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Abstract

Ongoing research suggests that the occurrence of pharmaceutical compounds in the
environment has become a growing concern. Without a sufficient method of removing
pharmaceutical compounds, there has been an increase in levels of antibiotics within our
water systems. Research suggests that an accumulating level of antibiotics from human and
animal wastes is widespread. Toxicity levels remain largely unknown but a cost effective
treatment method must be developed should the pharmaceutical compounds prove to be
hazardous.
Our goal is to address this problem by using polymer sorbents that can cost effectively
remove antibiotics from drinking water. Polymeric adsorbents work by adsorbing
hydrophobic and hydrophilic molecules such as antibiotics from water using a high surface
area with both continuous pore and polymer phases. Column experiments will be carried out
to test the efficiency of the selected polymeric sorbents towards the removal of antibodies
present in the water. The size, flow rate, capacity, and regeneration of the column will be
designed to be cost effective while removing the maximum amount of potentially hazardous
antibiotics. The final result is a small-scale model that can be scaled up for full-size drinking
water treatment operations.
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EXECUTIVE SUMMARY
Concern over the presence of emerging contaminants (ECs) in our drinking water is growing as
pharmaceutical, industrial, agricultural, and other non-point sources release more chemicals into water
systems. Currently, activated carbons are the method of choice for treating such contaminants in many
municipal plants. However, they have a high cost associated with their regeneration and deterioration.
Our objective is to develop a lab-scale column that uses a more efficient and cost effective resin design to
remove ECs from drinking water. Furthermore, resins are able to remove certain ECs that cannot be
removed by activated carbons. Our experimentation has incorporated laboratory testing to determine the
optimum operating conditions for the resin column.
The success of the column design depends primarily upon the efficiency of the column in removing the
ECs. The efficiency is most affected by the contact time between the contaminant and the surface area of
the resin. The contact time is controlled by altering the flow rate of the contaminated water through the
column or by changing the amount of resin in the column (also known as the height to diameter ratio).
Since it is often the case that more than one emerging contaminant is present in a given sample, this
system must remove multiple compounds at the same time while still removing each individual
contaminant at the desired efficiency. Presently, the relatively low cost of water treatment methods allow
consumers to afford their monthly bills. The use of this system at a full-scale municipal plant must not
exceed 15 cents per cubic meter of water treated in order to keep water costs affordable. Another key
factor to the column design is the regeneration process, which cleans the resins so they can be used
multiple times. If the resins are to be considered a viable alternative, the regeneration system must be
able to beat the current cost and durability associated with activated carbons, which cost $0.04 for every
kilogram regenerated and can be reused 10 times. The resin itself may become a health hazard if leaked
into the water; therefore, no more than 7 µg can be released with every liter of effluent. This also insures
that minimal resin breakdown occurs and does not add significant economic cost for required
replacement. For practical purposes, the size of the column used in testing and design fits inside a 0.4
meter high laboratory hood due to the toxicity of the chemicals passed through the column.
The design of our column is based upon a series of laboratory experimentations. With a small-scale
column and a pump controlling the flow rate, both the amount of resin and flow rate of contaminated fluid
was varied to determine the best combination of variables and thus the maximum contaminant removal
efficiency. After extensive testing, we were able to conclude that 6.5 bed volume per hour flow rate and
the 0.16 diameter to height ratio were optimal for a municipal plant. This optimization took into account
the best contact time for 95% removal efficiency while considering cost and the physical space
restrictions of existing plants. The cost of treatment per cubic meter was determined to be $0.11/m3 which
ensures EC free drinking water without significantly increasing residential water bills. Regeneration
electricity usage was determined to be 0.19 kWh per kilogram, which meets the design constraint of 0.67
kWh/kg. Minimal to no resin loss occurred over the 10 experimental cycles. Much of our analysis was
performed using ultraviolet and visible spectrometry as well as high performance liquid chromatography
(HPLC). Electricity costs were determined using the “Kill-a-Watt” electricity meter which determines
how much electricity is being used by the pump in both adsorption and desorption phases.
This project demonstrates an innovative method to treating drinking water that is not yet used for
removing emerging contaminants at the municipal level. When implemented in municipal treatment of
drinking water, it has the potential to meet higher standards for clean water while being more cost
effective than its competitors. Future designs can implement this technology for small-scale treatment that
can be marketed to the average consumer as a standalone water filtration system complete with reusable
filter cartridges. As concerns for ECs rise and EPA regulations become stricter, this project aims to have a
solution ready to meet consumer and governmental demand.
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PROBLEM

1.1.

Overall Objectives
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Our objective is to create a lab-scale column filter that will be used to effectively and efficiently remove
antibiotics, pharmaceutical waste, and other organic contaminants from drinking water. The lab-scale
design can then be used as a basis to create a full-scale drinking water treatment design. Currently,
activated carbon (AC) is the preferred method of organic contaminant removal in most treatment plants as
an adsorbent. However, AC systems have inherent flaws. Once fully saturated with contaminants, they
require a large amount of thermal energy to regenerate as well as having a high rate of attrition, incurring
high costs. AC also adsorbs organic materials indiscriminately. Our goal is to test an alternative column
filter that is more efficient and cost effective than the current practices.
1.2.

Historical and Economic Perspective

Prior to the 1970s, drinking water concerns were primarily based on waterborne illnesses caused by
microorganisms present in drinking water.
As treatment methods became more efficient at
microorganism removal, concerns shifted to chronic diseases that occurred from long-term exposure to
industrial wastes, chemical products, and inorganic pollutants in our water. Today, growing concern has
been placed on emerging contaminants, which include: pharmaceuticals, hormones, endocrine disruptors,
and other organic contaminants. Many of these emerging contaminants were found in water systems
downstream of industrial and agricultural sources throughout the country (Kolpin, et al., 2002).
Conventional water treatment methods, including: chlorination, radiation, oxidation, coagulation, and
softening processes remove less than 20% of organic contaminants (Yoon, Westerhoff, Snyder, Song, &
Levine, 2002). Other advanced methods, such as membrane filtration and advanced oxidation processes
show effective removal; however, these methods can be slow and costly. Currently, the most prevalent
treatment method for organic contaminants is activated carbon adsorption. New research suggests that
polymeric resin adsorption can be an even more efficient and cost effective solution than activated
carbons. Resin sorbents, unlike AC, have the ability to be regenerated and reused without degradation for
5 years and over 2000 cycles (Xu, Zhang, & Fang, 2003), far outperforming AC. Further, the
regeneration of AC is thermal and energy intensive with a higher attrition rate leading to more expensive
operating and maintenance costs.
This design seeks to accomplish an effective water treatment column using polymeric resins to remove
pharmaceutical wastes and other organic contaminants. A laboratory scale design will be developed to
prove the feasibility of the project and a municipal treatment facility scale will be explored to provide a
more efficient and cost effective water treatment facility than what is currently available.
1.3.

Candidate Solutions

There are many possible methods and solutions to removing emerging contaminants from our drinking
water. These range from more stringent regulations on source polluters, using current water treatment
methods, using advanced water treatment methods, and using adsorbents.
Stricter regulations on industrial and other sources are a welcome and effective method for reducing
pollutants. Unfortunately, this is neither the fastest nor the most cost effective way to reduce
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contaminants in drinking water due to the long legislative procedure required. Reduction of pollutants
emitted at the source is only one step. The next is to remove pollutants already within the system, which
is the step this design addresses.
As briefly mentioned in the previous section, current drinking water treatment methods such as
biofiltration do remove a small amount of organic contaminants but not efficiently enough to be
considered viable. Coagulation techniques have no noticeable result, as organic contaminants generally
do not tend to be associated with particulate matter. Chlorination, ozonation, and UV radiation proved to
have only mixed success. While they each removed certain contaminants, it would be too costly and
inefficient to use these methods to significantly reduce the concentration of organic contaminants.
Membrane filtration processes including nanofiltration and reverse osmosis were quite effective,
removing nearly 90% of emerging contaminants tested (Yoon, et al., 2002). These processes however,
are expensive and time consuming. These are not likely to be the best choice for municipal treatment
facilities.
Adsorption is one of the most widely used treatment processes for these emerging contaminants. Many
water treatment facilities so far have used activated carbon, as AC has a significant amount of research
detailing its use in water treatment. However, activated carbon has its flaws, proving that it can be
expensive to operate. A proposed alternative is the use of polymeric resin sorbents.
1.4.

Proposed Solution Concept

Resin adsorbents are quickly emerging as a cost effective solution for the treatment of antibiotic
contaminated drinking water because they can be regenerated and reused many times and tailored to fit
specific needs. However, very little research has been done to test their exact filtration and regeneration
capabilities in terms of removing antibiotics and other organic compounds from drinking water at a high
volume rate. Therefore, we propose designing and testing a column filter which uses resins to filter
contaminated drinking water.
We chose to explore a polymeric resin filtration column because it efficiently removes organic
contaminants unlike traditional water treatment methods. Recently, research has suggested that resin
adsorbents may be more effective and efficient than activated carbon. As stated previously, regeneration
of AC can be costly but resins can be desorbed using a simple base solution. Resins are also more
durable during regeneration, needing only about 5% replacement annually while AC needs over 10%.
Another advantage for resins is with their ability to be tailor made for specific contaminants (Pan, et al.,
2009) whereas AC is generally only able to remove organic contaminants indiscriminately.
1.5.

Major Design and Implementation Challenges

There are many challenges with removing drinking water contaminants using resins. Because resins have
the ability to be tailor-made they provide the challenge of determining which of the impurities must be
removed. Water intended for human consumption may have many different impurities that vary at
different locations and thus the contaminants at a certain locale must be determined for the proper resins
to adsorb them. Once the contaminants are determined, a resin must be selected that is able to best filter
out the impurity within an efficient time.
Determining the proper flow rate for the contaminated water to enter the resin column will be a major
challenge since many flow rates will have to be tested in laboratory conditions to determine which is best
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for quick and effective impurity removal. This flow rate will then have to be applied to a large-scale water
treatment system. It will not be practical to test resin absorption rates at full scale so the data from the
laboratory prototype will have to be scaled up to the water treatment plant capacity. This will cause
discrepancies since the water treatment plant does not operate at laboratory conditions and because the
flow rates are extreme. Finally, the cost of the resins will be enormous on a large-scale water treatment
operation and are therefore, beyond the scope of this design. It may be a challenge to keep installation
costs low for the new resin column. If the initial costs are too high, it will take longer for the treatment
plant to see a return on investment when it replaces the more long-term expensive activated carbon
system.
1.6.

