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Advanced Ion Exchange Resins for PWR Condensate Polishing

B. Hoffman, S. Tsuzuki, Rohm and Haas Co.

Introduction

The severe chemical and mechanical requirements of a Pressurized Water Reactor (PWR) condensate
polishing plant (CPP) present a major challenge to the design of ion exchange resins. This paper describes the
development and initial operating experience of improved cation and anion exchange resins that were
specifically designed to meet PWR CPP needs. Although this paper focuses specifically on the ion exchange
resins and their role in plant performance, it is also recognized and acknowledged that excellent mechanical
design and operation of the CPP system are equally essential to obtaining good results.

PWR CPP Requirements

High Effluent Purity: It is normally required to maintain impurity levels in PWR recirculating steam generators
(RSG) at around 1 ppb or less of Na, Cl, and S04. This is necessary to minimize damaging corrosion
mechanisms. Since the RSG concentrates impurities by a factor of 75 to 150 times during normal operation, the
feedwater entering the RSG must be highly purified. This requires the ion exchange resins in the CPP to deliver
effluent quality consistently below 0.01 ppb (10 ppt) in Na, Cl, and SO4. This level of purity must be delivered
reproducibly following normal regular regenerations of the mixed bed resins. Under trace condenser leak
conditions the CPP should continue to deliver acceptable effluent quality. Under a more severe condenser leak,
the CPP should offer sufficient protection of the secondary circuit to allow for an orderly plant shutdown. To
deliver this performance in such a high flow application, the resins in the CPP must maintain excellent ion
exchange kinetics, and must also exhibit a superior resistance to polymer degradation and the release of
leachable organic materials that can contaminate the condensate.

High Operating Capacity: PWR steam-water circuits typically contain neutralizing amines such as ammonia and
hydrazine to maintain an alkaline reducing environment that minimizes corrosion. In recent years there has
been expanded use of organic amines, such as ethanolamine (ETA), to reduce erosion corrosion in wet steam
areas. Since the neutralizing amines are present at concentrations 4 to orders of magnitude above any trace
contaminants, the cation exchanger in the CPP will exhaust with amine within a relatively short time, about to
8 days. CPP beds in PWR cannot be operated past the amine breakthrough point due to the high effluent purity
requirements. As a result, the length of a bed's H/OH operating cycle determines the bed regeneration
frequency. A cation exchange resin with high operating capacity increases the length of each service cycle,
thus reducing the number of regenerations needed. This is a major operating benefit.

Reliable CPP Operation: The CPP beds must operate at high service flow rates (100 to 120 m/h) with
consistent hydraulic behavior. The resin beds must also give easy and repeatable transfer, separation, and
regeneration. To meet the hydraulic needs of service and separation, the ion exchange resins must have
properly designed and tightly controlled particle size. They must also have high physical and osmotic strength
to resist bead breakage during years of use and repeated regenerations.



Cation Resin Design to Meet PWR Demands

Design attention for the new resins was initially focused on the cation exchange resin, since the cation resin is
most critical to CIPIP performance. The areas of major interest were:

- high total capacity to maximize operating cycle length in the CPP, and
- high polymer oxidative stability to minimize release of organic sulfonate leachables.

It was known that gel cation resins offer higher total capacity than macroporous cation resins. It was also
known that higher levels of divinylbenzene (DVB) crosslinker produce both greater total capacity and also higher
oxidative stability of the resin polymer (Reference 1). High oxidative stability of a cation resin is very beneficial
to CIPP performance. Oxidation of the cation resin structure leads to breakdown of the resin polymer backbone
and an increase in release of polystyrene sulfonates (PSS) from the cation resin. As oxidation continues, both
the quantity and the molecular weight of these PSS leachables increase, and eventually PSS begins to escape
from the CIPP. The PSS will break down in the steam generator to cause an undesirable increase in S04-
Furthermore the PSS will also foul the surface of anion resin in the CIPIP mixed bed and reduce the capability of
the anion resin to remove S04 (Reference 2 This is a serious problem in PWR CIPIP systems.

