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DEVELOPMENT OF ION EXCHANGE MODELS FOR WATER TREATMENT
AND APPLICATION TO THE
INTERNATIONAL SPACE STATION WATER PROCESSOR
David Robert Hokanson
Department of Civil and Environmental Engineering
Michigan Technological University
1400 Townsend Drive
Houghton, Michigan 49931
ABSTRACT

The International Space Station (ISS) requires a substantial amount of
potable water for use by the crew. The economic and logistic limitations of
transporting the vast amount of water required onboard the ISS necessitate
onboard recovery and reuse of the aqueous waste streams. Various treatment
technologies are employed within the ISS water processor to render the waste
water potable, including filtration, ion exchange, adsorption, and catalytic wet
oxidation. The ion exchange resins and adsorption media are combined in
multifiltration beds for removal of ionic and organic compounds.

A mathematical model (MFBMODEL ™) designed to predict the
performance of a multifiltration (MF) bed was developed. MFBMODEL consists
of ion exchange models for describing the behavior of the different resin types in
a MF bed (e.g., mixed bed, strong acid cation, strong base anion, and weak base
anion exchange resins) and an adsorption model capable of predicting the

performance of the adsorbents in a MF bed. Multicomponent ion exchange



equilibrium models that incorporate the water formation reaction, electroneutrality
condition, and degree of ionization of weak acids and bases for mixed bed,
strong acid cation, strong base anion, and weak base anion exchange resins
were developed and verified. The equilibrium models developed use a tanks-in-
series approach that allows for consideration of variable influent concentrations.
The adsorption modeling approach was developed in related studies and
application within the MFBMODEL framework was demonstrated in the Appendix
to this study. MFBMODEL consists of a graphical user interface programmed in
Visual Basic and Fortran computational routines. This dissertation shows MF
bed modeling results in which the model is verified for a surrogate of the ISS
waste shower and handwash stream.

In addition, a multicomponent ion exchange model that incorporates mass
transfer effects was developed, which is capable of describing the performance of
strong acid cation (SAC) and strong base anion (SBA) exchange resins, but not
including reaction effects. This dissertation presents results showing the mass
transfer model's capability to predict the performance of binary and multicomponent
column data for SAC and SBA exchange resins.

The ion exchange equilibrium and mass transfer models developed in this
study are also applicable to terrestrial water treatment systems. They could be
applied for removal of cations and anions from groundwater (e.g., hardness, nitrate,
perchlorate) and from industrial process waters (e.g. boiler water, ultrapure water in

the semiconductor industry).
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Chapter 1 - Introduction

The International Space Station (ISS), developed for long term manned
space missions, requires a substantial amount of potable water for use by the crew.
Water for drinking, food preparation, and hygiene accounts for over 90% by weight
of the basic consumables (water, oxygen, and food) required for survival aboard
the ISS. Support of a four-person crew would require transport of approximately
46,100 Ibs of water per year. The economic and logistic limitations of transporting
this amount of water to the ISS requires onboard recovery and reuse of the
aqueous waste streams (Carter et al., 1992; Carter et al., 1991).

Recycling the water aboard the ISS involves a series of treatment processes
to render the water potable. Four treatment technologies are utilized in the ISS
Water Processor. Water first passes through a 0.5-micron filter to remove
particulate matter. Next in the sequence, ion exchange resins and adsorption
media are combined in multifiltration beds for removal of ionic and organic

compounds. A schematic of a multifiltration (MF) bed is shown in Figure 1-1.
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Figure 1-1 - Schematic of a Multifiltration Bed



Table 1-1 describes the MF bed components and their functions. Catalytic

oxidation technology follows the MF beds to remove low molecular weight organics

not efficiently eliminated via adsorption. The various waste streams processed by

the ISS water processor include; 1) urine distillate, 2) waste and shower handwash

water, 3) humidity condensate, 4) oral hygiene and wet shave waste and 5) a

mixture of humidity condensate and evaporated urine from the Research Animal

Holding Facility (RAHF). Appendix | lists the major waste streams including their

known inorganic and organic compositions and expected concentrations (Carter et

al., 1992).

Table 1-1 - lon Exchange Resins and Adsorbents in an ISS Multifiltration

Bed
Media Function Media Description
MCV-RT Disinfection iodinated strong base anion, SBA,
exchange resin
IRN-150 Removal of anions | mixture of gel types strong acid cation,
and cations SAC, (IRN-77, H* form) and SBA (IRN-78,
OH" form)
IRN-77 Removal of cations | SAC gel exchange resin in the H" form
IRA-68 Removal of strong | weak base anion, WBA, gel exchange resin
and weak acids in the free base form
580-26 Removal of coconut-shell based activated carbon
nonpolar organics
APA Removal of bituminous-coal based activated carbon
nonpolar organics
XAD-4 Removal of polymeric adsorbent
nonpolar organics
IRN-150 Removal of anions | mixture of gel types SAC (IRN-77 , H" form)
and cations and SBA (IRN-78, OH" form)
IRN-77 Removal of cations | SAC gel exchange resin in the H" form




A mathematical model (MFBMODEL ™) designed to predict the performance
of a multifiltration (MF) bed was developed. MFBMODEL is a unified engineering
design tool capable of assessing the performance of a MF bed. MFBMODEL
consists of ion exchange models for describing the behavior of the different resin
types in a MF bed (e.g., mixed bed, strong acid cation, strong base anion, and
weak base anion exchange resins) and an adsorption model capable of predicting
the performance of the adsorbents in a MF bed. The ion exchange equilibrium
description for each of the ion exchange resin types within a MF bed is presented in
Chapter 2. Langmuir ion exchange equilibrium constants were fit using binary
isotherm data and verified with multicomponent isotherm predictions, as shown in
Chapter 2.

Multicomponent ion exchange equilibrium models that incorporate the water
formation reaction, electroneutrality condition, and degree of ionization of weak
acids and bases for mixed bed, strong acid cation, strong base anion, and weak
base anion exchange resins were developed and verified, as discussed in Chapter
3. The adsorption modeling approach was developed in related studies (Bulloch et
al., 1998; Hand et al., 1999) and application within the MFBMODEL framework is
demonstrated in Appendix X of this study.

This dissertation presents MF bed modeling results in which the model was
verified for a surrogate of the waste shower and handwash stream. Waste shower
and handwash water is the most prevalent and most contaminated waste stream
aboard the ISS. Consequently, it was assumed that if the performance of the ion
exchange and adsorption processes could be predicted using the MFBMODEL for
this stream, then the model should be able to predict the performance of the MF
bed in treating other waste water streams or their mixtures. A full scale
multifiltration bed column experiment was performed using the surrogate waste
shower and handwash water stream, which is termed an "ersatz" shower and
handwash wastewater. MFBMODEL, which combines the ion exchange and
adsorption models, was verified by comparing the model predictions to this full
scale data. lon exchange equilibrium modeling results for the ersatz shower and

handwash wastewater are presented in Chapter 3. Adsorption results are



presented in Appendix X. MFBMODEL has been designed for the Microsoft
Windows™ environment with a graphical user interface (GUI) in order to maximize
user-friendliness. The GUI consists of a front-end shell written in Visual Basic™ that
utilizes FORTRAN sub-programs in order to perform calculations. The GUI for
MFBMODEL is demonstrated in Appendix VII.

MFBMODEL was developed to enable engineers to predict the impact of
changing process variables on the performance of a multifiltration bed. The model
can also be used to simulate laboratory and pilot scale experiments and save the
time and cost of performing them. MFBMODEL is useful for determining the most
efficient design of a multifiltration bed by evaluating process variables such as the
time variable influent contaminant concentrations (including number and type of
contaminants), empty bed contact time (EBCT), sequence of the ion exchange
resins and adsorbents (including number and type) within a multifiltration bed or
multiple beds, and competitive interactions among ions and adsorbates.
MFBMODEL is able to simulate system performance when unexpected changes in
the feed streams occur (e.g., when a crew member is sick and a pharmaceutical
product is introduced into the system). This multifiltration bed model may be
extended to study a wide variety of terrestrial systems. For example, the model
could be applied in the fields of municipal drinking water treatment, industrial and
hazardous waste remediation, and pollution prevention.

There are situations in which it is necessary to account for mass transfer
effects when describing ion exchange resin performance. For this reason, a mass
transfer model capable of describing the performance of strong acid cation and
strong base anion exchange resins, but not including reaction effects, was
developed. This multicomponent mass transfer model, which is not included within
the MFBMODEL framework, was verified with binary and multicomponent column
data for strong acid cation and strong base anion exchange resins. The
multicomponent mass transfer model, termed the pore diffusion model (PDM), is

presented in Chapter 4.
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Chapter 2 - Binary Description and Multicomponent Prediction of lon .
Exchange Equilibrium for the International Space Station Water Processor

Abstract

An equilibrium description was developed for the ion exchange beds in the
International Space Station (ISS) Water Processor. Binary isotherm data were fit
to determine separation factors for strong acid cation (SAC) and strong base
anion (SBA) exchange resins and Langmuir ion exchange equilibrium constants
for weak base anion (WBA) exchange resin in the freebase form. Separation
factors determined from binary isotherms were used in a Langmuir
multicomponent equilibrium equation to predict multicomponent isotherms in
distilled/deionized water and in a multicomponent mixture consisting of an ersatz
water designed to mimic the ISS shower/handwash waste stream. The
separation factors determined for SAC and SBA exchange resins were able to
predict a mixed bed ion exchange isotherm.

lons studied are representative of the inorganics observed in the ISS
waste streams. Cations inlcuded in the study were sodium, potassium, calcium,
ammonium, and triethanolamine. Anions included in the study were chloride,

acetate, butyrate, bicarbonate, sulfate, an ionic soap (SCMT), lactate and iodide.

Keywords

ion exchange, equilibrium description, Langmuir equation, strong acid cation,
SAC, strong base anion, SBA, mixed bed, weak base anion, WBA, mixed bed

resin, multicomponent prediction, space, space station

" This chapter consists of a paper that will be submitted as part 1 of a two-part series of papers to
the Journal of Environmental Engineering. The work was completed by a team of David
Hokanson and Brooke Clancey. Clancey performed many of the the experiments that
generated the data used in the study.



1. Introduction

Water for drinking, food preparation, and hygiene accounts for over 90%
by weight of the basic consumables (water, oxygen, and food) required for
survival aboard the ISS. Support of a four person crew aboard the ISS would
require transport of approximately 46,100 Ibs of water per year with an additional
4,400 Ibs per year required for payloads. The technical and economic limitations
of this water transport require onboard recovery and reuse of the ISS aqueous
waste streams (Carter et al., 1991; Carter et al., 1992).

Recycling the water aboard the ISS involves various treatment processes
to render the water potable. Four treatment technologies, filtration, ion
exchange, adsorption, and catalytic oxidation are utilized in the ISS Water
Processor. Water first passes through a 0.5 micron filter to remove particulate
matter. lon exchange and adsorption media are combined in multifiltration beds
for removal of ionic and organic compounds. A schematic of the multifiltration
bed is shown in Figure 2-1. Catalytic oxidation technology follows the
multifiltration beds to remove low molecular weight organics not efficiently
eliminated via adsorption. The various waste streams processed by the ISS
Water Processor include waste shower and handwash, humidity condensate,
urine distillate, waste from oral hygiene and wet shaves, and a mixture of
humidity condensate and evaporated urine from the Research Animal Holding
Facility (RAHF).
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Figure 2-1 - Schematic of the Multifiltration Beds

A mathematical model designed to predict the performance of the
multifiltration bed was developed. Chapters 2 and 3 specifically address the
modeling of ion exchange processes in the multifiltration beds for removal of ions
in the waste shower and handwash streams. Waste shower and handwash
water is the most prevalent and most contaminated waste stream.
Consequently, it was assumed that if the performance of the ion exchange
processes could be predicted using a mathematical model for the
shower/handwash water, then the model would be able to describe the ion
exchange performance for other waste water streams. In conjunction with the
development of the ion exchange model, a model has been developed to predict
the performance of the adsorption media in the multifiltration beds (Bulloch et al.,
1998; Hand et al., 1999). The ion exchange and adsorption models were
integrated in order to predict the overall performance of the multifiltration unit.

This integrated model of the multifiltration unit in the ISS Water Processor may



be extended to model a wide variety of terrestrial systems. For example, the
model could be applied in the fields of municipal drinking water treatment,
industrial and hazardous waste remediation, and pollution prevention (Hand et
al., 1995).