Implications of Project Success

A successful column will filter out 95-99.9% of all targeted ECs in treated drinking water. The full-scale
flow rate will be at a rate such that the overall water treatment process will not have to be slowed down
for the water to be passed through the resins. The resin will be able to be regenerated at least 10 times and
last at least 8 months during our testing before having to replace the resin within the column. Any
necessary replacement will counteract an annual maximum loss of 1% due to attrition (Pan, et al., 2009).
Since there is no commercially available resin column that filters out organic contaminants today, our
project will fill a void in the current market. Water treatment plants throughout the United States and
other developed nations will be interested in using our treatment process at the end of the normal
purification process to remove emerging contaminants like endocrine disruptors, antibiotics, etc.
Pharmaceutical manufacturing companies would have an interest in our product since the byproducts and
waste generated from their facilities will have high levels of these contaminants. Since resins can be used
to target a certain contaminant, companies can actually recapture the chemical in question and reclaim it
when the resin is regenerated, essentially recycling the chemical from the wastewater.
This type of capture and reuse will help the environment since the chemical does not have to be
remanufactured and is not being allowed into waterways and drinking water. Furthermore, filtering all
drinking water for contaminants will ensure human health is not adversely affected. Everyone in the
world deserves the same clean drinking water, regardless of where they live and the industries and waste
produced around them. It is our goal to provide clean, contaminant-free drinking water to all people.
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DESIGN REQUIREMENTS

The following section provides a detailed look at the design constraints needed to reach the goals outlined
in the previous section. Both functional as well as practical (or non-technical) design constraints are
included. All constraints have been carefully researched to optimize the effectiveness of the polymeric
sorbents in removing organic contaminants from drinking water. Constraints are quantifiable and testable.
2.1.

Functional Design Constraints

Table 1 - Functional Design Constraints for the Resin Column

Name
Efficiency
Regeneration
Resin Loss
Chemical Removal
Linear Velocity

Description
The resin column will effectively remove 95% of contaminants for 12
hours of use at a determined flow rate.
Resins will be able to be regenerated and reused at least 10 times
without any loss in efficiency.
No more than 0.08% of resin volume will be lost during the
regeneration process.
The resin will be able to filter at least 3 different chemicals at one
time.
The linear velocity at which the water passes through the column will
range between 5 cm/hr and 50 cm/hr.

For the resin column to work effectively there must be at least 95% removal of the targeted contaminants
passing through the column. This efficiency must be achieved at a predetermined flow rate for 12 hours.
The removal will take place through the attraction of the contaminants to the resins’ surface as the
contaminated water passes through the column. Using polymeric resins to remove 4-nitrophenol in past
experiments has resulted in an efficiency level of over 95% (Pan, et al., 2007). After being exposed to
contaminant for a certain time, a breakthrough occurs. This is when the resin becomes saturated with
contaminant and decreases in removal efficiency. At this point, the resin must be regenerated. The resin
must continue to provide at least 95% efficiency for 12 hours before needing regeneration. A 12-hour use
and 12-hour regeneration cycle will work well in most water treatment plants using a 2-column cycle, one
being used and one being regenerated. The flow rate at which the column will operate will be within the
range of flow rates given in Table 1. Testing can be done by mixing a known concentration of targeted
contaminant in water, passing it through the resin column for 12 hours and then measuring the
concentration in the effluent water.
One of the main benefits resins have is their ability to be regenerated. Regeneration can be done using a
basic solution such as sodium hydroxide, which then allows the resins to be reused numerous times. The
same resin that we use in our column must be subject to the saturation/regeneration cycle at least 10 times
over the course of the 2 semesters that it will be used. Research suggests that the same resins can be in use
for over 2 years and over 1300 cycles of use and regeneration, neglecting attrition loss (Streat &
Sweetland, 1998). Attrition occurs mainly during the regeneration process, with a very small amount of
resin being lost in the regenerative chemical effluent. The necessary resin replacement is very minimal
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and thus does not limit the number of cycles of useful resin life. Time constraints limiting this project will
not allow for a 2-year test of the resin’s durability.
Within those 10 cycles, no more than 0.08% of resin volume can be lost due to attrition. Studies have
proven that there is less than a 5% loss of resin through the process of regeneration annually (Pan, et al.,
2009). With about 1300 cycles possible for a 2 year resin life, it can be determined that a maximum loss
for the 10 cycles of our experiment should not exceed 0.08%. After 10 cycles, the final volume and dry
mass of the resin will be compared to the initial values to check the amount of resin that was lost.
While resins have the ability to be modified to remove specific chemicals, it is important to use the resins
to full capacity. Thus the resins used in the columns must be able to remove at least 3 chemicals at the
same time from treated drinking water. These chemicals can include phenolic compounds, antibiotics or
even a wide range of pharmaceutical byproducts. A good mixture of chemicals would be phenol, pchlorophenol, and bisphenol A (BPA), which represent common phenolic substances, antibacterials, and
endocrine disruptors respectively. Low concentrations of 3 different potentially harmful chemicals will be
mixed in solution and passed through the column. The effluent can then be tested to determine if more
than 95% of each chemical has been adsorbed as stated by the first functional design constraint.
A main part of the design of the column is the flow rate at which the water will be allowed to pass
through the column. In previous successful experiments, a velocity of 1 m/hr was used in a resin column
(Pan, et al., 2005). This project will aim to find an optimum flow between 5 cm/hr and 50 cm/hr, a range
decided upon from previous research and testing by our Lab advisor, Dr. Pan (Pan B. , Personal
Communication, 2011). Linear velocity was used over volumetric flow rate because of the scalability that
is allowed with linear velocity. After experimentation, the best flow rate will constrain the design and
determine the volume of water passed through the column in a 12-hour period.
2.2.

Non-Functional Design Constraints

Table 2 - Non-functional Design Constraints for the Resin Column

Type

Name

Economic

Cost

Environmental

Power

Sustainability

Reliability

Manufacturability

Size

Health and Safety

Safety

Description
System operating cost will be less than $0.15/m3 of
water treated.
Resins will be regenerated at an electricity cost of
less than $0.04/kg.
This system will be designed to operate over an 8month period without need for new resin.
The physical dimensions of the column will be no
more than 0.4 m high. The inside diameter of the
column will be 12 mm.
Resin levels in water filtered through the resin will
not exceed 7 µg/L.

For polymeric resins to be used by government and private agencies, the cost must be reasonable. Though
resins are able to remove certain contaminants effectively, it still cannot be priced such that businesses
and taxpayers suffer because of the high operating costs. An operating cost range of less than 0.15/m3 of
water treated should be reasonable and achievable. These quotes are similar to those of activated carbon
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(Hackney & Wiesner, 1996). The price can be tested by running 10 cycles and doing a cost analysis that
includes the resin and column cost as well as the regeneration cost verses the amount drinking water
passed through the column.
The enormous amount of energy needed to regenerate activated carbons is well known and is not an
efficient practice (Pan, et al., 2007). In order to make it economical for resins to be used and regenerated,
the energy used in regeneration must be less than 0.67 kWh/kg of resin regenerated. Based on ideal
laboratory conditions, it was determined that regeneration of activated carbons using an electrochemical
process was about 0.67 kWh/kg in regeneration electricity usage (Weng & Hsu, 2008). Regenerative costs
will be tested by comparing the known costs associated with energy usage of the regeneration of activated
carbons and the calculated electrical costs of regenerating resins by experimentation.
The column must be reliable and provide filtration for the potentially toxic contaminants that are being
removed. The column will be designed such that the resins can be used and regenerated for at least 8
months with 95% efficiency. This will ensure that the end user is able to effectively use the resin for the
maximum time and that resin is not wasted and does not become another source of waste. This will be
tested by using the same resin in experiments over the course of the months allotted to this project.
This column will be initially tested at a pilot-scale before a full-scale water treatment plant model is
designed. Our project will focus on the design and testing of a pilot-scale column. The inside diameter of
the column will be 12mm and this is the size at which all testing will be done, though modifications to
ensure efficiency may be required. The column must not exceed 0.4m in height, as it would be difficult to
handle a larger size apparatus in the lab. Due to the toxicity of the chemicals (phenol for example) that
may be passed though the column, all experiments must be performed under a fume hood.
Though there is no limits set on how much actual resin is allowed to be in treated drinking water, we will
place a strict limit. No current research indicates that there is any danger with resins in our water supply
systems, but we will plan for the event that it may be harmful for human health. The resins we are using
are petroleum-based products made of polystyrene-divinylbenzene or acrylate-divinylbenzene. We will
use the FDA regulation limit for cumulative estimated daily human intake of products made of
divinylbenzene. The limit placed on this chemical is 7 µg/L (United States Food and Drug
Administration, 2011). This limit will be placed on the water that has been filtered through the column
such that it does not exceed 7 µg/L of resin. This will be tested by measuring the amount of resin lost
once the water has passed through the column and before regeneration.

3.

APPROACH

This section is designed to cover how this project will be achieving its goals. The section begins by
providing the reader with background information regarding the resin column experiment. It describes
the various resins and characteristics associated with resins. Then the section discuses adsorption and
desorption and how it relates to this project. Finally an experimentation segment discusses the procedures
and methods that will be used to carry out the project.
3.1.

Resins

This section is designed to describe what polymeric resins are and to provide the reader with enough
information to understand the basic principles of resins for the project. It provides a brief background for
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polymeric resins including history and various nomenclatures. It also provides a classification of the
major resin types as well as their synthesis processes and important characteristics. For practicality, this
project is limited to two different resins, Amberlite® XAD-4 and XAD-7HP, which are discussed in
detail.
3.1.1.

