical sampling frequency assumptions, labor assumptions, and relevant
calculations are presented in Table 5-7 through Table 5-11 and Appendix 5B. While we
believe that all necessary information is provided, any additional detailed costs and spread-
sheets can be obtained from NWRI upon request.

5.6.4 Results

Annualized capital and O&M costs (1999 $) for the 28 scenarios evaluated range from
$0.30/1,000 gallons (Option 2; 6,000 gpm; 20 µg/L to 5 µg/L) to $26.42/1,000 gallons
(Option 2; 6 gpm; 2,000 ppb to 0.5 ppb) and can be found in Tables 5-7 and 5-8. These costs
are based on 30 years of operation and a seven-percent discount rate. These costs include
steam regeneration and one of the previously mentioned regeneration treatment trains, as
depicted in Figure 5-12. 

Series vs. Carousel Operation

As mentioned previously, one objective of this cost estimate was to determine the cost
effectiveness of two vessels in series vs. two vessels in carousel configuration. As noted in
Section 5.4.3, one major advantage of series operation (Option 1) is that each vessel can be
completely exhausted prior to resin regeneration (see Figure 5-13) whereas carousel
operation (Option 2) requires regeneration of each vessel some time before complete
exhaustion. As a result, vessels operated in series require less frequent regeneration and less
monitoring to determine when effluent goals have been reached. Despite a decrease in O&M
costs to account for these benefits (i.e., less frequent regeneration), there will be a slight
increase in pumping costs for the series option due to a larger head loss across two vessels
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instead of just one. In addition, vessels operated in series will result in an increase in capital
costs due to increased piping and controls (i.e., two vessels in series are designed to operate
in both directions or alone) and increased number of required vessels (see Figure 5-13). For
example, the largest vessels produced can handle maximum flow rates of 670 gpm and, thus,
6,000 gpm requires at least nine resin vessels in parallel to treat the desired flow rate. In a
parallel-only or carousel operation, 14 vessels are required to treat the flow (i.e., continuous
flow through nine rotating vessels while regenerating the other five vessels) whereas the
in-series operation requires nine parallel combinations of two vessels in series, resulting in
18 total vessels (see Figure 5-12). 

As Table 5-7 and Table 5-8 show, in the 6,000 gpm scenarios, the increased O&M costs of
carousel operation (Option 2) are insufficient to offset the increased capital costs of series
operation (Option 1) and, thus, carousel operation is the least expensive for each of the
influent concentration/treated water goal combinations. For the highest influent concentra-
tions (2,000 ppb) of the 600 gpm, 60 gpm, and 6 gpm scenarios, the comparison is slightly
different; series operation is less expensive due primarily to the decreased sampling and
regeneration frequency. However, for both of these scenarios and for all other influent
concentrations, the cost difference between series and carousel operation is small (<10
percent difference) and well within the estimated uncertainty of this analysis. In conclusion,
unless significantly fewer vessels can be used in carousel operation (e.g., the 6,000 gpm
scenario), series operation is expected to be easier to operate due to the allowed complete
exhaustion of each column prior to regeneration, resulting in continuous non-detect concentra-
tions in the effluent.

Regeneration Technique

Detailed capital and O&M costs are shown in Tables 5-9 to 5-11. Air stripping and off-gas
treatment result in a high initial capital expenditure compared to GAC or superloaded resins.
Consequently, air stripping regeneration is only cost effective in two situations: when the
O&M costs for GAC and resins are high enough to offset the amortized capital costs of air
stripping, or when influent concentrations are low and air permitting requirements are
minimal such that off-gas treatment is not required. This concept is depicted by comparing
the 6,000 gpm/2,000 µg/L influent scenario to the 600 gpm/2,000 µg/L influent scenario. For
both scenarios, air stripping regeneration costs remain about the same, due to the fixed
capital cost of the air stripping and off-gas treatment units.

However, the GAC carbon usage rate and power consumption costs fall by an order of
magnitude between the 6,000 gpm system and 600 gpm system because there are a ninth as
many vessels requiring regeneration. Consequently, GAC regeneration is more expensive for
the 6,000 gpm system due to high O&M costs and air stripping regeneration is more
expensive for the 600 gpm system due to high capital costs. 
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Table 5-7.
Option 1 (Series Operation): Capital, O&M, Regeneration, and Total Costs
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Table 5-8.
Option 2 (Carousel Operation): Capital, O&M, Regeneration, and Total Costs
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Table 5-9a.
Regeneration Capital Costs for Option 1 (Series Operation)
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Table 5-9b.
Regeneration Capital Costs for Option 2 (Carousel Operation).
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Table 5-10a.
Regeneration O&M Costs for Option 1 (Series Operation)
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Table 5-10b.
Regeneration O&M Costs for Option 2 (Carousel Operation).