The ion exchange resins in the multifiltration unit are shown in Figure 2-1
and include (1) an iodinated strong base anion (SBA) exchange resin (MCV-RT)
to control microbial growth within the multifiltration unit, (2) a strong acid cation
(SAC) gel type exchange resin (IRN-77), (3) a mixed bed resin (IRN-150)
consisting of a mixture of SAC (IRN-77) and SBA (IRN-78) gel type resins, and
(4) a weak base anion (WBA) gel type exchange resin (IRA-68). This chapter will
present equilibrium results for the IRN-77 SAC, IRN-78 SBA, IRN-150 mixed
bed, and IRA-68 WBA exchange resins and will verify a multicomponent
equilibrium description for these resins. Resin physical properties, equilibrium
constants and total resin capacities were determined for each ion exchange
resin.

Binary equilibrium data were used to determine equilibrium constants (i.e.,
separation factors) for sodium, potassium, calcium, ammonium and
triethanolamine for the IRN-77 SAC exchange resin; and chloride, acetate,
butyrate, sulfate, bicarbonate, an ionic soap and iodide for the IRN-78 SBA
exchange resin. The separation factors determined from binary equilibrium data
for IRN-77 SAC and IRN-78 SBA exchange resins were combined with a
multicomponent Langmuir equilibrium description and appropriate acid/base
chemistry to predict multicomponent competition in a distilled-deionized matrix
and in an ersatz (surrogate) shower/handwash waste stream. An IRN-150 mixed
bed ion exchange equilibrium isotherm with sodium and chloride was conducted
to verify that the separation factors of sodium and chloride determined from
binary IRN-77 SAC and IRN-78 SBA exchange isotherms could predict the
performance of IRN-150 mixed bed resin.

Binary equilibrium data were used to determine Langmuir ion exchange
equilibrium constants for chloride, acetate, butyrate, sulfate, lactate and an ionic

soap for the IRA-68 WBA exchange resin. A multicomponent isotherm with
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acetate and chloride was conducted and used to validate the multicomponent
equilibrium description for IRA-68 WBA exchange resin. The ion exchange
equilibrium description material presented in Chapter 2 builds upon the work of
Clancey (1995).

2. Materials and Methods

2.1 Chemicals and Resins

All chemicals were reagent grade or better. Sodium bicarbonate, calcium
chloride, potassium chloride, ammonium chloride, sulfuric acid, sodium chloride,
sodium acetate, acetic acid, hydrochloric acid, sodium hydroxide, sodium nitrate
and potassium iodide were obtained from Fisher Scientific (Fair Lawn, NJ). The
Aldrich Chemical Company (Milwaukee, WI) supplied: m-xylene, naphthalene,
toluene, trichloroethylene (TCE), 1,2,4-trichlorobenzene (1,2,4-TCB),
triethanolamine, sodium butyrate, sodium lactate, butyric acid, acetic acid
(sodium salt), and lactic acid. NASA Whole Body Shampoo, Formula #6503.45.4
was obtained from Ecolab Inc. (Mendota Hts., MN). The major constituent of
NASA Whole Body Shampoo is Sodium-N-methyl-N-"coconut oil acid" taurate
(SCMT). The manufacturer reports NASA Whole Body Shampoo is 98% pure,
24% by weight SCMT, 6.4 % by weight NaCl, and SCMT's molecular weight is
between 357 and 360. There is one fixed anionic charge per SCMT molecule.

The ion exchange resins for this study came from various sources.
UMQUA Research Company (Beaverton, OR) provided the MCV-RT, the IRN-
150 mixed bed and some of the IRN-77 SAC exchange resins. Additional IRN-
77 SAC and IRA-68 WBA exchange resins were purchased from Rohm and
Haas (Cherry Hill, PA). The IRN-78 SBA exchange resin was obtained directly
from muiltifiltration columns opened by NASA. IRN-150 mixed bed ion exchange
resin consists of 40% IRN-77 SAC exchange resin and 60% IRN-78 SBA
exchange resin by volume. The resins and their physical properties are listed in
Table 2-1. Distilled-deionized water was produced by distilling tap water and
further purifying it with a Milli-Q UV Plus Water System (Millipore Corp., Bedford,
MA).
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Prior to use, the resins were conditioned and converted to the forms listed
in Table 2-1 following procedures outlined by Rohm and Haas (1990). The
MCV-RT resin was used in the iodinated form as received. For the equilibrium
experiments, IRN-150 mixed bed resin was used as received from UMQUA. The
Amberlite IRN-78 SBA exchange resin was conditioned and converted with
solutions prepared under nitrogen to minimize the amount of atmospheric

bicarbonate contacting the resin.

2.2 Solution Preparation

Distilled-deionized water and salts of the exchanging ions were used to
make solutions of approximately 10 meq/L, which is representative of the
approximate ion concentration in the International Space Station water
processor. Table 2-2 lists the ions used for the equilibrium experiments. These
ions are representative of those found in the actual shower/handwash water. For
the WBA resin (IRA-68), the acid solutions of the ions were used to maintain the
operational pH of IRA-68 WBA exchange resin. Multicomponent solutions were
made with equal equivalent concentrations of the ions listed in Table 2-2. An
ersatz shower/handwash water, designed to mimic the adsorption potential of the
actual shower/handwash water, was made from ionic constituents which are
listed in Table 2-3 and from various organics (TCE, SCMT, m-xylene, toluene,
1,2,4-TCB and naphthalene) to obtain a TOC concentration equal to the average
TOC of the actual shower/handwash water.

The ersatz water was developed by applying a fictive component analysis
(FCA) to the actual shower/handwash water (Hand et al., 1999). Substitute
compounds and their concentrations were determined from adsorption isotherms
with the actual water. Large quantities of the ersatz water were needed.
Therefore, saturated solutions of the individual organic compounds were made.
These solutions were pumped into Tedlar bags (SKC Inc., Eighty Four, PA) to
minimize volatilization and the ionic species were injected directly into the bags.
For individual ersatz isotherms, the ion of interest was spiked to 10 meq/L while

the remaining ions were maintained at the concentrations given in Table 2-3.
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Table 2-1 - Physical Properties of the lon Exchange Resins in the Multifiltration Beds

Manu- Density (g/mL) Porosity
Resin | tocturer | TYP® | Form| o ik | Apparent | Apparent | o . . | Intra- Bulk
Dry Wet particle
St
| o | H | oss | o063 1.24 1.50 0.58 0.28
Amberlite | Rohm & Cation
IRN-77 Haas
(SAC) Na* | 0.81 0.61 1.15 1.34 0.55 0.30
Gel
Strong .
_ Base OH 0.79 0.56 1.1 1.11 0.49 0.28
Amberlite | Rohm & Ani
IRN-78 Haas nion
(SBA) cr 0.71 0.56 1.00 1.01 0.44 0.30
Gel
Weak _
| Base | oo | 072 | 039 1.02 0.94 0.58 0.29
Amberlite | Rohm & Anion ase
IRA-68 Haas
(WBA) cr 0.67 0.36 1.02 1.07 0.66 0.35
Gel
Mixed
Amberlite | Rohm & Bed H/
IRN-150 Haas (SAC / on | 079 0.53 1.08 1.19 0.55 0.27
SBA) Gel
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Table 2-2 - Representative lons for the Various Resins

Resin lons Studied

IRN-77 sodium, potassium, calcium, ammonium, triethanolamine

IRN-78 chloride, acetate, butyrate, bicarbonate, sulfate, SCMT,
iodide

IRN-150 sodium, potassium, chloride, acetate

IRA-68 chloride, acetate, butyrate, sulfate, lactate, SCMT

Table 2-3 - lons Present in the Shower/Handwash Water

lonic organic and inorganic constituents (concentration in meq/L)

Cation Concentration | Anion Concentration
Sodium 10.86 Chloride 5.86
Triethanolamine 0.09 Butyrate 0.73
Ammonium 0.37 Acetate 0.75
Calcium 0.18 Sulfate 0.46
Potassium 0.60 SCMT 2.14
Bicarbonate 0.67

*Differences in charge concentration are due to analytical error, anionic charge of SCMT and pH.

2.3 Chemical Analysis

Total organic carbon (TOC) and inorganic carbon (IC) measurements for
SCMT and bicarbonate were made with a Sievers Total Organic Carbon
Analyzer (Sievers, Inc., Boulder, CO). In the ersatz water the SCMT
concentration was defined by the difference between the actual TOC
concentration and the TOC contributions of the individual organic constituents.
The pH was determined using an Orion (Cambridge, MA) model 501 pH meter.
An Orion Sodium probe was used to determine some sodium concentrations
down to 10 ppm with the ion selective electrode (ISE) method outlined by Orion.
A Dionex ion chromatograph, DX500 (Sunnyvale, CA) was used for the majority

of ion measurements. Cations were analyzed with the lonPac CS12 4 mm
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analytical column and the anions were analyzed with the lonPac AS11 4 mm
analytical column and the lonPac AG11 guard column.

The iodine and iodide exchanged or leached from the MCV-RT were
measured with a residual chlorine probe (model 97-70) and an iodide probe
(model 94-53), both from Orion, based on the ISE chlorine determination method
outlined by Orion. Triiodide concentrations were measured
spectrophotometrically using a Perkin-Elmer 552 spectrophotometer (Norwalk,
CT).

2.4 Equilibrium Experiments

2.4.1 IRN-77 SAC Exchange Resin

Binary, multicomponent, and ersatz shower/handwash isotherms were
conducted with the ions listed in Table 2-2. Separation factors were determined
from the binary isotherms. The multicomponent and ersatz isotherms were
predicted using the separation factors. For individual ersatz isotherms, the ion of
interest was spiked to a level between 8 and 13 meq/L, which is higher than that
shown in Table 2-3 for each ion, while the remaining ions were maintained at a
level near the values reported in Table 2-3. Table 2-4 shows the initial
concentrations of all ions in the binary, multicomponent, and individual ersatz

isotherms for IRN-77 SAC exchange resin.

2.4.2 IRN-78 SBA Exchange Resin

Binary, multicomponent, and ersatz shower/handwash isotherms were
conducted with the ions listed in Table 2-2. Separation factors were determined
from the binary isotherms. The multicomponent and ersatz isotherms were
predicted using the separation factors. SCMT was not included in the
multicomponent isotherms. lodide was not included in the multicomponent or
ersatz isotherms. For individual ersatz isotherms, the ion of interest was spiked
to a level between 8.5 and 10.5 meqg/L, which is higher than that shown in Table
2-3 for each ion, while the remaining ions were maintained at a level near the

values reported in Table 2-3. Table 2-5 shows the initial concentrations of all
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ions in the binary, multicomponent, and individual ersatz isotherms for IRN-78
SBA exchange resin.

The equilibrium and kinetic experiments for the MCV-RT indicated that the
resin does not participate in ion exchange. Since there was very little ion
exchange observed, the MCV-RT was not modeled as an ion exchange resin.
MCV-RT releases iodide species while acting as a disinfectant. Consequently,

iodide was investigated with the IRN-78 resin.

2.4.3 IRN-150 Mixed Bed lon Exchange Resin

Equilibrium isotherms were performed on IRN-150 mixed bed resin for the
ions listed in Table 2-2. A multicomponent equilibrium isotherm was conducted
with sodium and chloride. The initial concentrations of sodium and chloride were
9.60 megq/L and 8.92 meq/L, respectively. The initial pH was 6.27. A binary
isotherm with acetate was conducted with initial acetate concentration of 1.19
meq/L and initial pH of 6.72. A binary isotherm with potassium was conducted

with initial potassium concentration of 1.53 meq/L and initial pH of 6.56.