History of Polymeric Resins for Water Treatment

Synthetic resins are not an entirely new technology and have been studied for quite some time. The first
synthetic inorganic resins were developed in the early 1900s. They were primarily used as a method of
ion exchange after discovering the use of styrene and divinylbenzene as the monomers in 1945 (Simon,
1991). These ion-exchange resins had many practical uses. They were used in water softening because
of the sodium ions found on the active sites. They also became useful in removing certain poisonous and
heavy metals and removing other ions to create high purity water for the use of research and
pharmaceutical processing.
However, it wasn’t until the development of porous resins in the late 1960s when water and wastewater
treatment plants could use resins as an effective sorbent for the removal and recovery of organic
contaminants (Kunin, 1976). Over the past couple of decades private companies have been developing
ways to optimize and change the pore structure, size, and surface polarity of these resins to best target
certain groups of organic chemicals. The majority of the research done regarding the capability of resins
to remove organic contaminants has been performed by private industrial and pharmaceutical companies.
Their interest has been to focus on the recovery aspect of resins. With regeneration, the companies aim to
economically reuse chemicals from their waste streams. Many studies have been performed
demonstrating the use of resins to reclaim organic chemicals in the U.S. (Carlyle, 1982). There have also
been many case studies from China, though most of this information has been difficult to obtain outside
of China (Xu, et al., 2003).
As of now there has been little utilization of resins to treat water in a manner to achieve drinking water
standards and provide the public with clean water. Research by the EPA and other organizations is
demonstrating the potential hazards of emerging contaminants in drinking water. This project aims to
help develop a new use for porous resins that will remove emerging contaminants from drinking water.
3.1.2.

Types of Resins Used for Water Treatment

As mentioned above, multiple uses have been developed for resins over the past couple of decades. This
has led to multiple classifications of polymeric resins, which is dependent on their structure and
properties. Ionic resins or ion-exchange resins are as the name implies, used for the removal of ions from
water. This project focuses on nonionic compounds. Nonionic resins have three basic categories: geltype, macroporous, and hyper cross-linked (Tsyurupa, Ilyin, Andreeva, & Davankov, 1995). The first
category, gel-type, has a homogenous structure (Okay, 2000). This means that it lacks the porous
structure needed for sorption, the mechanism responsible for the removal of contaminants.
The next two categories, macroporous and hyper cross-linked are both very capable of removing organic
contaminants and are the types of resins this project proposes to use. Macroporous resins were developed
before hyper cross-linked in the late 1960s. Typically, when referring to adsorbents, macroporous and
microporous are terms used to describe adsorbents with different pore sizes; however, the term
macroporous has recently been used to describe any type of resin with a highly porous polymeric matrix
regardless of the pore size (Kunin, 1976). Therefore, this document refers to macroporous as a resin that
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is not a nonporous, homogenous gel-type resin and has not yet been cross-linked enough to consider it a
hyper cross-linked resin.
Hyper cross-linked resins are a result of adding another process to macroporous resins. Hyper crosslinked resins are created by cross-linking polymers of a macroporous resin in a good solvent (Xu, et al.,
2003). The cross-linking changes the surface properties of the polymer matrix, providing one that is very
effective in removing organic contaminants. Macroporous and hyper cross-linked resins have many
advantages. A company using these types of resins has the ability to control the characteristics important
for sorption by varying the polymerization conditions, especially the ratio of monomers and pore-forming
agents. Because of their ability to be tailor-made, there are many different types of resins. Table 3 below
lists some of the major commercially available resins. This project will be using Amberlite® XAD-4 and
Amberlite® XAD-7HP, both of which will be discussed in more detail in the following sections.
Table 3 - Applications of porous resin sorbents in industrial wastewater treatment and resource recovery.
[Commercially available resin adsorbents]. Xu, et al. (2003).
Type
Macroporous
Macroporous
Macroporous
Macroporous
Macroporous
Macroporous
Macroporous
Macroporous
Macroporous
Macroporous

Resin Adsorbent
Amberlite® XAD-2 & -4
Amberlite® XAD-7, -7HP &
-8

Monomers
Styrene-divinylbenzene

Rohm and Haas

Acrylic ester

Rohm and Haas

Amberlite® XAD-12, -16 &
-1600
Duolite XAD 761
DIAION HP-20 & -21
DIAION HP2MG
Duolite ES-861

Divinylbenzene
Phenolic
Styrene
Methacrylic ester
Styrene-divinylbenzene

Rohm and Haas
Rohm and Haas
Mitsubishi Chemical
Mitsubishi Chemical
Rohm and Haas

SEPABEADS SP-825, -850,
-70 & -700
SEPABEADS SP-207

Styrene
Brominated aromatic

Mitsubishi Chemical
Mitsubishi Chemical

SERDOLIT PAD-I, -II, & III

Styrene-divinylbenzene

SERDOLIT PAD-IV
Wofatit EP61 & Y77
Wofatit EP62 & Y59
CHA-101 and -111
DOWEX OPTIPORE L493
H-103

Acrylic copolymerisate
Styrene-divinylbenzene
Acrylic ester-divinylbenzene
Styrene-divinylbenzene
Styrene
Styrene-divinylbenzene

Macroporous
Macroporous
Macroporous
Hyper Cross-linked
Hyper Cross-linked
Hyper Cross-linked
Hyper Cross-linked
Hyper Cross-linked
Unspecified
Unspecified

Hypersol-Macronet MN200
& -250
Styrosorb
Lewatit EP63
LiChrolut EN
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Manufacturer

Styrene
Styrene
Styrene-divinylbenzene
Ethylvinylbenzenedivinylbenzene

SERVA Electrophoresis
GmbH
SERVA Electrophoresis
GmbH
Chemie AG Bitterfeld
Chemie AG Bitterfeld
Zhengxing Chemical
Dow Chemical
Nankai University
Purolite International
Biochrom
Bayer AG
Merck
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Synthesis and Basic Characteristics of Resins

Macroporous resins are creating by copolymerization of a monomer with a cross-linking agent. As shown
by the Table 3 above, styrene and acrylate are the two most common monomers while divinylbenzene is
the most common cross-linking agent. The polymerization process is done in a mixture containing a
pore-forming agent. When the process is complete, the pore-forming agent is removed from the polymer
matrix. This empty space is the porous structure (Xu, et al., 2003). After production, the macroporous
resins tend to be small, round, and bead-like in appearance varying from pale white, yellowish, or even
brown in color. The porous structure gives them a surface area comparable to that of activated carbon
ranging from 750 m2/g (Kunin, 1976) to 1200 m2/g (Xu, et al., 2003).
Hyper cross-linked resins are created by continuing the cross-linking process of macroporous resins in a
good solvent and adding a bifunctional cross-linking agent (Tsyurupa, et al., 1995). This extra process
creates a more uniform pore size distribution and can increase the potential sorption capacity. These
resins have a similar appearance and the surface areas range from 800 m2/g (Xu, et al., 2003) to 1500
m2/g (The Purolite Company, 2010).
3.1.4.

Resins Used for Column Design

As previously mentioned, this project will only use two resins for practicality. These resins were chosen
because of the extensive research already surrounding them, their success in various case studies, and
their contrasting characteristics.
Amberlite® XAD-4 is produced by Sigma-Aldrich, a chemical company based in St. Louis. It is a
macroporous resin created with a polystyrene monomer and divinylbenzene cross-linking agent. Its
chemical structure can be seen in Figure 1. Generally, XAD-4 is used to remove relatively low molecular
weight contaminants. XAD-4 is useful for removing organic substances when they are dissolved in polar
solvents (Sigma-Aldrich, 2011). This is because XAD-4 is nonpolar and therefore hydrophobic.
Polystyrene-divinylbenzene resins are less mechanically stable than polyacrylate-divinylbenzene resins
because of the less reactivity between divinylbenze and polystyrene in the copolymerization process (Xu,
et al., 2003).
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Figure 1 - The use of macroreticular polymeric adsorbents for the treatment of waste effluents.
[Structure of polystyrene-divinylbenzene]. Kunin, R. (1976).

Amberlite® XAD-7HP is also produced by Sigma-Aldrich. It is a macroporous resins produced in much
the same way. Rather than use polystyrene however, it uses polyacrylate as the monomer. The chemical
structure for XAD-7HP can be seen in Figure 2. Unlike XAD-4, XAD-7HP is moderately polar and
hydrophilic. It can be used to remove relatively polar compounds from non-aqueous solvents, and to
remove non-aromatic compounds from polar solvents (Sigma-Aldrich, 2011).
Figure 2 - The use of macroreticular polymeric adsorbents for the treatment of waste effluents. [Structure of
polyacrylate-divinylbenzene]. Kunin, R. (1976).
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XAD-4 and XAD-7HP provide two very common macroporous resins, polystyrene and polyacrylate. It
also allows for a hydrophilic and hydrophobic comparison to see how each resin will perform in the
column. Table 4 also provides a detailed comparison of characteristics such as price, pore size, surface
area, etc. This information is provided by Sigma-Aldrich and is publically available on the web.
Table 4 - Properties of XAD-4 and XAD-7HP resins.
Resin	
  

XAD-‐4	
  

XAD-‐7HP	
  

Units	
  

Chemical Makeup

polystyrene divinylbenzene

polyacrylate divinylbenzene

Usable pH Range

0-14

0-14

Usable Max Temp

248

148

(Celsius)

Dry Density (vs. wet)

1.08 (1.02)

1.24 (1.05)

(g/mL)

Surface Area

725

450

(m2/g)

Average Pore Diameter

5.0

9.0

(nm)

Pore Volume

0.98

1.14

(mL/g)

Cost

$172.50

$159.00

$/kg
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3.2.

Adsorption

Adsorption is a process by which a material is
bonded chemically or physically to the surface
of some material. This section will explain in
detail the many factors that contribute to the
efficiency of adsorption. These factors include:
surface area, pore size, flow rate, height to
diameter ratio, and pH of the solution. It will
then cover the adsorption of organic
contaminants on to the resins Amberlite XAD-4
and XAD-7HP. For adsorption experiments,
Figure 3 - Ideal Breakthrough Curve
phenol solutions will be used. Phenol best
represents a large group of emerging
contaminants prevalent in drinking water systems. Phenol is a frequent and toxic by-product in industrial
processes (Chakarova-Kack, Borck, Schroder, & Lundqvist, 2006). Phenol is also readily available and
manageable for laboratory work.
3.2.1.