Regeneration O&M includes: power ($0.08/KWhr) and/or natural gas ($5/MMBtu).
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Table 5-11.
Regeneration Totals ($/1000 Gallons)
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Figure 5-13. Four operational modes for two vessels in series.
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In all cases the superloaded resin option is more expensive than the GAC option; however,
this is primarily due to the assumption that once the superloaded resin vessels are exhausted,
the regenerant will be disposed by a hazardous waste disposal company. If an alternative
option, such as microbial degradation, could be found to degrade the high concentrations of
MTBE in this secondary regenerant (MTBE concentrations exceeding 10,000 mg/L), the
superloaded resin option may prove to be economically beneficial. Biological degradation of
the regenerant was not economically evaluated due to the high degree of uncertainty and
untested nature of this option at the concentrations and flow rates in question. However, this
option has been qualitatively discussed in the next section.

Biological Degradation

Biodegradation of MTBE has been the subject of a significant amount of research over the
past several years. Recently, several researchers at University of California, Davis and Equilon
have identified MTBE-degrading cultures that can grow on MTBE as the only carbon source.
In addition, Envirogen (Lawrenceville, NJ) and U.S. Filter/Envirex (Waukesha, WI) sell
biofilters that have been used to treat high concentrations of MTBE in water. Consequently,
under the right conditions, microbial cultures could be cost-effectively used to degrade the
high concentrations of MTBE present in the regenerant stream. However, to date, limited
studies have been conducted on the biodegradation of MTBE at concentrations greater than
200 mg/L and flowrates more than several gallons per minute. In addition, Envirogen
(Lawrenceville, NJ) cites a field study where 12,000 mg/L MTBE were degraded to less than
5 mg/L for an initial capital expenditure of $200,000. Nonetheless, under appropriate
conditions (e.g., a relaxed discharge criteria), potential cost savings could be realized using
biological treatment of MTBE for treating MTBE-contaminated regenerant water. A detailed
cost estimate is warranted once the appropriate microbes have been identified; however, the
following is a qualitative discussion of necessary components of this cost estimate.

• Components 

A biological system should include the following components: biodegradation tanks, aeration
system, pumps, solids separation, and a chlorination or disinfection system for discharge. The
size and number of tanks will be a function of a) the influent MTBE levels; b) the retention
time required for the microorganisms to degrade MTBE to desired levels; and, c) the volume
of contaminated water requiring treatment. Salanitro indicated a solid retention time of 100
days and a hydraulic retention time of several days for his BC-4 culture, which is currently
degrading 200 mg/L of MTBE to <5 mg/L at Port Hueneme, California (1999). At 200 and
2,000 µg/L influent concentrations, the regenerant contains approximately 400 and 1,000
mg/L MTBE. If the BC-4 culture were not able to degrade these concentrations of MTBE,
either dilution of the regenerant stream or an alternative microbial strain would be required. If
dilution is selected, additional tanks would be required and, thus, costs could dramatically
increase. Finally, when choosing a treatment tank, one should consider tank material and its
effect on the control of pH, corrosivity, and temperature of the microbial reactor. 
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• Microbial Requirements

All currently identified microbes capable of degrading high concentrations of MTBE are
aerobic organisms and, therefore, require oxygen for biodegradation to occur. Salanitro (1999)
suggests that oxygen levels should be maintained between 2 and 4 mg/L for MTBE
biodegradation with his BC-4 culture. Submersed diffusers or surface aerators could be used
to aerate the system; however, maintaining a homogenous, well-aerated system will be
difficult. In addition to oxygen, microbes will also require nutrient supplements consisting of
phosphorus and nitrogen. Tests should be conducted to determine the required ratios and
whether any additional micronutrients are necessary for biodegradation. Finally, microbes will
require a steady stream of MTBE contaminated-water to ensure high cell populations. Only
for the 2,000 µg/L influent scenarios are resin vessels constantly regenerated; for all other
scenarios, there is a lag time between regeneration. If this lag period lasts too long, the
microbial population will decrease in size and require a start-up period prior to the next batch
of regenerant water.

• Other considerations

Effluent from this biodegradation process will have to conform with all necessary rules,
permits and regulations (e.g., the National Pollutant Discharge Elimination System [NPDES]
permit). These permits will likely specify the concentration of MTBE and biomass allowed in
the effluent. Due to the reliance on large populations of microbes, one should expect biomass
and solids production. As a result and if specified in the discharge permit, solid separation
facilities may be required to separate the solids from the discharge water and possibly to
concentrate solids that need to be wasted from a reactor to maintain its stability. Pilot studies
should be conducted to determine the volume of solids that will be produced and the need for
effluent polishing, sludge dewatering, and disposal. In addition, the effluent may require
disinfection (e.g., chlorination or UV/H2O2 disinfection) to meet permit requirements.

Affinity for TBA

The results of one study (Sun, 1999) suggest that the carbonaceous resin (Ambersorb 563)
sorptive capacity for TBA is higher than that of GAC (Filtrasorb 400); however, there are
currently limited published field data to support this claim. According to Sun’s data for a
field sample (1999), TBA has Freundlich parameters of 1.8 for KF and 0.85 for n for sorption
on Ambersorb 563. These parameters are higher than those for most field-tested carbons;
however, the results are still not encouraging due to the relatively high resin usage rate. Table
5-12 illustrates the time before complete column exhaustion for TBA relative to MTBE based
on modeling with these parameters. This modeling assumes that an EBCT similar to that of
MTBE is sufficient for sorption (~8 min).
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Table 5-12.
Time to Column Exhaustion for MTBE vs. TBA.