2.4.4 IRA-68 WBA Exchange Resin

Binary isotherms were performed on IRA-68 WBA exchange resin in the
freebase form for the ions listed in Table 2-2. A multicomponent isotherm was
performed on IRA-68 WBA exchange resin in the freebase form for acetate and
chloride. Table 2-6 shows the initial concentrations corresponding to each resin
dosage for the chloride isotherms. Table 2-7 shows the initial concentrations
corresponding to each resin dosage for the sulfate isotherms. Table 2-8 shows
the initial concentrations corresponding to each resin dosage for the acetate
isotherms. The butyrate isotherms were performed with a constant initial
butyrate concentration of 3.76 meq/L and initial pH of 4.40. Table 2-9 shows the
initial concentrations corresponding to each resin dosage for the lactate
isotherms. Table 2-10 shows the initial concentrations corresponding to each

resin dosage for the SCMT isotherms.
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Table 2-4 - Initial Concentrations for Isotherms Performed on IRN-77 SAC

Exchange Resin

Binary Isotherm Data

Cation Isotherm Description | Presaturant Initial Initi
. nitial
lon Concentration H
(meg/L) P
Sodium Isotherm Data Set 1 Hydrogen 13.9 6.56
Isotherm Data Set 2 Hydrogen 1.27 6.63
Isotherm Data Set 1 Sodium 9.62 5.80
Potassium Isotherm Data Set 2 Sodium 1.53 6.86
Isotherm Data Set 3 Hydrogen 10.0 6.14
Calcium Isotherm Data Set 1 Sod?um 104 6.07
Isotherm Data Set 2 Sodium 8.60 6.19
Ammonium Isotherm Data Set 1 Sodium 3.30 6.42
Triethanolamine | Isotherm Data Set 1 Hydrogen 9.49 7.60
Multicomponent Isotherm Data
Cation Isotherm Description | Presaturant lon Initial Concentration
(meq/L)
Sodium 2.12
Potassium 1.94
gsqlfrl]lér:ium Multicomponent Hydrogen 1 gg
Triethanolamine 1.73
Hydrogen (pH) 8.60

Individual Ersatz Isotherm Data

Initial lon Concentration (meq/L)

Ersatz Cation Individual Ersatz Isotherm for lon:
Sodium Potassium Calcium Ammonium

Sodium 13.0 10.60 10.60 10.60
Potassium 0.41 9.99 0.41 0.41
Calcium 0.18 0.18 8.71 0.18
Ammonium 0.36 0.36 0.36 8.12
Triethanolamine 0.09 0.09 0.09 0.09
Hydrogen (pH) 7.70 7.70 7.70 7.70
Cqt 14.0 21.2 20.2 19.4

17




Table 2-5 - Initial Concentrations for Isotherms Performed on IRN-78 SBA

Exchange Resin

Binary Isotherm Data

Anion Isotherm Presaturant Initial
Description lon Concent oy
. Initial pH
ration
(meq/L)
Chloride Issgfr]]erm Data Hydroxide 10.5 6.56
Isotherm Data Chloride 10.6 6.46
Sulfate
Set 1
Isotherm Data Chloride 6.85 7.33
Acetate Set 1
Butyrate Isotherm Data Chloride 9.94 7.55
Set 1
Bicarbonate Isotherm Data Chloride 9.57 8.57
Set 1
SCMT Isotherm Data Chloride 2.27 7.07
Set 1
lodide Isotherm Data Chloride 13.0 6.37
Set 1
Multicomponent Isotherm Data
Anion Isotherm Presaturant Initial Concentration
Description lon (meq/L)
Chloride 2.08
Sulfate 2.14
Acetate . . 2.00
Butyrate Multicomponent | Hydroxide 01
Bicarbonate 2.08
Hydroxide (pH) 8.45

Individual Ersatz Isotherm Data

Ersatz Anion

Initial lon Concentration (meq/L)

Individual Ersatz Isotherm for lon:

Chloride | Bicarbonate | Acetate Butyrate
Chloride 8.80 7.52 7.52 7.52
Bicarbonate 0.29 5.23 0.29 0.29
Acetate 0.76 0.77 9.46 0.77
Butyrate 0.86 0.87 0.87 10.2
Sulfate 0.36 0.36 0.36 0.36
SCMT 2.14 2.14 2.14 2.14
Hydroxide (pH) 6.78 8.20 7.60 7.60
Cs 13.2 16.9 20.6 21.3
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Table 2-6 - Initial Concentrations for Chloride Isotherms Performed on IRA-

68 WBA Exchange Resin

Isotherm Data Set 1: Desired Equilibrium pH = 5.0

Bottle Mass of Resin Initial
Volume dry) Concentration Initial pH
(L) (g dry (meg/L)
0.0418 0.0170 10.1 3.23
0.0426 0.0349 8.35 2.99
0.0422 0.0557 6.64 2.80
0.0425 0.0729 5.07 2.74
0.0425 0.0908 4.52 2.69
0.0417 0.108 4.29 2.69
0.0432 0.124 3.96 2.68
0.0423 0.143 4.09 2.68
0.0426 0.178 4.04 2.69
0.0425 0.214 3.99 2.69
0.0422 0.287 3.92 2.67
0.0420 0.355 3.93 2.68
Isotherm Data Set 2: Desired Equilibrium pH = 6.0
Bottle Mass of Resin Initial
Volume d Concentration Initial pH
(L) (9 dry) (meg/L)
0.0421 0.0168 10.3 3.28
0.0427 0.0348 8.71 3.05
0.0427 0.0541 7.31 2.89
0.0418 0.0711 6.45 2.81
0.0424 0.0889 5.54 2.77
0.0433 0.110 5.33 2.75
0.0428 0.125 4.87 2.73
0.0414 0.143 4.79 2.71
0.0421 0.161 4.52 2.70
0.0417 0.196 4.63 2.70
0.0425 0.268 4.33 2.69
0.0423 0.357 4.15 2.69
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Table 2-6 (continued)

Isotherm Data Set 3: Desired Equilibrium pH = 6.5
Bottle Mass of Resin Initial
Volume d Concentration Initial pH

(L) (9 dry) (meg/L)
0.0427 0.0178 10.5 3.40
0.0434 0.0378 9.22 3.12
0.0424 0.0551 8.27 3.00
0.0425 0.0718 7.81 2.92
0.0419 0.0920 6.86 2.84
0.0417 0.108 5.94 2.80
0.0430 0.125 6.52 2.79
0.0432 0.144 5.65 2.76
0.0421 0.161 5.58 2.74
0.0424 0.197 5.13 2.73
0.0425 0.271 4.88 2.72
0.0426 0.356 4.48 2.70

Table 2-7 - Initial Concentrations for Sulfate Isotherms Performed on IRA-68
WBA Exchange Resin

Isotherm Data Set 1: Desired Equilibrium pH = 6.0
Bottle Mass of Resin Initial

Volume dry) Concentration Initial pH
(L) (9 dry (meg/L)

0.245 0.191 9.63 2.68
0.250 0.385 9.26 2.41
0.249 0.481 8.92 2.38
0.252 0.574 9.16 2.36
0.249 0.673 9.28 2.35
0.251 0.765 9.40 2.34
0.250 0.958 9.42 2.34
0.250 1.15 9.16 2.35
0.252 1.53 8.96 2.36
0.251 1.92 9.21 2.35

20



Table 2-7 (continued)

Isotherm Data Set 2: Desired Equilibrium pH =7.0

Bottle Mass of Resin Initial
Volume d Concentration Initial pH
(L) (9 dry) (meg/L)

0.255 0.0969 10.1 2.97
0.250 0.196 10.0 2.74
0.250 0.292 9.71 2.58
0.251 0.393 9.85 2.49
0.247 0.490 9.21 2.45
0.251 0.588 9.36 2.42
0.249 0.686 9.14 2.41
0.249 0.787 9.45 2.38
0.249 0.882 9.37 2.38
0.247 1.08 9.40 2.37
0.252 1.47 8.65 2.39
0.250 1.97 9.49 2.36

Isotherm Data Set 3: Desired Equilibrium pH =7.5

Bottle Mass of Resin Initial
Volume dry) Concentration Initial pH
(L) (g dry (meg/L)

0.250 0.0956 10.0 3.04
0.250 0.194 10.2 2.81
0.250 0.386 9.79 2.59
0.250 0.480 9.60 2.54
0.254 0.577 9.83 2.48
0.253 0.674 10.2 2.44
0.249 0.774 9.77 2.43
0.251 0.960 9.40 2.42
0.249 1.15 9.49 2.40
0.250 1.44 9.36 2.39
0.252 1.91 9.78 2.36
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Table 2-8- Initial Concentrations for Acetate Isotherms Performed on IRA-68
WBA Exchange Resin

Isotherm Data Set 1: Desired Equilibrium pH = 5.0

Bottle Mass of Resin Initial
Volume dry) Concentration Initial pH
(L) (g dry (meg/L)

0.252 0.100 4.49 4.65
0.245 0.209 3.23 4.43
0.251 0.309 1.97 4.15
0.249 0.420 1.16 3.87
0.248 0.506 0.756 3.67
0.248 0.616 0.581 3.55
0.249 0.834 0.504 3.49
0.250 1.01 0.503 3.49
0.251 1.32 0.437 3.43
0.250 1.68 0.448 3.43
0.250 2.09 0.438 3.42

Isotherm Data Set 2: Desired Equilibrium pH = 5.5

Bottle Mass of Resin Initial
Volume dry) Concentration Initial pH
(L) (g dry (meg/L)
0.0421 0.0177 6.81 5.01
0.0422 0.0367 5.22 4.71
0.0422 0.0548 3.63 4.47
0.0424 0.0729 2.43 4.20
0.0374 0.0923 1.62 4.00
0.0406 0.109 1.22 3.86
0.0382 0.127 1.00 3.78
0.0424 0.146 0.886 3.72
0.0424 0.183 0.780 3.64
0.0428 0.218 0.691 3.60
0.0419 0.273 0.643 3.57
0.0419 0.362 0.602 3.54
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Table 2-8 (continued)

Isotherm Data Set 3: Desired Equilibrium pH = 6.0
Bottle Mass of Resin Initial

Volume d Concentration Initial pH
(L) (9 dry) (meg/L)

0.250 0.202 5.52 4.86
0.251 0.301 4.13 4.61
0.248 0.394 3.13 4.41
0.245 0.494 2.33 4.24
0.251 0.595 1.90 4.13
0.247 0.693 1.55 4.03
0.247 0.792 1.37 3.96
0.253 0.989 1.02 3.81
0.251 1.19 0.874 3.74
0.250 1.48 0.742 3.66
0.252 1.97 0.607 3.58

Table 2-9- Initial Concentrations for Lactate Isotherms Performed on IRA-68
WBA Exchange Resin

Isotherm Data Set 1: Desired Equilibrium pH = 5.0

Bottle Mass of Resin Initial
Volume dry) Concentration Initial pH

(L) (g dry (meg/L)
0.250 0.0955 9.04 4.39
0.250 0.214 8.12 3.96
0.247 0.306 7.02 3.56
0.248 0.411 5.46 3.24
0.249 0.507 4.65 3.06
0.247 0.606 4.20 2.99
0.250 0.716 4.06 2.97
0.250 0.804 4.05 2.96
0.250 1.00 4.02 2.96
0.249 1.33 4.15 2.97
0.250 1.60 4.1 2.97
0.251 2.05 3.93 2.95
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Table 2-9 (continued)

Isotherm Data Set 2: Desired Equilibrium pH = 5.5

Bottle Mass of Resin Initial
Volume d Concentration Initial pH
(L) (9 dry) (meg/L)
0.0428 0.0187 10.1 4.44
0.0439 0.0387 9.09 4.09
0.0429 0.0576 8.42 3.80
0.0426 0.0761 7.59 3.52
0.0417 0.0947 6.34 3.34
0.0421 0.114 5.78 3.17
0.0383 0.134 5.63 3.16
0.0390 0.152 5.53 3.10
0.0426 0.170 5.47 3.08
0.0371 0.210 5.13 3.05
0.0431 0.286 5.44 3.00
0.0430 0.382 5.27 3.00

Isotherm Data Set 3: Desired Equilibrium pH = 6.0

Bottle Mass of Resin Initial
Volume dry) Concentration Initial pH
(L) (g dry (meg/L)

0.249 0.0989 9.00 4.49
0.249 0.198 9.26 4.00
0.253 0.301 8.38 3.78
0.249 0.395 7.54 3.58
0.252 0.496 6.71 3.41
0.249 0.597 6.03 3.30
0.252 0.698 5.69 3.22
0.247 0.792 5.46 3.19
0.251 0.893 5.47 3.16
0.248 1.09 4.73 3.05
0.253 1.49 4.66 3.01
0.249 1.99 4.27 2.96
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Table 2-10- Initial Concentrations for SCMT Isotherms Performed on IRA-68
WBA Exchange Resin

Isotherm Data Set 1

Bottle Mass of Mass of Initial
Volume | IRA-68 Resin | IRN-77 Resin Concentration Initial pH
(L) (g dry) (g dry) (meq/L)
0.222 0.0941 0.0637 1.32 7.12
0.214 0.0919 0.0718 1.32 7.12
0.231 0.0947 0.0814 1.32 7.12
0.232 0.0902 0.0864 1.32 7.12
0.227 0.0959 0.0912 1.32 7.12
0.220 0.0957 0.0956 1.32 7.12
0.221 0.0936 0.0995 1.32 7.12
0.230 0.0962 0.105 1.32 7.12
0.236 0.0896 0.108 1.32 7.12
0.222 0.0922 0.118 1.32 7.12
0.226 0.0937 0.127 1.32 7.12
0.218 0.0915 0.156 1.32 7.12
0.237 0.0935 0.183 1.32 7.12
Isotherm Data Set 2
Bottle Mass of Mass of Initial
Volume | IRA-68 Resin | IRN-77 Resin Concentration Initial pH
(L) (g dry) (g dry) (meq/L)

0.228 0.0479 0.0370 1.33 7.12
0.249 0.0484 0.0464 1.33 7.12
0.234 0.0495 0.0570 1.33 7.12
0.226 0.0484 0.0595 1.33 7.12
0.221 0.0469 0.0635 1.33 7.12
0.239 0.0483 0.0670 1.33 7.12
0.225 0.0461 0.0729 1.33 7.12
0.223 0.0472 0.0777 1.33 7.12
0.226 0.0491 0.0821 1.33 7.12
0.215 0.0467 0.0909 1.33 7.12
0.233 0.0473 0.102 1.33 7.12
0.217 0.0480 0.130 1.33 7.12
0.233 0.0510 0.156 1.33 7.12
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2.4.5 Resin Physical Properties and Total Resin Capacity

The resin physical property determination was performed as outlined by
Sontheimer et. al. (1988). The total capacity of the resin was determined as
outlined by Rohm and Haas (1990). An apparent capacity was determined by
globally fitting the equilibrium data for each resin. The physical properties were

used to convert mass of resin to volume of resin or bed.