Adsorption Methods

Molecular Interaction
The molecular interactions of the chemicals and the resins affect adsorption in various ways.
Hydrophobic interaction, hydrogen bonding, ionic attraction and complex formations are some of the
molecular interactions that affect adsorption (Streat & Sweetland, 1998). According to Xu, et al. (2003),
the binding energies of hydrophobic interacting and hydrogen bonds are weak so that organic chemicals
that are adsorbed from those molecular interactions are easily desorbed and recovered for reuse.
Resin Swelling
A key component of adsorption is the volume of the resins that the solvent will pass through. Resins can
swell in solvents increasing the volume of the polymer phase that affects the adsorption capacities of
organic chemicals (Tsyurupa, et al., 1995). The amount of swelling of the resin can be affected by
hydrogen bonding of polar organic chemicals and the macro porous resins (Xu, et al., 2003). According to
Xu, et al. (2003), the hydrogen bonding results in a lower free energy, a proportional decrease in the
elastic entropy of deformation, and consequently a greater degree of swelling, The larger amount of
swelling makes the active sites at the interior of the resin more accessible to the chemical being adsorbed,
and the swollen matrix is considered as a pseudo-homogenous phase comprised of polymer, solvent, and
solute (Anasthas & Gaikar, 2001).
3.2.2.

Factors Contributing to Adsorption

One of the important design constraints of this project is to maintain high removal efficiency with the
resin column. Because adsorption is the primary removal mechanism for the contaminants, it is important
to discuss the individual factors and to determine how they will affect the resin column.
Surface Area and Pore Size
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Because adsorption takes place along the surface of the resin, the amount of surface area associated with
the individual resin becomes very important. The surface area of the resins can increase the efficiency of
the adsorption of the contaminant; the greater the surface area, the better the results. The molecules have
a greater chance of attaching themselves to the resins through chemical bonding. The pore size of the
resins has a great affect on a resins’ adsorption capacity. There is an inverse relationship between pore
size and surface area: the greater the surface area the smaller the pore. If the organic chemicals are larger
than the pore openings then they cannot be adsorbed by the active sites inside the pores (Browne &
Cohen, 1990).
Flow Rates
The flow rate through the column has an effect on the adsorption capacity of the XAD resins. A slow
flow rate will allow the organic contaminant to bind with the XAD resins and be effectively removed
from the water while a fast flow rate would not allow enough time for the resins and chemicals to bond
appropriately. Flow rates are commonly expressed as bed volumes per a unit of time. A bed volume is the
volume of the resin that the solvent will be passing through; and a common unit of time is either hours or
minutes depending on the amount of solvent to be passed through. According to Daignault, et al. (1988)
there is little difference in the recovery of compounds from samples collected from 1-10-bed volumes
solvent per minute. It has been shown that a flow rate of 2-4 bed volumes per minute is the most efficient
for recovering the organic chemical (Daignault, Noot, Williams, & Huck, 1988). Also the concentration
of the chemical flowing through the resins has an effect on the adsorption efficiency. It has been shown
for XAD-4 that the breakthrough curve has a steeper slope at a lower feed concentration (Xu, et al.,
2003).
Solution pH and Temperature
The pH of the water has an effect on the adsorption efficiency of the resins. Since the resins are non-ionic,
they tend to concentrate neutral compounds more efficiently than those that are ionized (Daignault, et al.,
1988). The recovery of acidic and basic compounds was proven to be effective with the manipulation of
the pH of the samples prior to adsorption (Daignault, et al., 1988). For polystyrene-divinylbenzene resins,
the optimal pH range for adsorption is a pH less than 8.5 (Xu, et al., 2003); the resins were unaffected by
a pH less than 7; however, the efficiency decreased when the pH was above 8.5 (Kawabata & Ohira,
1979). Temperature also affects the adsorption process; some resins were proven to have an optimal
temperature of around 50 degrees Celsius with the efficiency decreasing at greater temperatures (Xu, et
al., 2003).
3.2.3.

Amberlite® XAD-4

XAD-4 resin has been determined to adsorb through hydrophobic interaction
of the molecules (Xu, et al., 2003). The binding energy of the contaminants
onto the resins is relatively low which allows for easy desorption and
regeneration of the resin (Xu, et al., 2003). Also though XAD-4 has a smaller
pore size and pore volume than XAD-7HP, the surface area is significantly
greater allowing for the chemical to efficiently bond and be adsorbed by the
resin. Phenol molecules are relatively small, allowing them to be absorbed by
the XAD-4 resin effectively. Since the XAD-4 has a greater surface area, the
resin is able to adsorb a greater amount of the phenol. As previously
mentioned, phenol is a good indicator of the resins adsorption capabilities

Figure 4 - Molecular
Structure of Phenol
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because of its wide use in the industrial processes that pollute the rivers where drinking water comes
from.
3.2.4.

Amberlite® XAD-7HP

XAD-7HP adsorbs through hydrogen bonding and according to Xu, et al. (2003) it was shown to have a
higher adsorption capacities than XAD-4 resin towards phenol. From the previous section, one can see
that XAD-7HP has a smaller surface area than the XAD-4; this can contribute to not being as effective in
bonding with the chemical contaminant. Though XAD-7HP has a greater affinity due to its hydrogen
bonding with the chemical contaminants, it does not make a significant difference since phenol is a small
molecule and will be adsorbed effectively by both the XAD-4 and XAD-7HP. This allows XAD-4 to be
more efficient at phenol removal than XAD-7HP since it has a greater surface area (Xu, et al., 2003).
3.2.5.

Adsorption Testing Process

Initial column testing will use phenol as the influent contaminant. Various flow rates and resin height to
diameter ratios will be tested to determine the optimal column conditions that provide the best removal
efficiency. Once the final column design is determined and all other design constraints have been met, the
ability of the column to remove multiple contaminants will be tested. In addition to phenol, bisphenol-A
(BPA) and p-chlorophenol will be mixed in the influent concentration and passed through the column. A
95% removal efficiency must be maintained for each individual chemical in order to meet the design
constraint. These chemicals were selected because they are common emerging contaminants. BPA is a
contained in many plastics like bottles and toys and p-chlorophenol is a biocide. Typically, variations of
p-chlorophenol is used as a pesticide.
3.3.

Desorption

Once the resin has adsorbed a certain amount of chemical from the contaminated water, it must be
desorbed and regenerated. For the purposes of this experiment, the resin will be considered saturated with
targeted chemicals once 95% adsorption efficiency is lost; this will be the point at which regeneration will
become necessary. The adsorption procedures of XAD-4 and XAD-7HP are slightly different since XAD4 is non-polar and XAD-7HP is moderately polar. Though the same desorption agents can be used for
both resins, certain agents are better than others for each resin. The desorbed chemicals can then be
separated through a distillation process and in many cases can be recycled.
3.3.1.

XAD-4 Desorption Process

As mentioned previously, the XAD-4 resin has a white bead texture, with 750 square meters of surface
area per gram of dry resin. It is a non-polar, hydrophobic resin that uses hydrophobic interaction to bind
chemicals onto the pore structure (Xu, et al., 2003). The bonding energies used in this process are
relatively low. Most of the compounds adsorbed by the resin are non-polar and non-ionic molecules held
to the resin by van der Waal’s forces (Daignault, et al., 1988). These bonds are weak and easy to break.
For example, the bonding enthalpy of phenol is only 11.06 kcal/mol (Xu, et al., 2003). The energy at
which the compounds bond to the resin is much less than the same compound would bond to activated
carbon. This makes the regeneration of the resin easier than activated carbon since it takes less energy to
break the bonds. One of the most popular ways XAD-4 is desorbed is by a change in pH. If the pH of a
desorbing solution passed through the resin is a relatively high pH solution, the chemicals attached to the
resin become ionized (Xu, et al., 2003). Since the resin itself is not ionic, the chemicals break the bonds
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formed with the resin and are washed into the desorbing solution.
3.3.2.

XAD-7HP Desorption Process

XAD-7HP, unlike XAD-4 is a moderately polar resin. Many polar organic compounds can be removed
using this resin. Organic compounds are adsorbed by a hydrophilic interaction, usually forming hydrogen
bonds with the resin. These bonds are not as easy to break as the van der Waal’s bonds exhibited in XAD4 but compounds are still relatively easy to desorb from the resins. Weak acidic chemicals, usually
alcohols are passed through the resin in order to desorb it.
3.3.3.

Chemicals used in Desorption

There are different chemicals that can be used to desorb the resins. Determining the right chemical to use
is dependent on the solubility parameters of the organic compounds adsorbed. Similar solubility of both
chemicals would produce the best results, though hydrogen bonding and other polarity effects must be
considered (Daignault, et al., 1988). The pH of the water passed through the resin in the adsorption phase
must also be taken into account if pH adjustment is to be used in the desorption phase. In some cases, it
may be beneficial to use multiple regenerating chemicals to fully desorb the resin. Other ways of
regeneration include steam and microwave desorption methods, which are not typically the most efficient
in regeneration and consume excessive energy. Typical chemicals used as desorbents include alcohols,
diethyl ether, and sodium hydroxide among others.
Alcohols
Alcohols such as methanol, isopropanol and ethanol can be used to desorb chemicals from polymeric
resin. Methanol may be the best choice, when used to desorb an organic compound of similar solubility
parameters (Daignault, et al., 1988). The contaminants are washed off the resin though an elution process
that allows them to wash out with the methanol. When used in combination with diethyl ether, many
organic compounds were removed with recoveries of over 94%. In comparative tests, it was found that it
took 40 to 60 bed volumes (BV) of isopropanol to regenerate a resin, while it took 12 BV of ethanol and
only 3.2 BV of methanol (Xu, et al., 2003). Although alcohols have considerable efficiency in
desorption, they do have a safety factor to consider. Alcohols are extremely volatile and flammable,
creating a potential health and fire risk for those operating this part of the resin treatment cycle.
Diethyl Ether
Diethyl Ether is efficient in desorbing many compounds from saturated resins. It is a relatively nonpolar
substance that has the ability to allow some polar bonding to occur (Daignault, et al., 1988). This allows
many different compounds to be removed from the resin. Unfortunately, this method has many
disadvantages, since diethyl ether is a volatile compound. It is highly reactive and can form byproducts
such as hexane and 2-ethoxypropane. It is also flammable and carries the same dangers as the alcohols.
pH Adjustment Chemicals
Chemicals that are able to use pH adjustment to remove adsorbed contaminants are often used in resin
regeneration. If it is known that an acidic chemical is adsorbed onto the resin, then a basic compound like
sodium hydroxide can be used to desorb the resin. Conversely, if a basic chemical is adsorbed onto the
resin, an acidic compound like hydrochloric acid can be used to desorb the resin. One of the most
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common compounds used is sodium hydroxide as many organic chemicals increase the acidity of the
solution. Sodium hydroxide may also be more applicable in the field as slightly acidic water sources are
more common than basic. Acidic organic chemicals are desorbed from the non-polar resin since the basic
compound causes the chemicals to become ionized. The organic chemicals are then able to break their
bonds with the resin and are flushed away into the effluent of the basic compound.
3.3.4.