Based on these requirements, design of a high-crosslinked gel type cation resin was undertaken. A family of
gel cation resins from 8% DVB through 16% DVB were made and tested for oxidative stability in a mixed bed
under stressful conditions with a hydrogen peroxide challenge. Figure (Reference 3 shows the relative
organic leachables performance under oxidative stress as a function of cation resin nominal DVB level. The
anion resin used in the mixed bed with every cation resin was the same uniform particle size strong base gel
type commonly used in PWR applications. Useful benchmarks in this test series are the "10% DVB gel" cation
and also the 20% DVB macroporous" cation. Both of these cation resins have years of operating experience in
PWR CIPP. As expected the oxidative stability and resistance to PSS release of the cation resins increased with
respect to DVB crosslinker level. The mixed bed with gel type cation resin at nominal 16% DVB exhibited a
release of organic leachables similar to that of the bed with 20% DVB macroporous cation.
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Figure 1: Oxidative Stress Test of Cation Resins in Mixed Bed

As a further confirmation of these test results, the mixed beds were separated at the end of the stress test, and
the anion exchange resin from each mixed bed was tested for sulfate Mass Transfer Coefficient (MTC). This is
a sensitive test used to quantify the loss of kinetics in anion exchange resins. A reduction of MTC on the anion
resin in a mixed bed is commonly seen when the cation resin in the bed is releasing PSS leachables. Figure 2
(Reference 3) shows that the anion resin IVITC data parallel the organic release as a function of the cation
resins. These data indicated that a gel cation resin with nominally 16% DVB would deliver excellent oxidative
stability.
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Figure 2 Anion Resin Kinetics After Mixed Bed Oxidation Test

An examination of some key resin physical properties was also made. Figure 3 below shows some of the resin
properties of the new high crosslinked cation resin again compared with the benchmark cation resins with
operating experience in PWR. These data show the newly developed high crosslinked cation resin has a major

benefit in total capacity compared to both the 10% gel and 20% macroporous. Physical strength of the resins
measured by friability, and by Osmotic Shock Attrition (OSA), an internal test method, both showed that the new
16% gel cation resin possessed adequate, and probably superior physical stability than the resins with previous
PWR operating experience. As a result of this testing, it was decided to commercialize the new high crosslinked

gel cation resin under the name of AMBERJET"" 1600.

Resin 20% DVB Macroporous 10% DVB Gel Amberjet 1600 H

Moisture Holding Cap, % 56 48 40

Total Capacity, eq/L 1.7 2.0 2.5

Average Friability, g/bead > 350 > 600 > 1000

OSA Stability, % breakdown < 2 < 5% < %

Harmonic Mean Size, pm 800 650 650

Uniformity Coefficient 1.3 1.1 1.1

Figure 3: Typical Properties of Cation Exchange Resins, (H form)

Hydrogen Cycle Operating Capacity Expectations

It must be noted that operating capacity for amine removal in a CPP is closely related to total cation resin

capacity, but it is also dependent on regeneration level and good system design (Reference 4). Figure 4

illustrates the expected hydrogen cycle operating capacity for the newly developed high crosslinked gel resin as

a function of H2SO4 regeneration dosage. Performance expectations for 1 0% DVB gel and macroporous cation

resin are also shown for comparison. Due to the higher total capacity of the Amberjet 1600 H, it will continue to

offer greater operating capacity at higher regeneration levels, whereas cation resins with lower total capacity

have reached a capacity plateau at lower acid dosages. For a CPP using relatively high regenerant acid

dosages 250 to 400 g H2S04/Q a capacity increase of 20% should be possible versus the 10% crosslinked gel

cation exchangers previously used. This will be a critical point when plant performance data are examined.
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Figure 4 Expected Hydrogen Cycle Operating Capacity

Anion Resin Design to Meet PWR Demands

For the strong base anion exchange resin used in PWR CPP, the total capacity of the resin is not usually a
critical factor. The operating cycle length is always determined by the exhaustion of the cation resin with amine,
and as a result, the utilization of anion resin capacity between regenerations is very small. However, the
capability of the anion exchanger to deliver rapid ion exchange performance during condenser leaks is
absolutely essential. This is especially true for the removal for the divalent S04 anion. The leading cause of
anion resin failure in CPP applications is a reduction Of S04 exchange rate caused by surface fouling. A S04
IVITC test can measure this decrease (References and 6 One of the most dangerous contributors to surface
fouling of anion resin in a CPP mixed bed is the PSS leachables coming from degraded cation resin. Although
there are other causes for anion resin fouling, such as iron oxides and other chemicals which can be present in
the secondary circuit, an anion resin which is more resistant to PSS fouling offers a major benefit in maintaining
good S04 kinetic performance. When an anion resin with greater resistance to PSS fouling is combined with a
cation resin that has improved oxidative stability and low PSS release, the CPP mixed beds should provide
longer resin life and better performance.