2.5 Isotherm Procedure

Bottle point isotherms were used for the equilibrium experiments. For the
IRN-77 SAC, IRN-78 SBA and IRN-150 mixed bed ion exchange isotherms, the
initial liquid phase concentration (see Tables 2-4 and 2-5) was held constant
while resin dosages were varied. The IRA-68 WBA exchange isotherm with
butyrate was performed in the same manner. For IRA-68 WBA exchange
isotherms with chloride, sulfate, acetate and lactate, the initial ion concentrations
(see Tables 2-6 through 2-9) were varied in a manner intended to attain
equilibrium pH values in the operational range of the IRA-68 WBA exchange
resin between pH 4 and pH 7. For the SCMT isotherms on IRA-68 WBA
exchange resin, the initial concentration was held constant at 1.3 meq/L (see
Table 2-10) and IRN-77 SAC exchange resin in the hydrogen form was placed in
the isotherm bottle in addition to IRA-68 WBA exchange resin in the freebase
form in order to attain equilibrium pH values in the operational pH range of the
IRA-68 WBA exchange resin between pH 4 and pH 7.

The amount of presaturant ion not associated with exchange sites was
determined from two isotherm points with only distilled-deionized water and resin.
This background presaturant concentration was included in the isotherm mass
balance when determining solid phase concentrations.

The water content or percent solids was determined by drying samples at
110°C for 4 hours with cooling in a desiccator. IRN-78 SBA exchange resin in
the hydroxide form was air dried and then placed in a desiccator over
phosphorous pentoxide to constant weight to avoid thermal degradation of the

resin (Bolto and Pawlowski, 1987).
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The bottles were filled leaving no head space, capped with Teflon
septums, and tumbled (14 rpm) at room temperature for 24 hours. After
equilibration, the pH and concentrations of the ions of interest were determined.
The solid phase concentrations were determined via mass balances on each
bottle.

lonic equilibria of the weak acids and bases were used to calculate the
ionized fraction of the exchanging ions. The liquid and solid phase activity was
assumed to equal the molar concentrations. The ionized concentration of the

weak acids was calculated from:

[A]= [CT,j] (2-1)

L]

Ka

The ionized concentration of ammonium and triethanolamine was calculated

from:
A _Cral
[AT]=—— (2-2)
1+ —2-
[H']
Table 2-11 lists the acid/base equilibrium constant (K, ) of each species.

Table 2-11 - Acid/Base Equilibrium Constants (pK,)

Acid/Base pK,
Acetic Acid 4.75
Butyric Acid 4.81
Lactic Acid 3.08
Ammonium 9.3
Triethanolamine 9.5
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3. Equilibrium Description Development

Complete details on the equilibrium description development are presented in

Appendix II.
3.1 SAC and SBA Exchange Resins

3.1.1 Binary Isotherm Fitting

A Langmuir equation can be used to determine equilibrium constants for
SAC and SBA exchange resins, which are represented as separation factors
(Helfferich, 1962; Kunin, 1990; Lopez et al., 1992; Clifford, 1976). When only
monovalent ions are considered, the separation factor is equal to the selectivity
and, at equilibrium, is defined as:

_ G _Yix

o= (2-3)
J Ciq; xVY,

where q represents the equivalent resin phase concentration for ions i and j and
C represents the equivalent liquid phase concentration for ions i and j (where |
denotes the counter ion and j represents the presaturant ion). Dimensionless

equivalent fractions are defined as:

R X = (2-4)

i q;
y=2 y,= (2-5)

In this study, divalent ions were assumed to have constant separation factors,
which does not sacrifice the validity of the equilibrium description (Subramonian
and Clifford, 1988).

The separation factors were determined by fitting the binary isotherm data

with the following equations, setting the binary Langmuir equation (y,,...;) equal

to the mass balance on a bottle point isotherm (y,,,;) for that ion:

28



C,-C
ydata,i = [CI\;I- a VB j X [ = : ] (2'6)
Xqr

__ X (2-7)

ymodel,i = j
X+ XjOﬂiJ

ydata,i = ymod el =
CixVe 5 C,-C _ Xi (2-8)
M X qT CT Xi + XJ (XIJ

An objective function which represents the normalized root mean square

error (i.e. each data point is equally weighted) was minimized to fit the binary
equilibrium data. The root mean square error (RMSE) is calculated as follows for

each isotherm data set:

Z ( Ydataj ~ Ymodeli jz

ydata,i

RMSE, =
Ndata -1

(2-9)

in which N, is the number of data points in an individual isotherm. The objective

function, f,,;, which represents the sample deviation, is defined as:

NSET

). RMSE,

f = 2-10
ob) NSET ( )

in which NSET is the number of isotherm sets simultaneously being fit. The
objective function was minimized by adjusting the separation factor (o). For the
SAC exchange resin isotherm fitting, the total resin capacity was held constant at
the experimental value. For the SBA exchange resin isotherm fitting, the total
resin capacity was treated as a fitting parameter.

The objective function was minimized using the Microsoft Excel®
spreadsheet solver, which was developed by Frontline Systems Inc.

(http://www.frontsys.com). The solver nonlinear programming algorithm utilizes
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the generalized reduced gradient (GRG) method as implemented in Lasdon and
Waren's GRG2 code (Lasdon et al., 1978; Lasdon and Smith, 1992).

3.1.2 Multicomponent Isotherm Prediction

For multicomponent ion exchange, the Langmuir equation was expanded:

y=—2 (2-11)

2 (xiox)

k=i

To predict bottle point multicomponent ion exchange, the multicomponent
Langmuir equation for each ion is set equal to the mass balance equation for that
ion.

E(Ci,o -C)= .Y (2-12)

v 3 (Coot)

k=i

The equilibrium liquid phase presaturant ion concentration was determined from
a mass balance on the resin solid phase. These equations are solved
simultaneously using the Levenberg-Marquardt method within Mathcad 8
Professional (Mathsoft, Inc. 1998).

Separation factors are expressions of the ratio between the solid and
liquid phase concentrations of two ions as shown in Equation 2-3. To predict
multicomponent ion exchange equilibrium, the separation factors must be
expressed in terms of a common reference ion. Separation factors can be

converted to different reference ions by use of the following relationship:

o - O = 0y (2-13)

The method described above for the multicomponent predictions was also
used to predict the individual ersatz shower/handwash water isotherms with
Mathcad.
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3.2 Mixed Bed lon Exchange Resins

3.2.1 Multicomponent Isotherm Prediction

The IRN-150 mixed bed resin is a mixture of IRN-77 SAC exchange resin
in the hydrogen form and IRN-78 SBA exchange resin in the hydroxide form.
The hydrogen and hydroxide ions released by IRN-150 mixed bed resin during
exchange react to form water which decreases the total liquid phase ionic
concentration. The Langmuir equation for IRN-77 SAC and IRN-78 SBA
exchange resins (see Equation 2-11) was used to describe IRN-150 mixed bed
ion exchange by including the water formation reaction, which is written in terms

of molar concentrations as:

[H*][oH]=10" (2-14)

and an equation to account for electroneutrality:
ZCcations = ZCanions (2'1 5)

These equations were solved simultaneously to describe the ion exchange
equilibrium of IRN-150 mixed bed resin in the hydrogen/hydroxide form using the
Levenberg-Marquardt method within Mathcad (Mathsoft, Inc. 1998).

3.3 WBA Exchange Resins

3.3.1 Isotherm Fitting

The WBA isotherms were fit using a similar approach to the method used
for the SAC and SBA exchange resins. The Langmuir equilibrium relationship
representing resin phase concentration in terms of liquid phase concentration for
a WBA exchange resin in the freebase form is presented below for a single ion.

_9b GG

= 2-16
qH| 1+CH bi Ci ( )

in which q,; represents resin phase acid concentration (meqg/g), g, equals total

resin capacity (meq/g), C, equals liquid phase hydrogen ion concentration
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(meq/L), C,, C, represent liquid phase anion concentrations (meqg/L), and b,

represents Langmuir equilibrium exchange rate constant for ion i (L>’meg?).
The mass balance equation for an isotherm bottle point in dimensioned

form is:

G =—2(C,p - C)) (2-17)

where Vj; is the liquid volume, M is the mass of resin, and C,, is the initial
equivalent liquid phase concentration of ion i. The Langmuir equilibrium ion
exchange rate constants were determined by fitting the single ion isotherm data
with the following equation, setting the single ion Langmuir equation (Equation
2-16) equal to the mass balance on a bottle point isotherm for that ion (Equation

2-17):

ﬁ(cm _Ci) _9r b C,, G, (2-18)
Mt 1+C,b,C,

The obijective function used to fit the data was based on sample deviation.

The resin phase concentrations determined from Equation 2-16 (q,,.4; ) Were

compared to the measured resin phase concentrations from Equation 2-17

(Qgate; ) to determine the root mean squared error (RMSE ) for each isotherm:

Z(qdata,i - qmodel,i ]2

qdata,i
N 1

RMSE, =

(2-19)

data

in which N,... is the number of data points in an individual isotherm. The

data

objective function (f,,;), which is the sample deviation, is defined in Equation 2-10

above. The objective function was minimized using the Microsoft Excel solver by
adjusting the Langmuir equilibrium exchange constant (b ). For the WBA
exchange resin isotherm fitting, the total resin capacity was held constant at the

experimental value.
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3.2.2 Multicomponent Isotherm Prediction

For multicomponent ion exchange, the Langmuir equation was expanded:

qu — qT bi CH Ci (2_20)

1+C, (ibk Ck]

k=1

in which q,; represents resin phase acid concentration (meq/g), g, equals total
resin capacity (meq/g), C,, equals liquid phase hydrogen ion concentration
(meq/L), C,, C, represent liquid phase anion concentrations (meg/L), and b,, b,
represent Langmuir equilibrium exchange rate constants (L2/meq2). To predict
bottle point multicomponent ion exchange, the multicomponent Langmuir
equation for each ion is set equal to the mass balance equation for that ion.