Desorption Methods Used for Experimentation

The resins in our experiment will be desorbed once they lose 95% efficiency. The resins will be mainly be
desorbed using sodium hydroxide. Phenol, once dissolved in water, creates a slightly acidic solution and
can easily be desorbed by a basic compound. This is because the pH adjustment will ionize the
contaminant. Because these resins are not ionic, they will leave the resins surface. The chemicals may
also be desorbed using methanol. The solubility of phenol is similar to methanol and thus methanol is a
good choice. Since XAD-7HP is a moderately polar resin, sodium hydroxide is not commonly used in its
regeneration. Both methanol and sodium hydroxide work best for the regeneration since they are strong
solvents and require as few as 3.2 bed volumes for regeneration (Daignault, et al., 1988).This allows the
resin to be quickly regenerated and placed back into service removing organic contaminants from water.
For testing purposes, a flow rate of 1 bed volume per hour will be used (Xu, et al., 2003).
3.3.5.

Attrition

The desorption phase is usually where much of resin loss occurs. A major drawback of the widely used
technology of activated carbon is that 5-10% of the carbon can be lost during a single regeneration (Xu, et
al., 2003). However, using the methods of experimentation described above, it has been proven that less
than 5% of the resin used will be lost annually, with over 1300 cycles of resin regeneration possible
before complete resin replacement is needed (Xu, et al., 2003). This allows the same resin to be used with
continuous cycles of adsorption and desorption with very little resin replacement. For the purposes of this
experiment, less than 0.08% resin loss will occur within the low number of cycles of adsorption and
desorption throughout the total time allotted to this experiment.
3.3.6.

Distillation

Once the resin has been regenerated, the desorbing solution and the desorbed chemicals are left over. This
could be a potentially toxic and would be considered hazardous waste. However, through the process of
distillation, the desorbing chemical can be separated from the desorbed pollutants. This allows both the
reuse of the spent desorbing solution as well as the desorbed chemical (in the case of targeting one
chemical in the adsorption process). Streat et al. (1998) showed that pesticides can be separated from the
desorbing solution by either distillation or evaporation. This would then leave a solid residue of pesticides
that could be incinerated. In another example, a chemical plant in China Producing 2-hydroxy-3carboxylic-naphthalene and 2-naphthol recovered 350 tons from the waste stream and was able to recycle
the chemicals back into the production process saving the plant millions of dollars (Xu, et al., 2003).
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Experimentation and Column Design

Figure 5 - Block diagram of column experiments

3.4.1.

Testing Method- RSSCT

In order to determine the parameters for the design of a large-scale municipal drinking water treatment
column using the polymeric resins, we will perform a series of Rapid Small Scale Columns Tests
(RSSCT). This test was developed (Reusch, 1999) to simulate the adsorption properties of a pilot scale or
full-scale water treatment system at a small laboratory scale using a small column packed with adsorbents
in a laboratory (John Muir Institute of the Environment University of California, Davis). It was originally
designed to predict data for activated carbon filters, but has since been applied to other filtration processes
including arsenic removal. It serves as an accurate model for large-scale systems because the
hydrodynamic characteristics remain the same between columns, and the basic process of adsorption is
not dependent on total volume of resins.
We chose to test our design parameters for the final column design by using RSSCTs because this method
offers us three major benefits over using a pilot scale (Crittenden, Berrigan, Hand, & Lykins, 1987):
1-

Significantly less time needed per test.
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• Due to the time constraints for this course, all of experimentation must be done in a threemonth window. As the name suggests, this method is rapid and allows us to run an entire
adsorption or desorption experiment in less than 24 hours.
2-

Less material is used.
• Because the column is so small, resin and water use is greatly decreased. This is important
because we have limited resources and by using fewer materials, overall cost decreases
significantly.

3-

Smaller physical size.
• We are confined by the size of our fume hood (Table 2. Non-functional design constraints)
and thus the experimental setup has to be smaller than 0.4 meters high. RSSCTs allow us to
use a column small enough to use under a fume hood while still leaving enough space for
other students working on different projects in the laboratory.

3.4.2.

Column

Figure 6 - Experiment
column

RSSCTs are carried out using a small glass column in which resins are packed
(Crittenden, et al., 1987). The main components of the column include a spherical
bulb at the top, a double-walled cylindrical holding column, and an outlet at the
bottom where effluent is released. The bulb allows a large amount of liquid to be
stored in the column to be filtered. The cylindrical center of the column houses
the resins while the liquid from the upper bulb flows downward and passes
through the resins. Once the liquid has passed through the rest of the column, it
flows through the outlet. The outlet it is connected by a tube to the pump.
We have two columns available for testing in the laboratory, which had been
previously purchased by our advisor Dr. Judy Zhang. Both have total heights of
less than 0.4 meters so they are capable of being used under our fume hood. The
inside diameter of the resin holding column is 12mm, an important parameter as it
affects ratio of diameter to the depth of the resins.
3.4.3.

Pump

Figure 7 - Experiment pump
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The pump is connected to the outlet of the column and controls the
flow rate of liquid moving through the resins. It functions by pulling
liquid from the column through the effluent tube and into a smaller
tube wrapped taught around a plastic spindle. As the spindle rotates, it
presses against the walls of the tube to push the effluent out into a
collection beaker. The flow rate can be adjusted in two ways: by
changing the diameter of the tubing and/or the speed of the spindle.
There are six sizes of tubes, ranging from 0.5 mm to 6.4 mm in
diameter. The smaller the diameter selected, the lower the volume of
water forced through the tube with each rotation of the spindle, and
thus a lower flow rate. The speed of the spindle can be adjusted using
a dial, which ranges from 1-10 on the left of the apparatus.
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Table 5 - Approximate flow rate and settings table for pump. (The Control Company, 2005)

Tubing I.D.

Tubing Size (in , mm)

Approx. Tubing Length (in , mm)

1
2
3
4
5
6

1/50 , 0.5
1/32 , 0.8
1/16 , 1.6
3/32 , 2.4
3/18 , 4.8
1/4 , 6.4

3.25 , 83
3.5 , 89
4.25 , 108
4.5 , 114
5.0 , 127
4.375 , 111

3.4.4.

Approx. Flow rate
(mL/min)
0.03-0.06
0.04-0.14
0.25-0.8
0.4-1.7
1.7-4.6
1.8-8.2

Experimentation – Adsorption

In order to test the effect of different parameters have on the adsorption capabilities of the resin column,
many experiments will be carried out, with one variable being altered during each run. Preliminary
experiments will determine the optimized flow rate and the diameter to height ratio. Secondary
experiments will determine efficiency of the resins when multiple chemicals are combined and influent
chemical concentrations are varied. Final experiments will determine if the final design is compliant with
the set design constraints.
Flow Rate Experiments (5)
To determine the optimized flow rate for the column, 5 experiments will be carried out with varying flow
rates. A set amount of resin (5 mL) is inserted into the column and the pump is adjusted to the desired
flow rate. Flow rates of 5, 14, 16, 25 and 50 mL/hr will be tested. A 0.002 Molar solution of phenol is
added to the top bulb of the column. The phenol solution flows through the column at the given flow rate
and is filtered by the resins until they become saturated, when 95% efficiency is lost. Samples of the
effluent are collected hourly, and at that time the volume of the effluent is also taken to calculate the exact
flow rate. After approximately 12-24 hours or when breakthrough is determined by sample analysis, the
process is stopped. The samples are analyzed for their phenol concentrations, and the column is prepared
for desorption.
Determining Optimum Flow Rate
In order to size the reactor needed for optimum conditions, the most efficient and practical flow rate must
be chosen from the flow rates gathered through experimentation. First, it is important to find the retention
time for all flow rates at the lab-scale. This is achieved from the equation:

Equation 1 - Lab Scale Retention Time

Where V is volume (mL), Q is flow rate (mL/min), and t is time (min). Next, the flow rate that would be
used at the plant where the process will be implemented needs to be determined; it will usually be
recorded in millions of gallons per day or MGD. The MGD needs to be converted to cubic feet per minute
so that the volume of the reactor can be found using the retention times for each experimental flow rate.
Then using the dimensions and the diameter to height ratio (D:H) from the experiments one can come up
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with a set of three equations to determine the diameter and height of each reactor for each particular flow
rate tested.