It has been some observed in some plants that macroporous strong base anion exchangers offer a benefit in
organic fouling resistance compared to gel type anion resins. However, the macroporous structure alone
cannot generally assure this benefit. A recent study in Japan showed a test for the effect of PSS fouling on the
surface of various anion resins, both gel and macroporous. Based on these test conditions
AMBERLITEO IRA900C a macroporous anion resin widely used in PWR CPP in Japan for many years, was
slightly modified to make its surface structure more resistant to PSS fouling. The test results are shown in
Figure (Reference 3 It must again be noted, however, that PSS is not the only material that can foul anion
resins, and it is always possible for a condensate circuit to contain enough foulants to overwhelm any anion
resin.
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Figure 5: Anion Resin Resistance to Polystyrene Sulfonate Fouling
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A process was developed to capture the required macroporous structure and deliver a uniform strong base
anion resin with the required particle size for CPP applications. This resin was commercialized under the name
of Amberjet 9000, and its general properties are shown in the following Figure 6.

Resin Typical Gel Type Typical Macroporous Type Amberjet 9000
Moisture Holding Cap, 58 66 71
Total Cap, eq/L 1.2 1.0 0.8
Harmonic Mean Size, prn 620 560 650
Uniformity Coefficient 1.1 1.3 1.2

Figure 6 Typical Properties of Anion Exchange Resins (OH form)

New Resin Operating Experience in Japan

The initial installation of Amberjet 1600 type resin was made in Japan at ON Unit 2 PWR following a plant
maintenance outage in May 2000. ON Unit 2 was running on AVT chemistry with ammonia and hydrazine at
the time. The CPP was designed, built and serviced by Organo Corporation. The resins previously used in the
plant were Amberlite 200C and Amberlite IRA900C, both macroporous types. No unusual chemistry
experiences were seen during the initial operation of the new resin beds. Steam generator blowdown chemistry
was consistently below 02 ppb for Na and Cl, while S04 values were consistently below 0.5 ppb, see Figure 7
(Reference 7 Since that time, this PWR has converted from ammonia to ETA chemistry. Operation with ETA
has been in progress mid-2001, and this PWR continues to operate with steam generator chemistry results as
stated above.
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Figure 7: Steam Generator Blowdown Chemistry at Ohi Unit 2 with Amberjet 1600

A second PWR in Japan installed the new type resins in July of 2000. Steam generator chemistry results were
similar to the first case. This second PWR unit has also converted from ammonia to ETA and the resins
continue with good results. In both units periodic sampling for anion resin for kinetic testing has shown sulfate
MTC results in the range of new resin 2.0 x 10-4 M/sec) indicating no anion resin fouling effects have been seen
so far with the new resins either with ammonia or ETA chemistry.

Since these initial installations, more than 1 0 PWR units in Japan have installed the new type resins. All plants
are operating well. This brings the total volumes of Arnberjet 1600 and Arnberjet 9000 installed in Japanese
PWR to 480 M3 and 162 M3 respectively (Reference 7 The expected benefit in H/OH cycle operating capacity
was also seen in these Japanese units. Note that in Japan HCl is used to regenerate the cation resin in PWR
CPP. The typical regeneration level is around 350 g HCI/L.resin. With the old type macroporous cation resin,
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having a capacity of about 165 eq/L, the Japanese CPP previously achieved an average H/OH cycle operating
capacity of near 09 eq/L. Using the new highly crosslinked gel cation resin and the same regeneration dosage
of HCl, these CPP now achieve an H/OH operating capacity of nearly 17 to 1.8 eq/L. This represents nearly
double the previous operating capacity with the macroporous cation resin, and this is a substantial
improvement.

New Resin Operating Experience in USA

In July of 2001, Amberjet 1600 H and Amberjet 9000 OH were installed in PSE&G Nuclear, Salem Unit 
generating station in the USA. Salem is a 4 loop Westinghouse PWR rated at 1160 megawatts. The plant
uses a Graver CPP system with 6 service vessels on line. Each resin bed contains 4920 L of cation resin and
2460 L of anion resin. The CPP is typically operated full flow. The regeneration system is a Graver SEPREX'
design. The cation resin is regenerated with 400 g H2SO4/L-resin.