\Y 9 b, G, G

—8(Ci,—Ci) = 1+C, (zn“bk Ck]

M
k=t

(2-21)

These equations are solved simultaneously with Mathcad 8 Professional
(Mathsoft, Inc. 1998) using the Levenberg-Marquardt method.
Based on the definition of separation factor, the Langmuir equilibrium

exchange rate constant (b, ) can be related to separation factor as follows:

ol = (2-22)
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Table 2-12 - Total Capacities for Each Resin in Various Forms

M Experimental Total Capacity Fitted Apparent Capacity
. anu-
Resin | o turer | TYPE | Form | meq/ meq / meq/g | meq/ | meq/mL| meq/g
mL bed | mL resin | dry resin | mL bed resin dry resin
SK;SQ H* 2.2 3.1 5.00 2.0 3.0 4.72
Amberlite | Rohm & Cation
IRN-77 Haas
(SAC) Na* 1.9 2.7 4.50 N/A
Gel
Sé;%lg OH N/A 0.96 1.5 2.64
Amberlite | Rohm & Anion
IRN-78 Haas
(SBA) Cr 1.4 2.0 3.56 1.4 2.0 3.58
Gel
Weak
. Base
Amborhe | Ronm & 1 anion | (o] 1.3 19 4.89 16 2.2 5.7
(WBA)
Gel
Mixed
Amberlite | Rohm & Bed H*/
IRN-150 | Haas | (SAc/ | on | 086 1.2 222 N/A
SBA) Gel
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Table 2-13 - Comparison of Experimental Total Capacities and Fitted Apparent Capacities with
Manufacturer's Reported Capacity for Each Resin in Various Forms

. \ Capacity
Experimental Fitted Apparent
. Manu- - . Reported by the
Resin facturer Type Form | Total Capacity Capacity Manufacturer
(meg/mL resin) (meqg/mL resin) (meg/mL resin)
SK;SQ H* 3.1 3.0 26
Amberlite | Rohm & Cation
IRN-77 Haas
(SAC) Na* 2.7 N/A N/A
Gel
SBt;Zrég OH N/A 15 17
Amberlite | Rohm & Anion
IRN-78 Haas
(SBA) CI 2.0 2.0 N/A
Gel
Weak
. Base
Amborhe | Ronm & | anion | ree 19 2.2 24
(WBA)
Gel
Mixed
Amberlite | Rohm & Bed H/
IRN-150 | Haas | (SAC/ | OH 12 N/A 0.82
SBA) Gel
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4. Results and Discussion

Table 2-12 shows two different total capacities for each resin in the
multifiltration unit: the experimentally determined total capacity and a fitted total
capacity. The fitted capacities were determined by globally fitting the equilibrium
data for each resin. Table 2-13 compares the experimentally determined total
capacities and fitted total capacities with the manufacturers’ reported total
capacity for each resin in a representative form. In all cases, the capacities
compare favorably.

The objective function (see Equation 2-10) determined the sample
deviation of the isotherms for each resin. If there were an infinite amount of data,
68% of it would fall between plus or minus the percent of the reported value

determined by the objective function.

4.1 IRN-77 SAC and IRN-78 SBA Exchange Resins

Table 2-14 summarizes the separation factors determined for the IRN-77
SAC exchange resin. The separation factors compare well with literature values
except for the calcium ion. Variation is to be expected when comparing resins
produced by different manufacturers because the site spacing of the resin’s
exchange sites may be different, which greatly affects the selectivity of divalent
ions (Subramonian and Clifford, 1988), such as calcium. Table 2-14 shows the
95% confidence interval (Draper and Smith, 1981) for each separation factor
determined for IRN-77 SAC exchange resin.

Table 2-15 summarizes the separation factors for the IRN-78 SBA
exchange resin which were determined from the binary isotherm data using the
fitted total capacities given in the Table 2-15. Binary isotherms performed in the
hydroxide form showed lower total capacities than the chloride form. This lower
capacity for the hydroxide form is supported by literature (Lopez et al., 1992).
SCMT also exhibits a lower capacity which may be due to steric hindrance.
Table 2-15 shows that the objective function determined from Equation 2-10 is
equal to 0.183 for the IRN-78 SBA exchange resin. Except for iodide, the

separation factors found in this study compare closely to those reported in the
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Table 2-14 - Separation Factors for IRN-77 SAC Exchange Resin

Separation Factor (o)
lon, i Experimental
Best 95% Confidence Literature®
Fit Interval

Sodium (Na) 1.68 1.45< aﬂa <1.85 1.5
Potassium (K) 2.15 1.92< aﬁ <241 2.5
Calcium (Ca) 59.1 44.2 < aga <82.3 2.8
Ammonium (NH,) 1.72 1.32< azw <1.89 1.9
Triethanolamine (Tri) 0.979 0.761< o/ <1.24 N/A

“Literature values from Clifford (1999)

Table 2-15 - Separation Factors and Apparent Capacities for IRN-78 SBA
Exchange Resin

lon. i Separation Factor (o) Apparent Capacity

on, 1 (meq/mL bed CI form)
Experimental Literature

Chloride (Cl) 16.7 16.7-22% 0.96 (OH form)

Sulfate (SO4) 149 152" 1.4

Acetate (Ac) 1.99 2.33-3.2* 1.4

Butyrate (But) 3.21 4.3 1.4

Bicarbonate 4.99 4.5-6.0" 1.4

(HCO3)

lodide 638 175" 1.4

SCMT 214 N/A 1.2

Objective

Function (f,;) 0.183

?Literature values from Diamond Shamrock Chemical Company (1969)
Literature values from Crittenden et al. (1992)
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literature, as shown in Table 2-15. The amount of iodide exchange exceeded the
total capacity of the resin indicating that iodide is highly preferred compared to
the other ions. This high preference for iodide is supported by the literature
(Hatch et al., 1980; Lambert et al., 1980). However, the amount of iodide
contacting the IRN-78 resin will be insignificant compared to the amount of
anionic exchange resin (Muckle, 1990).

Figure 2-2 compares the binary, multicomponent, and ersatz data with the
model predictions for sodium exchange onto the hydrogen form of IRN-77 SAC
exchange resin. Figure 2-2 shows that when using separation factors from Table
2-14, Equation 2-11 (which incorporates the multicomponent Langmuir
equilibrium expression) was able to predict the sodium exchange in both the
multicomponent and ersatz isotherms. Figure 2-2 is representative of the IRN-77
SAC exchange data and predictions for the other cations listed in Table 2-2.

Figure 2-3 compares the binary, multicomponent, and ersatz data with the
model predictions for chloride exchange onto the hydroxide form of IRN-78 SBA
exchange resin. Figure 2-3 illustrates that when using separation factors from
Table 2-15, Equation 2-11 (which incorporates the multicomponent Langmuir
equilibrium expression) was able to predict the chloride exchange for the
multicomponent isotherm, but predicted a higher chloride exchange for the ersatz
isotherm. A probable cause for the poor prediction of the ersatz isotherm is that
the apparent separation factor for SCMT could be larger than the experimentally
determined value either because the charge on the SCMT was underestimated
or because SCMT fouls the resin. In addition, there are other organics in the
ersatz water which could potentially foul the ion exchange resin thereby
decreasing the number of exchange sites available. Similar results were

obtained for the other anions.
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4.2 |IRN-150 Mixed Bed lon Exchange Resin

The IRN-150 mixed bed resin is a mixture of IRN-77 SAC exchange resin
in the hydrogen form and IRN-78 SBA exchange resin in the hydroxide form.
The hydrogen and hydroxide ions released by IRN-150 mixed bed resin during
exchange react to form water. The formation of water decreases the total liquid
phase ionic concentration and improves the removal of all ions. The separation
factors for the IRN-77 SAC and IRN-78 SBA exchange resins (see Tables 2-5
and 2-6, respectively) were used to predict IRN-150 mixed bed ion exchange, in
the presence of sodium and chloride only, by including the water formation
reaction. Figure 2-4 shows the prediction of the exchange of sodium and
chloride with IRN-150 mixed bed resin. The data is plotted in terms of
concentrations rather than equivalent fractions since the formation of water
keeps the equivalent liquid phase fraction at unity. Figure 2-4 shows that when
using the separation factors from the IRN-77 SAC and IRN-78 SBA exchange
resins for sodium and chloride, respectively, the Langmuir multicomponent model

was able to predict the ion exchange equilibrium for IRN-150 mixed bed resin.

4.3 IRA-68 WBA Exchange Resin

Table 2-16 summarizes the Langmuir ion exchange equilibrium constants

(b, values) determined for the IRA-68 WBA exchange resin. There are no values

available in the literature for comparison. However, it is reported that WBA
resins prefer acids of higher valence, larger ionic radius (smaller hydrated
radius), complex molecular structure and higher strength (Diamond Shamrock
Chemical Company, 1969). The Langmuir ion exchange equilibrium constants
shown in Table 2-16 follow this sequence except for the weak organic acids
(butyrate, acetate, lactate). Table 2-16 shows that the objective function
determined from Equation 2-10 is equal to 0.228 for the IRA-68 WBA exchange

resin.
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Table 2-16 - Langmuir Equilibrium lon Exchange Rate Constants (b,) and
Separation Factors (o) for IRA-68 WBA Exchange Resin and Acid pK,
Values

lon, i v /rt:qu) o, oK.
Chloride (CI) 1.06x10° 1 -3
Sulfate (SO4) 1.47 x10* 13.9 -3
Acetate (Ac) 588 0.555 4.75
Butyrate (But) 541 0.510 4.81
Lactate (Lac) 382 0.360 3.08
SCMT 3.44 x10* 324 -3
Objective Function (f,,) 0.228
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Figure 2-5 compares the IRA-68 WBA exchange resin in the freebase
form isotherm data for lactate with Langmuir model predictions. The Langmuir
model predictions are plotted in terms of constant pH isopleths generated using

the Langmuir ion exchange equilibrium constant for lactate (b,,. =382) in Table

Lac
2-16 in Equation 2-20. Figure 2-5 also shows the equilbrium pH values of each
isotherm data point. The ionized portions of the acids were calculated using
Equation 2-1. The equilibrium data is presented in terms of concentrations rather
than equivalent fractions because only the anion added to solution was present
since the hydroxide concentration is negligible for the freebase form of the resin.
Figure 2-5 also shows the approximate pH at which the exchange capacity
begins to decrease for lactate. By comparing the equilibrium pH values for each
data point with the model predictions represented by the constant pH isopleths, it
is clear from Figure 2-5 that the fit value of Langmuir ion exchange equilibrium

constant for lactate (b,.. = 382) results in good agreement between the isotherm

Lac
data and model predictions for the lactate exchanging with IRA-68 WBA
exchange resin in the freebase form. Figure 2-5 is representative of the IRA-68
WBA exchange data and predictions for the other anions listed in Table 2-2.

A multicomponent (chloride and acetate) isotherm with the freebase form
of IRA-68 WBA exchange resin was conducted to validate the WBA
multicomponent equilibrium description. The initial concentration of chloride was
1.02 meg/L. The initial acetate ion concentration was 0.12 meq/L compared to
the total acetate concentration of 8.11 meqg/L. Figure 2-6 compares the
measured liquid phase concentrations of chloride and acetate to the values
predicted using the exchange constants from Table 2-16 and Equation 2-20.
Figure 2-7 compares the measured solid phase data for chloride and acetate to
the predicted values. The model predicts a higher solid phase concentration and
lower aqueous phase concentration for both chloride and acetate than is
observed. When there are more ions in solution than there are sites (low resin
dosages), the model is able to predict the data. However, when there is an
excess of sites available, the model predicts a higher removal of chloride and

acetate than is observed. The solid phase concentrations were determined using
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Equation 2-17. For chloride the variation in measured (0.2 meq/L) and predicted
(0.02) equilibrium aqueous phase concentrations is small compared to the initial
aqueous phase concentration (1.02 meq/L). Therefore, it appears that the solid

phase chloride concentrations are better predicted than the liquid phase chloride

concentrations.

4.4 MCV-RT

The equilibrium experiments for the MCV-RT indicated that the resin does
not participate in ion exchange. Since there was very little ion exchange
observed, the MCV-RT was not modeled as an ion exchange resin.

5. Conclusion
Binary isotherms were performed on the IRN-77 SAC, IRN-78 SBA, IRA-

68 WBA, and IRN-150 mixed bed ion exchange resins. Separation factors for
the IRN-77 SAC and IRN-78 SBA exchange resins were successfully determined

from the binary isotherms. Langmuir ion exchange equilibrium constants have
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been determined for IRA-68 WBA exchange resin from the binary isotherms.
Comparisons of the ion exchange equilibrium data for IRA-68 WBA exchange
resin with model predictions represented by constant pH isopleths showed that
the Langmuir ion exchange equilibrium constants determined were able to
successfully describe the data.

The Langmuir multicomponent equilibrium expression predicted five- and
six-component isotherm data for the IRN-77 SAC and IRN-78 SBA exchange
resins, respectively. The separation factors determined for the IRN-77 SAC and
IRN-78 SBA exchange resins were able to predict equilibrium for the IRN-150
mixed bed resin by coupling the water formation reaction with the binary
Langmuir equilibrium expression for each ion.

The Langmuir multicomponent equilibrium expression was able to predict
the ion exchange in the ersatz water for IRN-77 SAC exchange resin and
overpredicted the ion exchange for IRN-78 SBA exchange resin. The impact of
SCMT exchange and possible organic contaminant fouling may cause the
overprediction.