Equation 2 - Diameter to Height Ratio

Where x is the D:H ratio, D is diameter (ft), and H is Height (ft). Using the equation for volume of a
cylindrical reactor:

Equation 3 - Volume of a Cylindrical Tank

Substituting Equation 2 into Equation 3 gives us:

Equation 4 - Diameter to Volume of a Reactor

Once the diameter is determined, plug it back into equation 2 to find the height. Now, the number of
reactors to use during adsorption must be determined. Three reactors were decided to be sufficient. Two
would always be treating water in series while the third reactor is allowed to be desorbed. A pair of
reactors in series allows for a safer process; the chance of contaminant breaking through without detection
is decreased. Section 4 Evaluation has a detailed example of this calculation and the sizes determined.
Diameter to Height Ratio Experiments (2)
Using the optimized flow rate determined from the initial 5 experiments, different diameter to height
ratios will be tested to determine the optimized ratio. The ratio will be changed by adding different
amounts of resin into the fixed-diameter column. Ratios including 3:1 (5mL of resin), 9:2 (7.5 mL of
resin) and 6:1 (10mL of resin) will be tested. Data for the first ratio will be available from the flow rate
optimization experiments and will not be repeated. The same chemical solution and testing procedure for
the flow rate optimization experiments will be used for these experiments.
Chemicals and Concentrations Experiments (4)
Using the optimized flow rate and diameter to height ratio, different concentrations and different
chemicals will be run through the column to determine efficiency. First a lower concentration of phenol
(20 µM) will be run though to determine if efficiency is different at a lower concentration. Next, different
chemicals, including bisphenol-A (BPA) and p-chlorophenol will run though the column to determine
removal efficiency. A final test of all three chemicals at low concentrations will be tested to examine the
change in efficiency, if any.
Final Experiments (10)
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Finally, 10 experiments will be run to determine compliance with our design constraints. At this point, the
column will be fully designed with an optimum flow rate, optimum diameter to height ratio and known
emerging contaminant removal efficiency. Phenol, bisphenol-A and p-chlorophenol will have been mixed
and run though the column. A removal of at least 95% of each of the chemicals for a certain number of
bed volumes must be met over the course of the 10 experiments. In addition, no more than 7 µg/L of the
resin may be lost in the effluent. These tests will be repeated on both resins we are focusing on—
Amberlite® XAD-4 and XAD-7HP. The 10 experiments will determine if the resin is able to retain its
efficiency over a period of adsorption and desorption cycles.
3.4.5.

Experimentation - Desorption

After the adsorption experiment is completed, the resins are left to saturate with the contaminant(s). Due
to their ability to be regenerated, the next step is to clean them by removing the contaminant so it can be
recycled back to their original efficiency. Either methanol or sodium hydroxide is added to the bulb at the
top of the column and allowed to flow through the resin bed and carry the contaminant out through the
effluent. The flow rate is set at 1 bed volume per hour (BV/hr). Samples are collected hourly and then
analyzed for contaminant content. The entire experiment is stopped after approximately 12 hours or if
analysis of the effluent determines that the resin is desorbed. During the final 10 experiments, no more
than 0.08% (cumulative) of the resin volume can be lost during the desorption process.
3.4.6.

Analysis - Ultra Violet and Visible Spectrometer

Figure 8 - UV/Visible
Once the samples have been collected, the concentration of the effluent Spectrometer

is analyzed using a UV Visible Spectrometer. The spectrometer emits a
beam of light, which is then separated into individual wavelengths,
passed through the sample, and analyzed for intensity. The “blank” is
sample that contains only solvent (DI water for adsorption and
methanol or sodium hydroxide for desorption). The blank should
absorb little to no light. The intensity of the beam becomes the standard
to which the rest of the samples are compared (Reusch, 1999). Phenol
absorbs certain wavelengths of light, and the higher the concentration
is, the lower the intensity of the resulting beam will be.
The UV spectrometer only analyzes absorbance, so it is necessary to
create a standard curve for the concentration of phenol versus
absorbance. The curve is made by analyzing the absorbance of 5 to 6 samples with a known concentration
of phenol and plotting the values. Using excel, a linear regression of the data is made which produces a
coefficient value. This value multiplied by any absorption reading will produce the concentration of
phenol in the solution.
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Figure 9 - Sample standard solution curve

Once the standard curve is created, the samples from experimentation are analyzed for their
concentrations at the collection times. Using the flow rate and time elapsed, as well as the total volume of
the resins, the number of bed volumes that have passed through the column at any time can be calculated.
Plotting the concentration versus bed volumes produces an s-shaped graph.
Figure 10 - Sample adsorption curve

The first inflection point is also known as the breakthrough point, or point where the resins are no longer
able to remove all contaminants. This breakthrough point is what we will use to compare the effects of
different parameters, with the goal of delaying the breakthroughs for the maximum amount of bed
volumes passed. For our experiments, we will specifically look for the amount of bed volumes passed
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when the effluent concentration reaches over 5% of phenol. This means that we are no longer achieving
our 95% removal efficiency required in our design constraint.
3.4.7.

Analysis – High Performance Liquid Chromatography
Because the desorption curve has such a low flow rate

Figure 11 - HPLC 1200 Infinity Series by (less than 1 BV/hr), these samples must be analyzed using
Agilent Technologies

high performance liquid chromatography (HPLC). Any
sample collected with less than 3 mL of volume cannot be
accurately analyzed through the UV spectrometer.
How HPLC Works

An HPLC machine typically works by pumping a liquid
solution known as the mobile phase with a small volume of a
sample (typically 10-100 uL) through a high-pressure
column. Inside the column is a packed solid known as the
stationary phase. The sample and mobile phase are pumped
through the column at high pressures where the sample
interacts with the stationary phase. This reaction causes
different types of chemicals to move through faster than others, separating the chemicals from each other.
The principle is much the same as paper chromatography, where colored dyes move up a paper through
capillary action at different speeds (Royal Society of Chemistry, 2008). The separated chemicals are then
tested for light absorbance much like the UV spectrometer. The absorbance of the light on the chemical
produces a curve as shown in Figure 11. The curve is then integrated to find the area or total amount of
light absorbed. This procedure works well for chemicals that have a unique signature of light absorbance.
Figure 12 - Sample of HPLC Output

Method of Analysis
First, a standard curve must be created to relate areas with concentrations. A linear regression is created,
much like the same process for the UV spectrometer. Normally, the column is necessary to separate
chemicals for the final analysis of the HPLC. The first set of experiments, however, will have only one
chemical in the sample, allowing us to bypass the column entirely. Bypassing the column greatly reduces
the time needed for analysis from about 8-12 minutes per sample to 30 seconds per sample. However,
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when the multiple chemicals are tested together, the column will be used to separate the chemicals before
analysis.
The mobile phase also had to be altered for the analysis when sodium hydroxide from the desorption
process was present within the sample. Typically, phenol can be run through the HPLC machine using
100% deionized water as the mobile phase. A sodium hydroxide presence however, raises the pH of the
sample making it more basic. This was found to create error in our results. This error occurs because
phenol dissolved in a solution with a high pH tends to lose a hydrogen atom becoming a highly soluble
anion known as phenolate. Phenolate has a different light absorbance signature, skewing results from the
HPLC. To counteract this pH change, we’ve switch out the 100% DI water mobile phase with a 100%
acetic acid mobile phase. This is should effectively lower the pH of the samples allowing all of the
molecules to remain as the neutral phenol molecule rather than the phenolate anion. A similar process
will be necessary for BPA and p-chlorophenol.
3.4.8.

Figure 13 - SigmaPlot for Adsorption

Analysis - SigmaPlot

In order to determine the total amount of bed volumes
passed through the column until the breakthrough
point, the software program SigmaPlot was used to
analyze the data produced by the UV Spectrometer
and HPLC. The concentration versus bed volumes are
plotted in the program, which analyzes the data and
produces both a graph and an equation. This equation
can then be integrated from the initiation of the
experiment until the breakthrough concentration,
which provides the area under the curve between
those two points. This yields the mass of contaminant
that was removed by the resin until they were
considered too saturated to be effective.
Figure 14 - SigmaPlot for Desorption

For the adsorption curves (Figure 13), a sigmoidal curve
was used to fit the data points. The area under the
adsorption curve represents the mass of contaminant that
was passed through the effluent. In order to calculate the
mass of contaminant adsorbed onto the resin, the area
above the curve and beneath a line at the initial
concentration must be calculate. This is simply the area
under the initial concentration minus the area under the
sigmoidal fit curve.
For the desorption curves (Figure 14), a log normal curve
was used to fit the parameters. The area beneath these
curves represents the mass of contaminant that was
desorbed from the resin. By comparing the area obtained
from the adsorption and desorption curves, the overall
efficiency of the desorption process can be analyzed.
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The following procedures are intended to standardize testing within the realms of this experiment and for
any future attempts to replicate this experiment. Adsorption and desorption experimentation procedures
are covered as well as sample testing procedures.
4.1.1.

Adsorption Test

This section covers the adsorption test in a polymer resin column.
Objective
To determine how many bed volumes can be run through the column at a certain flow rate and continue to
maintain 95% removal efficiency. The results from this test will be used to optimize the flow rate for the
best results. Best diameter to height ratio will also be determined. The ability of the resin to remove at
least 3 chemicals at one time will be tested under optimized conditions.
Apparatus
1.
2.
3.
4.
5.
6.
7.
4.1.2.

Resin Column.
Resin (Amberlite XAD-4 or XAD-7HP).
Pump.
Tubing.
Collection Beakers.
Solution of phenol (2 milli-Molar).
DI water.

Desorption Test

This section covers the desorption test in a polymer resin column after a resin has been saturated.
Objective
To regenerate the saturated resin column and reuse the resin to adsorb emerging contaminants. This test
will determine if the resin is able to last a certain number of regeneration cycles while losing no more
than a minimal amount of the resin in the process.
Apparatus
1.
2.
3.
4.
5.
6.