It is also noteworthy that a twin unit, Salem Unit 2 had installed a gel/macro resin combination into CPP service
back in September 2000 with Arnberjet 1500 and AMBERSEPO 900 resins. These resins represent the
previous generation of 1 0% DVB cation and macroporous anion resin. Overtime this will provide an interesting
comparison with the new type resins in Unit 1. Prior to these rebeds, both Salem units had used typical gel type
condensate polishing grade cation and anion resins.

The steam generator blowdown chemistry for Salem using the Arnberjet 1600 and Amberjet 9000 is shown in
Figure (Reference 8). The new resins were installed in late July and early August of 2001. Despite several
power transients in September and October that caused some chemistry disruptions, the results with the new
resins are considered acceptable and represent a slight improvement over previous experience with standard
gel resins.
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Figure 8: Monthly Average Steam Generator Chemistry at Salem Unit I

The H/OH operating capacity seen at Salem with the new high crosslinked Amberjet 1600 cation resin
represents a 33% improvement over the previously used gel cation resin and the 10% crosslinked gel cation
resin, Amberjet 1500, used in Salem 2. The H/OH capacity data are shown in Figure 9. The operating
capacities seen in the CPP at Salem are reasonably close to the expected capacity values shown earlier in
Figure 4. The slightly lower than expected average operating capacities seen in the Salem CPP are due to
higher than expected variability in run length and the occasional "short run." This has been substantiated by
measuring higher than expected %H levels >40% H) remaining on the cation resin at the end of an operating
cycle. The lack of more complete cation capacity utilization could be due to some resin re-separation or flow
distribution problems in the service vessels. This is under investigation.
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Unit Salem I Salem 2 Previously at Salem
Plant Chemistry ETA NH3 / N2H, ETA / NH3 / N21-14 NH3 / N21-14

Resins 1600/9000 1500/900 Gel Condensate Grades
Avg. Operating Cap, e/L 1.6 1.2 1.2

Figure 9 Operating Capacity Experience at Salem PWR

Resin Sampling and Testing at Salem

Sampling and testing of resin beds was done at Salem in order to validate some key resin performance
characteristics. After the resins had been used in the CPP for about 6 months with ETA chemistry, samples of
mixed bed resin were taken just after regeneration and rernix. Analysis of the resins site composition was used
to verify that the resins were being successfully separated and regenerated with a minimum of cross-
contamination. Anion resin kinetics was also measured by sulfate IVITC test in order to look for signs of fouling.
Anion resin fouling and loss of sulfate mass transfer rate has been reported as a problem in some PWR plants
that are using ETA chemistry. This is one of the critical areas in which the Arnberjet 1600 and Amberjet 9000
resin pair was designed to improve performance. Some standard property measurements also confirm the resin
to be in excellent condition. Test results are reported in Figure 10 below.

The data in Figure 1 0 also show that Salem is achieving excellent resin regenerations with their Seprex system
and the Amberjet 1600 and Amberjet 9000 resins. The designed density and particle size of Arnberjet 1600 and
Amberjet 9000 provide excellent and rapid separation and transfer with minimal cross- contamination. Also the
distinctive color difference of the cation and anion resins has been a benefit to the operators in making the
backwash separation and transfer. The low levels of Na and S04 cross-contamination that were measured are
fitting with the steam generator chemistry results achieved. The anion resin IVITC values also confirm that the
Amberjet 9000 has maintained excellent kinetics throughout the first 6 months of use. This type of testing will
continue in the future to track the resin as it ages.

Arnberjet 1600 Bed A Bed G Amberjet 9000 Bed A Bed G
Sample Age New 6 month 6 month - Sample Age ' New 6 month 6 month
Whole Beads, 100 100 100 Whole Beads, 100 100 99
Moisture H, % 40 39.2 39.4 Moisture OH, 73 73.6 73.9
Capacitv, eq/L >2.4 2.44 2.43 Capacity, e/L > 0.8 0.79 0.78
% H sites > 99 92.9 94.8 % OH form sites > 93.0 94.9 96.5
% Na sites < 0.05 0.06 0.08 % Cl form sites < 0.5 0.4 0.1