The Langmuir multicomponent equilibrium expression predicted a higher
solid phase concentration and a lower aqueous phase concentration than was
observed in the data for both anions present in a multicomponent isotherm for
IRA-68 WBA exchange resin. The Langmuir expression was able to predict the
exchange for low resin dosages when there are more ions in solution than sites

available, but not when there were excess sites available.
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8. Nomenclature

b, Langmuir equilibrium exchange rate constant for ion i (L° eq?)
[A*], [A] Cation (A") or anion (A™) concentration (molL™")

D' Conions Sum of equivalent liquid phase anion concentrations (eq L)

Y Cerions Sum of equivalent liquid phase cation concentrations (eq L*)

Cy Equivalent liquid phase hydrogen ion concentration (eq L*)

G, C Equivalent liquid phase concentration of ion i and ion j respectively
(eqL?)

Ci, Initial equivalent liquid phase concentration of ion i (eq L)

C; Total liquid phase equivalent concentration of ions (eq L*®)
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Cra Total concentration of A (eq L®)

fon; Objective function, which represents the sample deviation.

[H'] Hydrogen ion concentration (molL™)

K, Acid/base equilibrium constant

m Number of ions in the system

M Mass of Resin (M)

Noata Number of data points in an individual isotherm.

NSET Number of isotherm sets being simultaneously fit.

[OHT] Hydroxide ion concentration (molL™)

Ugata Resin phase equivalent fraction of ion i determined from a mass
balance on a bottle point isotherm (eqM™).

(o1 Resin phase acid concentration (eqM™)

Qrmodel, Resin phase equivalent fraction of ion i determined from the single
ion Langmuir equation (eqM™).

RMSE, Root mean square error of isotherm data set, i

Vs Resin bed volume (L*)

Xi, X Dimensionless liquid phase equivalent fractions of ions i and |,
respectively

Y gata Dimensionless resin phase equivalent fraction of ion i determined

from a mass balance on a bottle point isotherm.
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Y model Dimensionless resin phase equivalent fraction of ion i determined
from the binary Langmuir equation.

Vi Y Dimensionless resin phase equivalent fractions of ions i and j,
respectively.

o Separation factor
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Chapter 3 - Dynamic Mathematical Modeling of lon Exchange Processes
for the International Space Station Water Processor

Abstract

A mathematical model is presented for analysis and optimization of the ion
exchange beds in the International Space Station (ISS) Water Processor. A
tanks-in-series equilibrium model (TISEqM) is applied to binary and
multicomponent ion exchange and has the capability to describe strong acid
cation, strong base anion, mixed bed, and weak base anion exchange resins
within the ISS water processor. A Langmuir equilibrium approach is applied.

The ion exchange model was verified for an Ersatz water designed to mimic the
ISS shower/handwash waste stream. It was shown that specifying 25 tanks-in-
series within the TISEqQM to in an attempt to represent plug flow conditions allows
for reasonable prediction of the ion exchange bed performance within the ISS

water processor.
Keywords

mathematical model, equilibrium model, Langmuir equilibrium approach,
separation factor, strong acid cation, SAC, strong base anion, SBA,

multicomponent, mixed bed, weak base anion, WBA, freebase form

" This chapter consists of a paper that will be submitted as part 2 of a two-part series of papers to
the Journal of Environmental Engineering.
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1. Introduction

Chapter 2 describes the need for recycling the water onboard the
International Space Station (ISS) and the treatment technologies employed in the
ISS Water Processor. A mathematical model designed to predict the
performance of the multifiltration bed within the ISS Water Processor was
developed. Chapter 2 addressed the development of the equilibrium description
for the ion exchangers employed in the ISS Water Processor. Chapter 3
specifically addresses the modeling of ion exchange processes in the
multifiltration beds for removal of ions in the waste shower and handwash
streams. The equilibrium constants determined in Chapter 2 are applied to
predict the performance of ion exchange beds utilized in the ISS Water
Processor. Waste shower and handwash water is the most prevalent and most
contaminated waste stream. Consequently, it was assumed that if the
performance of the ion exchange processes could be predicted using a
mathematical model for the shower/handwash water, then the model should be
able to describe the ion exchange performance for other waste water streams

In conjunction with the development of the ion exchange model, a model
has been developed to predict the performance of the adsorption media in the
multifiltration beds (Bulloch et al., 1998; Hand et al., 1999). The two models will
be integrated into the multifiltration bed model, MFBMODEL ™, to predict the
overall performance of the multifiltration unit. This integrated model of the
multifiltration unit in the ISS Water Processor may be extended to model a wide

variety of terrestrial systems. For example, the model could be applied in the
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fields of municipal drinking water treatment, industrial and hazardous waste
remediation, and pollution prevention (Hand et al., 1995). An explanation of
MFBMODEL software use is presented in Appendix VII.

The ion exchange resins in the multifiltration unit are shown in Figure 3-1
and include (1) an iodinated strong base anion (SBA) exchange resin (MCV-RT),
(2) a strong acid cation (SAC) gel type exchange resin (IRN-77), (3) a mixture of
SAC (IRN-77) and SBA (IRN-78) gel type resins (IRN-150), and (4) a weak base
anion (WBA) gel type exchange resin (IRA-68). This paper will present
equilibrium model results for IRN-150, IRN-77, and IRA-68 resins. A more
detailed discussion of the complete MFBMODEL is beyond the scope of this
paper and is reported elsewhere (Hand et al., 2000). Appendix X presents
adsorption results for the MFBMODEL verification experiment with
shower/handwash wastewater.

Mathematical models can predict the impact of changing process
variables on ion exchange performance. Use of models significantly reduces the
time and cost involved in performing laboratory and pilot scale experimental
work. Process variables such as the number of exchanging ions, time variable
influent concentrations, ion exchange bed size, resin type, ion exchange bed
configurations such as multiple beds in series, and competition among

exchanging ions can be evaluated with a mathematical model for ion exchange.
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Figure 3-1 - Schematic of the Multifiltration Beds

A mathematical modeling approach to analyze ion exchange in the multifiltration
unit is presented in this paper. This ion exchange column model accounts for
multicomponent equilibrium and is applicable to SAC, SBA, mixed bed, and WBA
exchange resins.

The ion exchange equilibirum modeling approach presented in this paper
represents an advancement over past work for the following reasons. The ion
exchange equilibrium modeling approach presented in this paper represents an
improved numerical solution method over existing multicomponent equilibrium
models. The application for multicomponent mixtures to the various types of ion
exchange resins within the multifiltration beds, with their long empty bed contact

times, is significant. Especially important are the multicomponent results for a
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mixed bed ion exchange resin, as past multicomponent ion exchange equilibrium
modeling results have typically been demonstrated for strong base ion exchange
resins (e.g., nitrate removal). Also significant is the development of a numerical
modeling approach capable of predicting the performance of the water processor
onboard the International Space Station (multifiltration bed consisting of ion
exchange resins and adsorbents in series and a sophisticated engineering

design tool with a GUI in Visual Basic and Fortran computational routines).

2. Materials and Methods

2.1 Chemicals and Resins

All chemicals were reagent grade or better. Sodium bicarbonate, calcium
chloride, potassium chloride, ammonium chloride, sulfuric acid, sodium chloride,
sodium acetate, acetic acid, hydrochloric acid, sodium hydroxide, sodium nitrate
and potassium iodide were obtained from Fisher Scientific (Fair Lawn, NJ). The
Aldrich Chemical Company (Milwaukee, WI) supplied: m-xylene, naphthalene,
toluene, trichloroethylene (TCE), 1,2,4-trichlorobenzene (1,2,4-TCB),
triethanolamine, sodium butyrate, sodium lactate, butyric acid, acetic acid
(sodium salt), and lactic acid. NASA Whole Body Shampoo, Formula #6503.45.4
was obtained from Ecolab Inc. (Mendota Hts., MN). The major constituent of
NASA Whole Body Shampoo is Sodium-N-methyl-N-"coconut oil acid" taurate
(SCMT). The manufacturer reports NASA Whole Body Shampoo is 98% pure,
24% by weight SCMT, 6.4 % by weight NaCl, and SCMT's molecular weight is

between 357 to 360. There is one fixed anionic charge per SCMT molecule.
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The ion exchange resins for this study came from various sources.
UMQUA Research Company (Beaverton, OR) provided the MCV-RT, the IRN-
150 and some of the IRN-77. Additional IRN-77 and IRA-68 was purchased from
Rohm and Haas (Cherry Hill, PA). The IRN-78 was obtained directly from
multifiltration columns opened by NASA. The resins and their physical properties
are listed in Table 2-1. Distilled-deionized water was produced by distilling tap
water and further purifying it with a Milli-Q UV Plus Water System (Millipore
Corp., Bedford, MA).

Prior to use, the resins were conditioned and converted to the forms listed
in Table 3-1 following procedures outlined by Rohm and Haas (1990). The MCV-
RT resin was used in the iodinated form as received. The IRN-150 was
produced by mixing IRN-77, hydrogen form, (40% by volume) and IRN-78,
hydroxide form (60% by volume). The Amberlite IRN-78 was conditioned and
converted with solutions prepared under nitrogen to minimize the amount of

atmospheric bicarbonate contacting the resin.

2.2 Solution Preparation

An Ersatz shower/handwash water, designed to mimic the adsorption
potential of the actual shower/handwash water, was made from ionic constituents
which are listed in Table 3-2 and from various organics (TCE, SCMT, m-xylene,
toluene, 1,2,4-TCB and naphthalene) to obtain a TOC concentration equal to the
average TOC of the actual shower/handwash water. The ions are representative

of those found in the actual shower/handwash water.

56



Table 3-1 - lon Exchange Resins in an ISS Multifiltration Bed

Media Function Media Description
MCV-RT Disinfection iodinated strong base anion, SBA,
exchange resin
IRN-150 Removal of anions | mixture of gel types strong acid cation,
and cations SAC, (IRN-77, H* form) and SBA (IRN-78,
OH" form)
IRN-77 Removal of cations | SAC gel exchange resin in the H" form
IRA-68 Removal of strong | weak base anion, WBA, gel exchange resin
and weak acids in the free base form
IRN-150 Removal of anions | mixture of gel types SAC (IRN-77 , H" form)
and cations and SBA (IRN-78, OH" form)
IRN-77 Removal of cations | SAC gel exchange resin in the H" form

Table 3-2 - Organic and Inorganic Ersatz Shower/Handwash Water

Constituents

lonic organic and inorganic constituents (concentration in meq/L)

Compound Concentration | Compound Concentration

Sodium 10.86 Chloride 5.86

Triethanolamine 0.09 Butyrate 0.73

Ammonium 0.37 Acetate 0.75

Calcium 0.18 Sulfate 0.46

Potassium 0.60 SCMT 214
Bicarbonate 0.67

Non-ionized organic constituents (concentration in mg/L)

Compound Concentration | Compound Concentration
TCE 246.43 1,2,4-TCB 15.00

m-xylene 15.94 naphthalene 0.53

toluene 176.35

*Differences in charge concentration are due to analytical error, anionic charge of SCMT and pH.
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The Ersatz water was developed by applying a fictive component analysis
(FCA) to the actual shower/handwash water. Substitute compounds and their
concentrations were determined from adsorption isotherms with the actual water.
Large quantities of the Ersatz water were needed for column experiments.
Therefore, saturated solutions of the individual organic compounds were made.
These solutions were pumped into Tedlar bags (SKC Inc., Eighty Four, PA) to

minimize volatilization and the ionic species were injected directly into the bags.
2.3 Chemical Analysis

Total organic carbon (TOC) and inorganic carbon (IC) measurements for
SCMT and bicarbonate were made with a Sievers Model 800 Portable TOC
Analyzer (Sievers, Inc., Boulder, CO). The analyzer utilizes UV-persulfate
oxidation. Reagents used in the analyzer include 6 M phosphoric acid and 15%
ammonium persulfate. Two membrane based conductometric CO, sensors
measure the Total Inorganic Carbon (TIC) and Total Carbon (TC) of the sample.
TOC is found by taking the difference between the TC and the TIC of the sample.
The conductivity electronics are calibrated automatically within the instrument by
measuring a precision resistor prior to each conductivity measurement. The
increase in conductivity is proportional to the concentration of CO2(aq) in the
sample stream. The TIC analysis was used to measure bicarbonate
concentrations. In the Ersatz water, the SCMT concentration was defined by the
difference between the actual TOC concentration and the TOC contributions of

the individual organic constituents.
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lon
chromatography and ion selective electrodes were used to measure the ion
concentrations. An Orion Sodium probe was used to determine some sodium
concentrations down to 10 ppm with the ion selective electrode (ISE) method
outlined by Orion (Cambridge, MA). A Dionex ion chromatograph, DX500
(Sunnyvale, CA) was used for the majority of ion measurements. Cations were
analyzed with the lonPac CS12 4mm analytical column with a CG12 4mm guard
column and a cation self-regenerating suppresser (4mm). Dionex Method 7.2
with 20 mM Methanesulfonic acid eluent was used for the cation analyses. The
anions were analyzed with an lonPac anion trap column (ATC-1) and an AS11
4mm analytical column with a AG11 4mm guard column and an self-regenerating
anion suppresser (4mm). Dionex Method 6.2 using sodium hydroxide gradient
elution program and method 6.1 using 21mM sodium hydroxide eluent were used
for the anion analyses.