Resin Column
Resin (Amberlite XAD-4 or XAD-7HP)
Pump
Tubing
Collection Beakers
Desorbing solution (2% NaOH or HPLC grade Methanol)
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Adsorption and Desorption Test Procedures

Procedure I – Adsorption
1. Measure out the required bed volume of resin and place the resin in the column, beginning
with 5 mL of resin.
2. Attach the tubing to the bottom of the column and run the tubing to the pump. The tubing
may have to be varied to obtain different flow rates from the pump. Run tubing from the
pump to a collection beaker.
3. Set the desired flow rate by using tubing size and pump setting options from Table 5.
4. Slowly pour a small amount of deionized (DI) water into the column and start the pump.
Record the actual flow rate as it may vary from the values in Table 5. Adjust pump speed dial
until desired flow rate is achieved.
5. Allow the remaining DI water to drain and slowly fill the column with the 2mM phenol
solution.
6. Change the collection beaker every hour and take a 3 mL sample of the effluent each time.
7. Keep the pump running continuously until the effluent concentration is more than 5% of
influent concentration (breakthrough).
8. After breakthrough, proceed to desorption.
Procedure II – Desorption
9. Using a column with saturated resin, attach tubing to the bottom of the column and run tubing
to pump. Tubing may have to be varied to obtain different flow rates. Run tubing from the
pump to a collection beaker.
10. Set the flow rate to 4.4 cm/hr by using tubing size and pump setting options from Table 5.
11. Using the remaining saturating solution in the column, run the pump and record the actual
flow rate as it may vary from the values in Table 5. Adjust pump speed dial until the 4.4
cm/hr flow rate is achieved.
12. Allow the saturating solution to drain and slowly fill the column with a 2% by weight NaOH
solution or fill the column with methanol, depending on the chosen desorbant.
13. Change collection beaker every 15 minutes and take a 1.5 mL sample of the effluent each
time.
14. Keep the pump running continuously until effluent concentration of saturating chemical is
less than 95% of the effluent’s peak concentration from the desorption curve.
Procedure III – Running Multiple Tests
15. Repeat steps 1 through 14 for multiple experiments:
a. Run 5 experiments varying the flow rate using values (mL/hr): 50,25,16,14 and 5.
Determine the optimized flow rate setting from this data.
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b. Run 3 experiments varying the height to diameter ratio. Use flow rate determined
from part a and values (H:D, cm:cm): 3:1 (5mL of resin), 4.5:1 (7.5 mL of resin) and
6:1 (10mL of resin). Determine optimized height to diameter ratio settings from this
data and the number of bed volumes that can be processed at this optimized
condition.
c. Determine if resin is still able to maintain 95% efficiency for the set number of bed
volumes determined in b and the flow rate determined in a.
16. Finally, using optimized design settings run a solution through the column that contains 3
different emerging contaminants and determine if each is removed at a 95% efficiency by the
resin. Run this experiment 10 times to determine resin durability and statistical accuracy.
17. Repeat steps 1 through 16 for XAD-7HP resin, using methanol as the desorbing agent.
18. Dry and weigh resin at the end of the 10 final experiments. Make sure no more than 0.08% of
total resin volume is lost by comparing the final mass to initial mass and converting to
volume using known resin density. Using this data and the known amount of water passed
through the column, determine if less than 7 µg/L has been lost in the treated effluent.
19. Use the” Kill A Watt” electricity meter during the final 10 experiments to determine
electricity usage and cost both during the adsorption and regeneration cycles. The electrical
cost of regeneration must not exceed $0.04/kg of resin. Overall cost of water treatment must
be within $0.02 to $0.15 per meter cubed of water treated for the course of the 10
experiments. Further test procedures for the nontechnical constrains is provided in section
4.1.5.
4.1.4.

Sample Testing

Objective
To determine the effluent concentration for either the adsorption or desorption process. Proper use of the
Ultra Violet and Visible Spectrometer is essential for accurate results.
Apparatus
1.
2.
3.
4.
5.

Ultra Violet and Visible Spectrometer
Sample Holder
DI water
Samples
Chemical Wipes

Adsorption Samples Procedure
1. Turn on the Ultra Violet and Visible Spectrometer and allow it to warm up for 20 minutes.
2. Pour DI water into the sample holder and take a “blank sample” to allow the machine to learn
what a pure sample is (calibration).
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3. Pour out the DI water and pour in the first sample. Take a sample and determine the
concentration from the graph. This can be read at the 270 nm wavelength for the phenol
solution.
4. Solution may need to be diluted if absorbance is below 0.5 or above 2.
5. Clean sample holder with DI water and chemical wipe between samples.
6. Determine breakthrough point.
7. Plot bed volumes vs. concentration to determine breakthrough curve.
Desorption Samples Procedure
1. Turn on the Ultra Violet and Visible Spectrometer and allow it to warm up for 20 minutes.
2. Pour NaOH solution or Methanol (depending on which was used in desorption phase) into the
sample holder and take a “blank sample” to allow the machine to learn what a pure sample is
(calibration).
3. Pour out the NAOH solution or Methanol and pour in the first sample. Take a sample and
determine the concentration from the graph. This can be read at the 287 nm wavelength for
the NaOH solution when desorbing phenol.
4. Solution may need to be diluted if absorbance is below 0.5 or above 2.
5. Clean sample holder with NaOH solution or Methanol and chemical wipe between samples.
6. Determine when resin is completely desorbed.
7. Plot bed volumes vs concentration to determine desorption curve.
4.1.5.

Non-Technical Constraints - Costs

The economic cost of the project needs to be compared to a cubic meter basis, because water is billed on a
volumetric basis. To do this, costs will be determined over a fixed volume including cost of the resins
themselves, cost of electricity during treatment, and cost of chemical desorbents needed. This project also
needs to be designed to have reasonable electricity demands comparable to other treatment methods. The
primary electricity cost of the project is that of the pump. The amount of electricity used by the pump will
be measured by a “KillAWatt” electricity meter. Electricity demands can be determined by comparing the
pump’s electric usage to the time needed for treatment. Any other electricity demands such as lighting,
building heating, and other infrastructure costs can be considered equal among all treatment options and
therefore do not need to be accounted for.
4.1.6.

Non-Technical Constraints - Durability

Two related design constraints are the health and safety and durability of the resins. The durability
requires the resins to last for the entire 8-month period of use while the safety requirement aims for a loss
of less than 7 µg/L. To measure these two constraints, the attrition rate of the resin must be measured.
Attrition rate is measured simply by determining the before and after masses of resins used throughout the
experiment. Durability is satisfied if replacement rates are sufficiently low. Concentration of resins
present in the effluent is tested by comparing the amount of resin lost over the total volume of water that
was passed through the system. The experimental column’s dimensions can easily be measured to
compare with the final design constraint of size.
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Test Certification

The following section will describe the results obtained from running the tests mentioned in the previous
section. We will start with the adsorption results followed by the desorption results.
4.2.1.

Adsorption Test Results

This section covers the results from adsorption tests in a polymer resin column and the optimization of the
resin column.
Flow Rate
We ran six experiments varying the flow rates between 2-10 BV/hr. We were able to plot the data to
determine which flow rate performed most efficiently. We define the efficiency as the number of bed
volumes passed before breakthrough occurs. Breakthrough occurs when 5% or more of the contaminant
passes into the effluent. Figure 15 below displays the flow rates:
Figure 15: Summary of Flow Rates Breakthrough

As can be seen from the figure 15, all the flow rates follow the general breakthrough curve. Because we
were looking for efficiency of the resins for each flow rate, we did not run all experiments to full
saturation. The breakthrough concentration that we were looking for occurred when more than 0.1 mM of
concentration passed with the effluent.
Table 6: Flow Rate and Breakthrough
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2.8

48

3.8

46
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6.5

43

7.5

42

7.7

41

9.3

38

Through interpolation of the data in figure 15, we were able to find the breakthrough bed volumes for
each flow rate as shown in table 6. As one can see, the efficiency ranges from 38 bed volumes to 48 bed
volumes with the slowest flow rate being the most efficient.
Diameter:Height Ratio
We ran three more experiments where the flow rate was kept at a constant and the diameter to height
(D:H) ratio was changed. Since the diameter in our column is fixed, we added resin to increase the height.
From the original height we used for the flow rate experiments we increased the height by multiples of
1.5 and 2. The smallest D:H is the column with the greatest height of resin. Again we are comparing the
different ratios for efficiency of the resins.
Table 7: D:H Ratios
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Table 8: D:H Ratio and

0.31

48

0.20

50

0.16

53

Breakthrough

Again we were looking for when the concentration in the effluent was greater than 0.1 mM. From graph
4.2, it can be seen that the 0.16 D:H ratio is the most efficient and the 0.32 ratio is the least efficient.
Table 8 displays the interpolated values for the breakthrough bed volumes for each of the D:H ratios. The
efficiency is not as affected between the smallest and largest D:H ratio that were tested compared to the
change in efficiency between flow rates.
4.2.2.

Optimization of Parameters

This section will cover how we determined the optimal parameters from previous tests for the design of
the prototype. In choosing our parameters we needed our reactor to be a comparable size to real world
water treatment reactors, so we talked to Nicole Charlton of Philadelphia’s Belmont Water Treatment
Plant. Table 9 displays the information obtained from the plant that we based our numbers from:
Table 9: Optimization Parameters

Flow Rate
(MGD)

No. of Reactors
in Parallel

Total CrossSectional Area (ft2)

Reactor Diameter
(ft)

Reactor Height
(ft)

40

26

1100

7.3

6.8

Flow Rate
As described in section 3.4.4. Experimentation-Adsorption, we calculated the volume of each reactor for
each experimental flow rate.
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Figure 16: Flow and Volume

From figure 16, one can see that there is a relationship between the flow rate and volume of each reactor.
When determining the flow rate to choose, we needed to balance the efficiency with the reactor size. As
one can see from the graph, the most efficient flow rates have the greatest volume required while the least
efficient have a far less volume required. It was determined that the optimal flow rate would be in one that
falls in middle of the slowest and fastest flow rate. The change in the volume between the three fastest
flow rates is much less than the change in volume between the middle flow rate and the slowest flow
rates; however the efficiency discussed earlier is not as significant a change; therefore, we chose the 6.5
BV/hr flow rate to be our optimal flow rate. It is the most efficient while maintaining a reasonable reactor
volume.
Diameter:Height Ratio
Next we look at how the D:H ratio affects the surface area of the reactors. Since the Belmont plant uses
26 reactors, we also did our calculations for the total surface area needed if there were 26 reactors.
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Figure 17: Surface Area and D:H Ratio

Figure 17 displays the D:H ratio versus the required surface area. There is a linear relationship between
the D:H ratios and required surface area. From this graph it would be safe to assume that the optimal D:H
ratio would be the .16 since it requires the least amount of volume and as discussed earlier has the greatest
efficiency; however, we also need to look at the specific dimensions of the reactors.
Table 10: D:H Ratio Area and Height