% S04 form sites 0.1 0.7 0.4
Sulfate IVITC, xY'-m-s 2.2 2.24 2.19

Figure 10: CPP Resin Test Results from Salem Unit I after 6 Months of Use

Plant Experience With Condenser Leak

The capability of CPP resins to provide protection for the PWR steam generators under small condenser leaks
is also critical. Although specific plant tests under leak conditions are generally not made, occasional
condenser leak events do provide important experience. At Salem Unit a small tube leak occurred in
November 2001 (Figure 1 1, Reference 8). The increase in CPP inlet cation conductivity and Na can be seen
due to ingress of cooling water containing high levels of NaCl. Simultaneously the conductivity of the CPP
effluent showed no deviation from the pre-leak value, and there was also no significant change observed in
steam generator chemistry. This event confirms that the Arnberjet 1600 and Amberjet 9000 resins were
providing adequate protection against the leak.
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Figure 1 1: Condenser Leak Performance of Arnberjet 1600 and Arnberjet 9000 at Salem

Plant Experience Under Oxidative Stress

Although the initial PWR CPP operating experience with the newly developed resins has been good, the critical
objective and benefits of long term oxidative stability of the Arnberjet 1600 cation resin will take much more time
to prove. An interesting piece of field experience with this high crosslinked gel cation resin in a related nuclear
application supports the concept and benefit of higher oxidative stability. In this case the application was in the
mixed bed dernineralizer of a PWR spent fuel pool. In the South Texas Project PWR the spent fuel pool
develops a significant background level of hydrogen peroxide, 3 to 6 ppm, due to the radiation effect on the
water surrounding the fuel. When conventional nuclear grade mixed bed resins (8% DVB gel cation and gel
anion) were used in the fuel pool demineralizer, some measurable level Of S04 (1 0 to 20 ppb) was always
detected in the pool water even from the time the resin was new. The concentration Of S04 gradually increased
over time to the point where replacement of the resins was required. Curiously, the effluent from the fuel pool
dernineralizer was not observed to contain a high S04 concentration. This indicated that the source of the S04

in the pool was most likely due to PSS leachables coming from the oxidation of cation resin in the fuel pool
mixed bed. The PSS escaped from the mixed bed and decomposed in the pool to form free S04-

To address this problem a mixed bed (Amberlite IRN170) was prepared from the nuclear grade version of high
crosslinked gel cation resin (Amberlite IRN99) and a proven nuclear grade gel anion resin (Amberlite IRN78).
When this new mixed bed was loaded into the fuel pool demineralizer, the background level Of S04 in the fuel
pool water was decreased from over 70 ppb to less than detection < 2 ppb) within a week, see Figure 12
(Reference 9 The S04 level in the pool has remained less than 2 ppb for the following 6 months. This is the
first time that this level Of S04 performance has been measured under these conditions in the fuel pool at South
Texas Project. This experience will be reported in more detail at a coming conference. Certainly the
preliminary data indicates that the high crosslinked gel cation will provide superior resistance to oxidation and
PSS release under stressful oxidative conditions. The combined properties of very high capacity and high
polymer stability suggest that the newly developed high crosslinked gel cation should offer some significant
benefits in other nuclear applications as well. Further development will be made in these areas.
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Figure 12: Sulfate Concentration in Spent Fuel Pool at South Texas Project PWIR

Conclusions: A Total Resin Package

This paper has presented some of the critical thinking and the steps involved in the design and implementation
of new and improved resins for CPP application in PWR. Test data from the development stages and from the
initial field installations in PWR indicate that the Amberjet 1600 and Arnberjet 9000 resins offer considerable
benefits in terms of operating performance, effluent purity, and resin life. It is also likely that the very high
capacity and excellent oxidative stability of the newly developed high crosslinked gel cation will offer some
benefits in other nuclear applications. It must be emphasized, however, that resins designed for use in a CPP
mixed bed system represent a complete package. The preceding sections describe some of the key variables
that were considered in the design of the new resins. It would be an over simplification to suggest that
crosslinker levels and basic properties alone are adequate to fully describe the needed resin characteristics.
Other aspects such as uniformity, mean particle size, density, etc are all a part of the design process, although
they were not specifically discussed in detail. In addition a significant amount of technology and care must be
applied throughout the polymerization, activation, and ionic conversion stages of the resin manufacturing
process in order to deliver a cation and anion resin pair that is suitable for PWR CPP service.
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