The iodine and iodide exchanged or leached from the MCV-RT was
measured with a residual chlorine probe (Model 97-70) and an iodide probe
(Model 94-53), both from Orion, based on the ISE chlorine determination method
outlined by Orion. Triiodide concentrations were measured
spectrophotometrically using a Perkin-Elmer 552 spectrophotometer (Norwalk,
CT).

The pH was determined using an Orion (Cambridge, MA) Model 501 pH

meter.
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2.4 Multifiltration Bed Model Verification Experiment

A multifiltration bed model verification ersatz shower/handwash column
experiment with representative ions (see Table 3-2) was conducted using resins
and adsorbents with empty bed contact times similar to those reported in Figure
3-1. The multifiltration verification column experiment with ersatz water involved
using ion exchange columns and adsorption columns in series. For beds in
series operation, the effluent from one column was the influent to the next
column. Sampling was performed between the columns and at the influent and
effluent of the entire beds in series apparatus. The beds in series columns were
all operated in the downflow mode.

Channeling effects were eliminated by capping glass columns, (Ace Glass
Co., Vineland, NJ) with inner diameters of 2.5 cm or 5.0 cm with a bored out
Teflon end cap filled with glass beads. The glass beads were retained with 150
mesh stainless steel screen. Teflon tubing was used to connect the apparatus to
FMI pumps (Oyster Bay, NJ).

Conditioned resin was slurried into the columns with distilled-deionized
water. The mass and volume of resin in each column was used to determine
individual column properties. Solutions were run downflow through the columns
to obtain empty bed contact times (EBCT) similar to the multifiltration unit.

Column effluent was monitored for presaturant ion and exchanging ions
until complete exhaustion. The pH was also monitored. Appendix VIII presents

the column procedure.
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2.5 Equilibrium Chemistry

Several reactions that affect the ion exchange process were incorporated
into the ion exchange models. Conditions that must be considered
simultaneously for the water include electroneutrality, degree of ionization of
weak acids and bases, and water formation reaction. Simultaneous acid/base
equilibria needs to be incorporated in order to consider the degree of ionization of

weak acids or bases present in the water matrix. The water formation reaction

between the hydrogen (H") and the hydroxide (OH" ) ions needs to be

considered, especially for the mixed bed ion exchange resin where the

presaturant ions for the SAC portion and SBA portion are H and OH",
respectively. As the water formation reaction and ionization effect are
considered, the system must be constrained such that the water remains
electrically neutral. More details on the equilibrium chemistry are presented in

Appendix V.
2.5.1 Electroneutrality

The electroneutrality condition is written in terms of the charge balance in

dimensionless form as:

NumCations NumAnions

[(C)%Coi |+(Ca)xCon=" X [(C))xCo; ]+ (Con)xCoon  (3-1)

i=1 =1
i=H j#OH

in which NumCations represents the number of cations in the system, 6,

represents the dimensionless liquid phase concentration of cation i, C,; is equal
to the equivalent time-averaged influent liquid phase concentration of cation i

(eqL?®), C_H represents the dimensionless hydrogen ion concentration, C,,

equals the equivalent time-averaged influent liquid phase concentration of
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hydrogen (H") ion (eqL™?), NumAnions represents the number of anions in the

system, C. represents the dimensionless liquid phase concentration of anion j,

i
C_O,j is equal to the equivalent time-averaged influent liquid phase concentration

of anion j (eqlL?®), C_OH represents the dimensionless hydroxide ion

concentration, and C,.,, equals the equivalent time-averaged influent liquid
phase concentration of hydroxide (OH™) ion (eqL™).

2.5.2 Water Formation Reaction

The water formation reaction written in dimensionless form is:

Cy X Cop =K,, (3-2)

in which C, represents the dimensionless hydrogen ion concentration, C_OH

equals the dimensionless hydroxide ion concentration, and E is equal to the

dimensionless form of the constant for water, K, .

2.5.3 Degree of lonization of Weak Acids and Bases

The amount of ionized form of weak acids and weak bases is a function of
the pH. lonized weak acid concentrations will be determined with the following
relationship:

C-.
C =—ri- (3-3)

T
1+m
K.,

Similarly, ionized weak base concentrations can be calculated based on
the following relationship:
C-.
ko 2
14+ 2
H+

[H]

Acid base equilibrium constants are shown in Table 2-11.

C,.

Hi
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3. Equilibrium Model Development

Helfferich and Klein (1970) developed a model for describing the ion
exchange process. This equilibrium model, which ignores mass transfer
resistances, was developed for a step-up increase in influent concentration and
cannot accommodate variable influent ion concentrations. Clifford (1982) has
successfully compared this model to multivalent anion exchange. More recently,
Crittenden et al. (1992) used this modeling approach, based on the work of
Horng (1983) and Clifford and Majano (1993), for describing the fate of humidity
condensate in the MF bed. The model was used to simulate the removal of
cations and anions from the humidity condensate water by the MF bed.
However, there are several improvements which need to be incorporated into the
ion exchange equilibrium modeling approach, especially the incorporation of
capability to handle variable influent ion concentrations in order to simulate the
series of ion exchange resins in the MF beds.

Holl and his research group have demonstrated the effectiveness of the
surface complexation theory for describing equilibrium in various types of ion
exchange resins (HOll et al. 1993; Horst, HAll, and Eberle 1990; Hall, Horst, and
Wernet 1991; Hdll, Horst, and Franzreb 1993). However, this study applies a
Langmuir-based equilibrium approach for modeling rather than applying the
surface complexation theory because of the unknown nature of the background
water. The surface complexation theory is system-specific to those ions present
in the system and not easily amenable to a generalized equilibrium expression

applicable regardless of which ions are present. The Langmuir multicomponent
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equilibrium expression is amenable to generalization and has been applied
successfully by Clifford (Clifford 1976; Clifford 1982; Subramonian and Clifford
1988).

Guter (1984, 1985, 1995) developed an equilibrium modeling approach
describing an ion exchange resin as a number of theoretical plates and solved
the ion exchange equilibrium via a method of successive approximations. The
model was applied to nitrate removal from groundwater using anion exchange
resins (Guter 1984, 1985, 1995; Liang et al., 1999). The equilibrium model
developed in this paper is similar conceptually to Guter's model. However, the
equilibrium model presented in this paper utilizes Gear’s stiff method to solve a
system of ordinary differential equations describing the ion exchange equilibrium,
which is much more robust than the method of successive approximations. A
more robust method is needed given the long empty bed contact times for the ion
exchange resins in the multifiltration beds and the required application of the
model to three different types of ion exchange resins. A Langmuir equilibrium
approach that considers solution chemistry is applied to a mixed bed ion
exchange resin and a weak base anion exchange resin in the freebase form,
which is a novel application of the equilibrium model presented in this paper.

For the ion exchangers in the MF bed, it is expected that an equilibrium
modeling approach will be able to successfully describe system performance.
One of the primary beds in the system (IRN-150) is a mixed bed ion exchange
resin. In a mixed bed of resin, the feed solution becomes progressively diluted

as the hydrogen and hydroxide exchanging from the resin react to form water,
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making equilibrium increasingly favorable (Slater 1991). In addition, the most
important resins for removing ions in the MF bed (the mixed bed [IRN-150] and
weak base anion [IRA-68] exchange resins) have considerably long empty bed
contact times (133 minutes and 54.5 minutes, respectively, as shown in Figure 3-

1), which will drive the system toward equilibrium.
3.1 Mechanisms and Assumptions

An ion exchange equilibrium column model was developed to describe the
fate of ions within a fixed bed ion exchanger in the absence of mass transfer
resistance. The model is based upon mass balance equations for continuous
flow stirred tank reactors (CFSTRs) placed in-series. This equilibrium model is
termed the Tanks-In-Series Equilibrium Model (TISEgM).

The TISEgM incorporates the following mechanisms and assumptions:

e The fluid is transported through the bed by advective plug flow (axial and
radial dispersions are neglected)

e Mass balance equations are derived for continuous flow stirred tank
reactors (CFSTRs) placed in-series

e The number of equally sized CFSTRs in series is chosen such that it will
simulate plug flow conditions within a fixed bed ion exchanger (to meet
this criteria, the number of CFSTRs in series is set equal to 25 within

MFBMODEL for all types of resins)

e A Langmuir equilibrium relationship incorporating constant separation

factors (for SAC and SBA exchange resins) or Langmuir exchange rate
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constants (for WBA exchange resins) describes the multicomponent ion
exchange equilibrium between the liquid- and solid-phases

e The expressions to account for electroneutrality condition, water formation
reaction, and degree of ionization, as described in section 2.5, are
incorporated into the model.

e Mass transfer effects are neglected.

e Electrical potential effects are neglected.

3.2 Model Equations

3.2.1 SAC and SBA Exchange Resins

A complete derivation of the TISEgM as applied to SAC and SBA
exchange resins is presented in Appendix Ill. The resultant dimensionless
equations are given as:

Tank 1

Cations (SAC Exchange Resin):

— (CT,C)i i

i,0 NCATION o
dq, Z % %
i L — (=110 NCATION-1, ipresaturant)  (3-5)

- NCATION o
(CT,C )i 2 o ),

Ce, 1 o

nC: nC. NcATION  _ )
( 2 o qm}

j=1
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Anions (SBA Exchange Resin):

- (CT,A )i ai,1
_ o q
dqi,1 _ =1 a . .
= = = (i = 1 to NANION-1, i=presaturant)
dT | NAaNION
(CT,A )i 2 OCIj ;4
Ce, 1 o
ig ;
nC. nC. NANION ~ _
D %a;,
j=1
Tanks 2 - n (m = Number of the tank (2 through n))
Cations (SAC Exchange Resin):
(C_'I'C)I ai,m—1 (C_'I'C)I ai,m
NCATION  _ " | NCATION  _
da 121 (X‘j qj,m—1 121 a‘j qj,m
LM _ _ = (i=1to NCATION-1, ixpresaturant)
dT __ | NcAaTION
(CT,C )i 2 o
C., 1 o
L4+

nC: nC. NCATION _ )2
( 2 o qj,mj

=1
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Anions (SBA Exchange Resin):

(CT,A )i E|i,m—1 (CT,A )i EIi,m

NANION T | NANION
da Z OLIJ qj,m—1 2 OLIJ' qj,m

bm lad _ lal —  (i=1 to NANION-1, izpresaturant) (3-8)
dT . | NANION
(CT,A )i Z O(’Ij qj,m
Ce, 1 =
4+

nC: nC. NANION )\
( P qj,m]

j=1

Once the dimensionless resin phase concentrations of all ions except the
presaturant are known from tank k (k = 1 - n), it is possible to calculate the

dimensionless resin phase concentration of the presaturant from tank k as:

_ NCATION-1 _
qpresaturant,C,k =1- Z] qj,k (3_9)
J:
j~presaturant,C

NANION-1 _
=1- Y q (3-10)
=1
jpresaturant,A

qpresaturant,A,k

Note that Equation 3-9 is substituted into Equations 3-5 and 3-7 whenever the

term c_qpresaturamp is called for in those equations (in the summations from j =1 to

NCATION). Note also that Equation 3-10 is substituted into Equations 3-6 and

3-8 whenever the term c_qpresaturam’A is called for in those equations (in the

summations from j = 1 to NANION).
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Once the dimensionless resin phase concentrations are known in each tank, it is
possible to make use of the equilibrium expression and solve for the

dimensionless liquid phase effluent concentration out of each tank:

(6
Ci,k = NEAT:-O’(I:\I)i i

_Z o aj,k

=1

(fori =1 to NCATION-1, i#presaturant ion) (3-1 1 )

_ (Cra) o
ik ~ NANION  _
Z 0 G
=1

(for i = 1 to NANION-1, izpresaturant ion) (3-12)

For the presaturant ion, the dimensionless liquid phase effluent concentration out

of tank k can be calculated as (for k = 1 to Number of Tanks):

NCATION-1 )i|

) CF presaturant
C resaturant,Ck = (C ) - E (C )X (—
P T.C presaturant ik CFJ

=1
j#presaturant,C

(3-13)

NANION-1

Coresaturantak = (CT, A) - > [(C_Jk) >< (CFPC—FJ“)} (3-14)

presaturant i
j#presaturant,A

The parameters required for TISEqM calculations are: the total resin
capacity, the influent aqueous phase ion concentrations to the first tank, the
separation factors of the ions, the number of tanks in series, and the capacity
factor for each ion.