D:H	
  Ratio

Diameter

Height

Surface	
  Area

ft

ft

ft²

0.31

5.6

18

640

0.20

4.8

24

440

0.16

4.5

28

410

	
  

From the table, the 0.16 ratio has the smallest surface area but the greatest height.
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Desorption Test Results

This section shows the results obtained from testing the desorption efficiency of the resin column. As
previously mentioned, desorption was achieved by running 2% NaOH solution or methanol through the
column at a relatively slow flow rate (usually about 1.0 BV/hr). The goal of these experiments was to
confirm that our resin column could be easily desorbed for reuse and to show that little to no residual
contaminant was remaining in the column. Any remaining contaminant could theoretically build-up over
time or possible decrease the efficiency of the column. Below figure 18 displays the summary results of
our desorption experiments. The gradual sloping curve shows the result of sodium hydroxide desorption.
The sharp and succinct peak shows methanol desorption. Sodium hydroxide requires more time for
desorption because it does not have nearly as high of a solubility for phenol. It must rely on the
equilibrium process of altering the pH, while methanol immediately draws the phenol into solution.
Figure 18 - Desorption Curve of Methanol and Sodium Hydroxide

A simple integration underneath of the curve yields the amount of phenol that has been desorbed from the
resin. The best-fit curves seen above were determined using SigmaPlot, where NaOH desorption was
obtained using a exponential decay and methanol was determined using a weibull peak function. By
comparing the amount of contaminant desorbed against the amount of contaminant that was adsorbed in
the adsorption experiments, we were able to determine the amount of contaminant removed. Our initial
efficiency was about 97% for sodium hydroxide and about 98% for methanol. Because we did not see
any noticeable difference in successive adsorption experiments. We believe the efficiency is actually
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closer to 99%, as supported in previous literature. The error is likely to be from modeling errors. The
desorption efficiency meets our design requirement for reusing the resins.
Our conclusion with our desorption experiments is that our column has near complete desorption
efficiency. Although there may be some error in the exact amount, it is unlikely that the error is towards
less efficiency.
4.2.4.

Testing Multiple Compounds

In order to test our column for real world application, the column must be able to remove multiple
chemicals without any significant loss in efficiency. This was tested using phenol mixed with bisphenol
A and p-chlorophenol. In order to test similar effects to that of a 2 mM concentration of just phenol, the
mixture was given a total contamination concentration of 2 mM, that is each contaminant was given a
concentration of 0.667 mM (0.667 + 0.667 + 0.667 = 2.00). Figure 19 below demonstrates the results of
the XAD-4 column in the presence of bisphenol A and p-chlorophenol. As the starting concentration was
approximately 0.667 mM, breakthrough for phenol was only 0.033 mM. The figure demonstrates that
phenol was removed successfully. The breakthrough of phenol was determined to be at 50 bed volumes.
The same experiment performed without the presence of other chemicals was at 53 bed volumes. This
shows that there was a minimal loss in efficiency, and the column can successfully function with a
mixture of other chemicals.
Figure 19 - The Result of Phenol Removed In the Presence of Two Other Contaminants

4.2.5.

Amberlite XAD-7 Test Results

This section displays the results from using Amberlite XAD-7 resins at optimized conditions previously
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discussed. The goal of using XAD-7 was to demonstrate the effectiveness of a resin that has different a
chemical composition to Amberlite XAD-4.
Figure 20: Adsorption Curve - 3 Chemicals XAD-7

Figure 20, displays the experimental results using a solution that contained three different chemicals,
Phenol, Bisphenol-A, and p-cholorophenol. Phenol’s breakthrough was around 30 bed volumes which
though less than XAD-4, was expected because XAD-7 has a lower absorbency of phenolic compounds
than XAD-4. P-Cholorphenol’s breakthrough occurred at about 80 bed volumes and bisphenol A’s
breakthrough was around 190 bed volumes. The presence of the three chemicals did not appear to affect
the adsorption process with the resins.
4.2.6.

Cost Test Results

To test the electricity used in the regeneration process, the “Kill-A-Watt” meter was plugged between the
wall outlet and the pump. It was determined that the pump used 0.0018 kWh during the routine 3 hour
desorption. By dividing though by the bed volume of resin regenerated under the optimized conditions,
the regeneration electricity usage was determined to be 0.19 kWh/kg, meeting our design constraint that
they electricity usage would be less than 0.67 kWh/kg.
To test the cost of treating a cubic meter of water, both the regeneration pumping electricity and
regeneration chemical costs were taken into account. To find the pumping cost, the pump electricity usage
of 0.19 kWh was multiplied by the 2012 electricity rate of $0.09/kWh to yield a $0.02 cost. A kilogram of
resin at the low contaminant concentration found in a typical drinking water treatment plant can treat over
1 m3 before breakthrough occurs. To find the chemical cost, NaOH was used as it is cheaper than
methanol with little sacrifice in efficiency when compared to methanol. NaOH is available at $40 per 50
lb (23 kg) when purchased in bulk, which is how a typical plant would purchase it to minimize cost.
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Using our optimized D:H ratio and flow rate, about 60 BV or 5.8x10-4 m3 can be treated with the 9.6 mL
of resin before regeneration is needed. Only 3 BV are required to regenerate the resin with a 2% NaOH
concentration. This would require a total of 0.58 g of NaOH to regenerate the resin after 5.8x10-4 m3 has
been treated. Taking the cost into account, we see that it costs $1.70 to treat a cubic meter if the NaOH is
not reused. However, the solubility limit of NaOH theoretically allows it to be reused up to 26 times even
with the concentration of contaminants we are removing. Using a 25% safety factor allows reuse of about
19 times, bringing the cost down to only $0.09/m3.
For the total cost, we would then add the regeneration pumping cost ($0.02) and the chemical
regeneration cost ($0.09) for a total of $0.11/m3 of water treated. This number meets our design constraint
as it is below $0.15/m3 and does not add significant cost to water treatment. The adsorption pumping cost
was not taken into consideration because at a typical drinking water treatment plant the water would
already be pumping the water though the system no matter what filter media was used for final treatment.
Thus it would not have been an additional cost brought on by using the resin column.
4.2.7.

Durability Test Results

Our final two design constraints on the durability of the resins and amount lost over the course of the
entire process. Our resins were to lose no more than 0.08% volume of resin over the course of 10
experiments, and no more than 7 micrograms of resin for every liter of water passed through the system.
The volumetric resin loss value was determined using literature which has thoroughly tested this number
in the laboratory. Ensuring that no more than 7 µg/L of resins were lost was found from an EPA guideline
restricting the amount of polymeric sorbents allowable in drinking water effluent for human safety
reasons.
While the reasons for choosing these design constraints were solid, due to the scope of our project and the
resources available to us, we had to measure the resin loss volumetrically with a graduated cylinder,
meaning that the most accurate reading we could make was down to 0.1 mL of resin, equal to 20% of our
total bed volume. The bed volume we tested was 5.0 mL, so the 0.08% loss would be the equivalent of
0.04mL, a number we did not have the capability to test. The estimated water use over the entire project
was about 100 liters, so to reach our design constraint of no more than 7µg/L lost, the loss could only be
700 µg total. Using the density of Amberlite XAD-4 of 1.08 g/mL, that would mean a loss of only
0.00065 mL of resins. We had initially planned on using an analytical balance to determine losses, but it
was not accurate enough when weighing the small amount of resins in a heavy glass container. Our
readings indicated that we had zero resin loss over the course of the entire experiment, as expected from
literature reviews. However, the zero loss determined volumetrically is not accurate to the stringent
standards set in our design constraints, so we cannot say with 100% certainty that we did not lose any
more than 0.08%, or 7µg/L.
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APPENDIX B: COST BREAKDOWN

Below is the breakdown for the overall cost of our experimentation. The majority of laboratory costs were
fronted by Dr. Zhang, because our senior design project utilizes and expands upon the research she is
conducting in the labs at Temple University. The smaller costs directly associated with our project were
funded by the Senior Design program. All of the items have been purchased and have arrived.

Item

Cost

Amount

Total

Source

$13.99

1

$13.99

Senior
Design

Tubing (1.6mm diameter)

$7.42/1 pack (15m)

1 pack

$7.42

Senior
Design

Tubing (2.4mm diameter)

$9.56/ 1 pack (15m)

1 pack

$9.56

Senior
Design

Amberlite® XAD-4 Resins

$172.50/ 1kg

1 kg

$172.50

Dr. Zhang

Amberlite®
Resins

$159.00/1kg

1 kg

$159.00

Dr. Zhang

Kill A Watt

$19.14

1

$19.14

Senior
Design

Pump

$200

1

$200

Dr. Zhang

Column

$400

1

$400

Dr. Zhang

Sampling Vials and Caps

$0.63 ea.

150

$94.50

Senior
Design

TOTAL COST

$1076.11

Silicone Tubing
diameter)

(0.8mm

XAD-7HP

From a cost perspective, it is more efficient to use the Amberlite XAD-4 resin. This is based simply on a
cost analysis and not on which resin is able to adsorb a larger variety of chemicals. With costs of the
resins ranging from $$159 to $172.50 per kilogram for XAD-7HP and XAD-4 respectively, we see that
XAD-7HP is cheaper. However, when taking adsorption capacity of 0.55 mM/g for XAD-7HP and 0.65
mM/g for XAD-4 obtained during 3-nitrophenol removal (Pan & Zhang, 2011) we see XAD-4 has a
higher capacity. Doing a simple ratio gives us a relative cost of about $0.29 and $0.26 per milli-mole of 3nitrophenol removed for XAD-7HP and XAD-4, respectively. Though these are initial resin costs (since
the resin is able to be regenerated), we find it would be more efficient and economical for a full scale
treatment plant to purchase the XAD-4 resin. The XAD-4 is most efficiently desorbed using sodium
hydroxide and we recommend this is purchased to desorb the resin.
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APPENDIX C: SCHEDULE

The project schedule shows the process of research and development for this project, beginning with
preliminary research in the summer of 2011. The experimentation began in September, 2011 and still
continues. Along with tasks to be completed, our weekly group meetings and advising sessions appear as
recurring events
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