Flow MTBE: MTBE: Time to TBA: TBA: Time to
Rate Influent Column Influent Column

[gpm] Conc. [µg/L] Exhaustion [days] Conc. [µg/L] Exhaustion [days]

6 2,000 14.4 200 3

60 2,000 23.4 200 5.4

600 200 141 200 10.4

6,000 200 125 20 11.4

Sensitivity Analysis

Table 5-13 presents the results from a sensitivity analysis. As noted earlier, the sorptive
capacity of resins for MTBE is unaffected by NOM and is expected to be minimally affected
at low concentrations (<43 ppm) of BTEX. The third analysis presents the results from
shortening the project lifetime; as the project lifetime shortens the effective annual capital
costs increase and the $/1,000 gallons increases.

Nonregenerable Absorbent Polymers

Manufacturer studies have shown that, under laboratory conditions, sorbent polymers can
have extremely high capacities for BTEX and MTBE. However, a significant disadvantage of
these sorbents is that they are not regenerable and need to be disposed of after use. Further
field investigation is necessary to perform a cost comparison between super absorbent
polymers and GAC. In particular, the laboratory and field capacities of these absorbents need
to be evaluated through independent testing. Based on the data currently available, it appears
that these absorbents are more suitable as bulk removers of MTBE and BTEX in groundwater
remediation applications rather than drinking water applications. For most situations, the use
of these absorbent polymers will require the use of a polishing unit such as a GAC system.
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Sensitivity Parameter1 Resin Capital
Cost ($)2

Resin Annual
O&M ($)2

Total Resin
Annual Cost ($)

Unit Cost
($/1000 gal)

Total Unit Cost ($/1000
gal)3

NOM Fouling

BTEX Load

No BTEX present $212,454 $152,598 $365,052 $1.28 $1.30

BTEX at 20 µg/L each

BTEX at 200 µg/L each

Design Life

2 years $1,458,143 $152,598 $1,610,741 $5.11 $5.17

10 years $375,357 $152,598 $527,955 $1.67 $1.70

30 years $212,454 $152,598 $365,052 $1.28 $1.30

$1.16 $1.30$212,454

High Fouling

$152,598 $365,052Low Fouling

Moderate Fouling

Not sufficient laboratory or field data to determine BTEX interference at low concentrations (<43 mg/L)

Literature review indicates that NOM does not affect adsorption of MTBE or TBA.

Literature review indicates that NOM does not affect adsorption of MTBE or TBA.

Not sufficient laboratory or field data to determine BTEX interference at low concentrations (<43 mg/L)BTEX at 20 µg/L each

BTEX at 20 µg/L each

Table 5-13.
S

ensitivity A
nalysis of C

ost E
stim

ates



5.6.5 Conclusions and Limitations

For this analysis, a thorough feasibility-level economic investigation of the capital and
operational costs for resin treatment systems was completed (+50 percent/-30 percent). For
the 6,000 gpm scenario, carousel operation (Option 2) followed by either low profile air
stripping or GAC treatment of the regenerant is the most cost effective treatment option, with
costs (1999 $) ranging from $0.30/1,000 gallons (75 percent removal efficiency) to
$0.58/1,000 gallons (99.98 percent removal efficiency), as demonstrated in Table 5-8. For all
other scenarios, series operation (Option 1) followed by GAC treatment of the regenerant will
be the least expensive option (based on 1999 $) ranging from $1.02/1,000 gallons (600 gpm;
20 ppb to 0.5 ppb) to $24.86/1,000 gallons (6 gpm; 2,000 ppb to 0.5 ppb), as demonstrated
in Table 5-7. For all cases the cost differential between series and carousel operation was
small (<16 percent) and, thus, is well within the estimated uncertainty of this analysis. In
some cases alternative assumptions have been made to improve the specific accuracy for
resins (see Appendix 5B). 

These costs are highly contingent on the results from the AdDesignS model, which was used
to determine breakthrough time and BVs treated. This model assumes a narrow breakthrough
curve that does not likely reflect actual field experience, as previously discussed. If this
breakthrough curve is wider in the field than predicted by the model, the time between
complete exhaustion and 20, 5, and 0.5 µg/L breakthrough will increase, thereby, increasing
the cost-effectiveness of series operation. To account for this, we have added five percent to
the column capacity when estimating complete column exhaustion; however, this should be
verified in the field. 

In conclusion, the results from this economic analysis suggest that resins are sufficiently
cost-effective to warrant further testing under field conditions to verify the advantages
previously noted. Specifically, field evaluation of alternative regeneration scenarios should
be undertaken (e.g., microbial degradation and microwave regeneration). Furthermore, if
field studies determine that the resin sorptive capacity for TBA is much better than
previously thought and better than activated carbon, resins could prove to be much more cost
effective than alternative treatment options (e.g., air stripping and activated carbon). Finally,
it should be noted that costs are expected to be very site-specific and may vary from the costs
presented in this analysis. 
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