For a SAC exchange resin, Equations 3-5, 3-7, 3-9, 3-11, and 3-13 make
up the set of ordinary differential equations (ODEs) solved. For SBA exchange
resin, Equations 3-6, 3-8, 3-10, 3-12, and 3-14 make up the set of ODEs solved.
The set of pertinent ODEs is solved using the backward differentiation method

formula (up to order five), also called Gear’s stiff method (Gear, 1971). The
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equilibrium chemistry expressions shown in section 2.5 for electroneutrality,
water formation reaction, and degree of ionization are applied at each time step
after the ODEs are solved. The equilibrium chemistry equations are not solved

simultaneously with the TISEqM ODEs.
3.2.2 Mixed Bed lon Exchange Resins

A mixed bed ion exchange resin consists of a mixture of a strong acid
cation (SAC) exchange resin and a strong base anion (SBA) exchange resin.
The TISEgM derived above for SAC and SBA resins can be applied to predict the
performance of a mixed bed ion exchange resin. In order to apply the TISEqQM
for a mixed bed resin, the physical properties of the mixed bed resin must be
adjusted such that the mixed bed resin is broken down into its component SAC
and SBA portions. An explanation of the algorithm used to adjust the mixed bed
ion exchange bed resin's physical properties in this manner is shown below. The
physical properties of IRN-77 SAC, IRN-78 SBA, and 'RN-150 mixed bed ion
exchange resins, as shown in Table 2-1, are used in this calculation.

The mixed bed consists of a SAC exchange resin, a SBA exchange resin,
and void space. In order to apply the TISEgM to this situation, the mixed bed
must be treated as an SAC exchange resin for the cations and an SBA exchange
resin to describe the anions. In order to accomplish this for the cations, the
volume of mixed bed resin (volume of SAC exchange resin plus volume of SBA
exchange resin in the mixed bed) is treated as occupied by only SAC exchange
resin. The empty bed volume is held constant and the volume of resin is treated

as completely a SAC exchange resin. The number of equivalents of cations that
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can be removed by the mixed bed ion exchange resin is calculated and held
constant as this algorithm is applied in the TISEqM for SAC resins. The mass of
cationic exchange resin and the total resin capacity for cationic exchange resin
are adjusted such that the number of equivalents removed by the SAC exchange

resin portion of the mixed bed (m; x g ) is equal to the number of equivalents
removed by the mixed bed treated as completely occupied by SAC exchange

resin ([mc]adjusted x[qm] ). The fundamental equation for this adjustment is

adjusted

as follows for the SAC portion of the mixed bed resin:
M XQre = (mC)adjusted X (qT,C )adjugted (3'1 5)

In order to apply this algorithm, the following relationships are used. The volume
of the mixed bed resin is calculated as follows:

\V — mmixed (3_16)

rmixed
a,mixed

The volume of cationic exchange resin within the mixed bed is calculated:

V,
VC = [V € ]X Vr,mixed (3-1 7)

r,mixed

in which V/V

r,mixe

+ equals the fraction of the mixed bed occupied by the cationic

exchange resin, equal to 0.40 for IRN-150 mixed bed ion exchange resin. The
mass of cationic exchange resin within the mixed bed resin is calculated:

Mg = Ve XPac (3-18)
The total resin capacity for SAC exchange resin, q; ., required in Equation 3-15

is known as reported in Table 2-12. In order to adjust the mixed bed such that

71



there are only cations in the bed, assume that the mixed bed is occupied

completely by cations:

( Ve ] 1 (3-19)
Vr,mixed adjusted

V,
(VC )adjusted = [ ¢ ] X Vr,mixed (3'20)
adjusted

r,mixed

(3-21)

(mC )adjusted = (VC )adjusted X pA’C

In order that the relationship in Equation 3-15 holds true, the value of (qT’C )adjusted

is determined as follows:

(qm) _ Me XQrc (3-22)

adjusted (mC )adjusted

TISEgM is then executed for SAC exchange resin using the values of (mc)adjusted

and (qT’C )adj for the mass of resin and total resin capacity, respectively.

usted

Values of (m,) justed and (quA )adjusted for the SBA exchange resin are determined

ad
in an analogous fashion. For complete details on the algorithm for determining
SAC and SBA resin properties within a mixed bed ion exchange resin, see
Appendix V.

The TISEgM is then run for both SAC and SBA resins simultaneously but
not coupled. The equilibrium chemistry expressions for electroneutrality, water
formation reaction and degree of ionization are applied in the same manner as

for SAC and SBA exchange resins (see section 3.2.1).
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3.2.3 WBA Exchange Resins

A complete derivation of the TISEqM as applied to WBA exchange resins

is presented in Appendix VI. The resultant dimensionless equations are given as

(fori =1 to NANION-1, i#presaturant):

Tank 1
dC,,
e - (3-23)
dT NANION
1+CH’1 b CH1
CF,i J==I + 1
n CF NANION n (_‘,F
(1 + CH1 C
k=1
Tanks 2 - n (m = Number of the tank (2 through n))
dC,,
im — _ |m 17 (3_24)
dT NANION
1+ C
CF,i J¢| + 1
n (_‘,F NANION n CF

Once the dimensionless liquid phase concentrations are known in each
tank, it is possible to make use of the equilibrium expression and solve for the

dimensionless resin phase effluent concentration out of each tank:

6i (_:H,m C_:i,m
NANION

1+Cyn 2, by Cisn

k=1

Qm = (3-25)

The parameters required for TISEqM calculations are: the total resin

phase capacity, qr, the influent aqueous phase ion concentrations to the first
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tank, Ci, 's, the Langmuir equilibrium exchange rate constants of the ions, b, s,
the number of tanks in series, and the capacity factor for each ion, C.,.

The set of ordinary differential equations (ODESs) is solved using the
backward differentiation method formula (up to order five), also called Gear’s stiff
method (Gear, 1971). The equilibrium chemistry expressions shown in section
2.5 for electroneutrality, water formation reaction, and degree of ionization are
applied at each time step after the ODEs are solved. The equilibrium chemistry

equations are not solved simultaneously with the TISEqQM ODEs.
4. Results and Discussion

Figure 3-2 shows a schematic of the multifiltration bed used in the
multifiltration bed verification experiment. The MF bed for this experiment is
designed to represent the actual MF bed sizing shown in Figure 3-1 in order to
verify the MFBMODEL. The empty bed contact time (EBCT) for each ion exchange
and adsorbent bed used in the MFBMODEL verification experiment is shown in
Figure 3-2. Note that the EBCTs for the ion exchangers and adsorbents used in
the full-scale experiment vary slightly from the EBCTs for the ion exchange beds

and adsorbents within the MF bed of the ISS water processor shown in Figure 3-1.
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Figure 3-2 - Schematic of the Multifiltration Bed Employed in the
Multifiltration Bed Verification Experiment

The first three ion exchange beds in the MFBMODEL verification
experiment were simulated in a single MFBMODEL run, consisting of three ion
exchange beds in series. The three ion exchange beds included in the
simulation were a mixed bed ion exchange resin (Rohm and Haas IRN-150), a
strong acid cation (SAC) exchange resin (Rohm and Haas IRN-77) and a weak
base anion (WBA) exchange resin (Rohm and Haas IRA-68). This MFBMODEL
simulation was performed for eleven ions in the ersatz shower and handwash
wastewater:

Cations: Sodium, Potassium, Calcium, Hydrogen
Anions: Acetate, Butyrate, Chloride, Bicarbonate, Sulfate, CMT, Hydroxide
A complete set of ion exchange MFBMODEL results for all resins and all ions in

various sets of units is presented in Appendix IX.
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4.1 Mixed Bed lon Exchange Resin: Rohm & Haas IRN-150
Table 3-3 shows the properties of the first mixed bed ion exchange

column in the multifiltration bed verification experiment.

Table 3-3 - Properties of Mixed Bed Resin Column Used in MFBMODEL
Verification Experiment

Property Value

Mass of Resin, g (Ib) 4522 (9.969)
Diameter of Bed, cm (in.) 5.1 (2.01)
Length of Bed, cm (in.) 279.75 (110.1)
Flowrate, mL/min (Ib/hr) 47.88 (6.33)
Number of lons Simulated 11 (4 cations, 7 anions)
EBCT, min 120

Figures 3-3 through 3-5 show the MFBMODEL predictions for cations
sodium, potassium, and hydrogen, respectively, exchanging the first IRN-150
mixed bed ion exchange resin employed in the multifiltration bed verification
experiment. Breakthrough was not achieved for the calcium ion data before
sampling was stopped so the calcium prediction is not presented (see Appendix
IX for complete MFBMODEL ion exchange results for the MFB verification
experiment). From Figure 3-3, it appears that the TISEqM predicts the sodium
data very well. From Figure 3-4, the potassium data is not predicted as well.
Because the separation factor for potassium compares favorably to the literature
value (see Chapter 2) and because the potassium data is described reasonably
by the tanks-in-series equilibrium model for a multicomponent experiment

discussed in Chapter 4, it is suggested that there may be error in the
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experimental data for potassium. Another possible explanation is that the
simulation of the IRN-150 mixed bed ion exchange resin performance is sensitive
to the fraction of the mixed bed occupied by the cationic (design value of V./V,
equal to 0.4) exchange resin as well as the fraction of the mixed bed occupied by
the anionic exchange resin (design value of V,/V, equal to 0.6). When the IRN-
150 mixed bed ion exchange resin was prepared experimentally, it is possible
that the exact design parameters were not obtained. Figure 3-6 shows the effect
of varying the fraction of the mixed bed occupied by the SAC and SBA exchange
resins on the exchange of potassium. From Figure 3-6, it is clear that the model
is sensitive to changes in the fraction of the mixed bed occupied by the SAC and
SBA exchange resins and that the potassium data appears to be better
described by V./V,=0.5 and V./V,=0.5 than by the design values. Figure 3-5
shows the pH as a function of bed volumes treated and demonstrates that the
MFBMODEL is capable of describing the general trend in pH.

Figure 3-7 shows the MFBMODEL prediction for chloride anion
exchanging the first IRN-150 mixed bed ion exchange resin employed in the
multifiltration bed verification experiment. From Figure 3-7, it appears that the
MFBMODEL prediction for sodium is reasonable. Figure 3-8 shows the
MFBMODEL prediction for acetate. It appears from Figure 3-8 that the
MFBMODEL predicted breakthrough for acetate occurs subsequent to the
acetate breakthrough observed in the data. A possible reason is that the acetate
ion is subject to ionization effect as a change in pH will affect the amount of

acetate ion present as compared to the acid form. From Figure 3-5, in order for
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Figure 3-3 — Multicomponent MFBMODEL Verification Experiment Results
for Sodium Exchanging the First IRN-150 Mixed Bed Exchange Resin

(EBCT=120 min)
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Figure 3-4 — Multicomponent MFBMODEL Verification Experiment Results
for Potassium Exchanging the First IRN-150 Mixed Bed Exchange Resin

(EBCT=120 min)
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Figure 3-5 — Multicomponent MFBMODEL Verification Experiment Results
for Presaturant lon Hydrogen (expressed as pH) for the First IRN-150 Mixed
Bed Exchange Resin (EBCT=120 min)
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Figure 3-6 — Multicomponent MFBMODEL Verification Experiment Results
for Sensitivity Analysis on V. /V, and V,/V, for Potassium for the First IRN-
150 Mixed Bed Exchange Resin (EBCT=120 min)
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Figure 3-7 — Multicomponent MFBMODEL Verification Experiment Results
for Chloride Exchanging the First IRN-150 Mixed Bed Exchange Resin
(EBCT=120 min)
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Figure 3-8 — Multicomponent MFBMODEL Verification Experiment Results
for Acetate Exchanging the First IRN-150 Mixed Bed Exchange Resin
(EBCT=120 min)
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the charge balance, water formation reaction, and degree of ionization effects to
be handled in the early part of the breakthrough, the MFBMODEL predicts a pH
around 5 in the early part of the breakthrough profile. This pH is not observed in
the data. At a pH of 5, less acetate ion is present (pK;=4.75) than at higher pH,
which could explain the later breakthrough of acetate ion predicted by the model.
Another possible explanation is sensitivity to V/V; and V,/