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1 Preface 
Welcome to the world of ion exchangers. Thank you for your interest in this 
subject, which has been the focus of my career for 25 years and never ceases to 
fascinate me. I would even go so far as to say that it is one of the topics that will 
remain exciting for someone interested in science and research throughout his 
or her entire life. After solving one problem, three more immediately appear... 
I have been holding seminars on this subject for many years, and on the one 
hand, I realised that there is extremely little literature to be found. On the other 
hand, I became ever more curious to understand the many interesting concepts 
I came across during this time. There was fertile ground for taking on the task 
of describing these various concepts into one’s own hands. As a result, the 
content of the seminars became more and more extensive. Some seminar 
participants asked me at the end of the sessions where they could read up on all 
the things contained in the material. I always answered with a smile: “There 
isn’t a book, I still have to write it”. At least the part about demineralisation 
plants (DI plants) with ion exchangers is now available, and I could imagine 
that topics from metal surface technology and related fields with more 
specialised applications are also worth a second volume. We shall see... 
I hope you enjoy reading this book, whether you want to brave your way 
through from cover to cover or to specifically look up a few points. 

1.1 Target audience of the book 
I have already decided very early on in the seminars to separate the planners, 
engineers and plant constructors from the operators, production engineers and 
plant managers, laboratory assistants and laboratory managers. The questions 
and perspectives are often different, even if all participants concern themselves 
with the subject of complete demineralisation with ion exchangers. This book, 
however, is meant for all of these groups of people equally, and everyone may 
regard whatever they are most interested in as more important. The search for 
a deeper understanding of the principles will spur you all on equally, and there 
is something for everyone. 

1.2 Tips for reading 
I would like to give you a tip right off the bat: The later chapters strongly build 
on the first four. So, it is quite possible that selective reading does not 
sufficiently solve your questions. My main concern is that you connect causes 
and effects and not to memorise the facts. It may thus be sensible for you to at 
least review the first four chapters to see to what extent you already know these 
principles. The following chapters can then be approached separately as they 
build on the first four chapters. I have also included many cross-references so 
that you can reach your intended objective quickly by leafing through a few 
pages. 
Some of you may already be satisfied with a few answers, and others may want 
to be more thorough in their search for solutions. Therefore, I have marked 
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passages in the text now and then as excursus. These are not essential for further 
understanding but will probably be very helpful to those interested. You can 
decide how deep you want to dig. 
Citations and literature references are becoming ever more important in today’s 
world. But where do I cite when there’s nothing out there? In the literature 
reference section, I have listed some older works, which you are welcome to 
consult. Unfortunately, most of them are from the 50s and 60s and do not 
contain many of the technical procedures and principles described here. 
The literature reference section is actually very minimal. However, you will find 
a wealth of measurement data and graphs that do not have any source 
references. You may then assume that they are measurement data from my own 
work or laboratory data assessments by MionTec GmbH. I have also omitted 
references for some formulas as I regard them as general knowledge due to their 
simplicity. 
The references always come right after every chapter, so you don’t have to turn 
all the way to the back. 

1.3 The central theme 
My aim in compiling this material was to provide a comprehensive review of 
the scientific principles and technical procedures associated with the DI plant. 
If you have a question, you should find the answer here. This is of course a big 
claim; however, from my experience over the years, I anticipate that I will be 
highly successful in answering your questions. I look forward to your feedback 
and comments. 
There’s even a central theme! After taking care of the basics (Chapters 1 to 3), 
we will go through the operating principle of the ion exchangers and then look 
more closely at the general operation of the individual components of DI plants 
(Chapter 4). With this, you will know what to expect under normal 
circumstances. 
This is followed by a few chapters with additional information on the chemistry 
(Chapter 5), the technology (Chapter 6), the sources leading to costs and the cost 
savings (Chapter 7), which, with a few exceptions, are still based on the 
standard procedure. 
The last two Chapters 8 and 9 are based on the premise that not everything is 
going so well anymore. These will help you to get to grips with analytical 
techniques in order to approach your problem in the most systematic way with 
the right troubleshooting strategy and to be able to solve it with confidence. 
To that end, I wish you every success! 
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2.2 Dissociation and association in solutions, and hydration 
In the previous chapter, we used substances from solutions such as H+ and OH– 
without going into more detail about what they exactly are. I would like to do 
this now. This concerns the generation of ions by a dissolution process in water. 
I would like to use a well-known example for this – table salt, NaCl. It is a solid 
crystal in which the two atoms involved, sodium and chlorine, are always 
arranged in a repeating alternating order. A snapshot of this crystal is shown in 
the top section of Fig. 2-4. You can imagine this continuing in all four directions. 

 
Fig. 2-4 Processes involved in dissolving table salt in water 

The two atoms sodium (Na) and chlorine (Cl) combine well because the Cl atom 
lacks exactly one electron in its outermost shell. Full shells are the “target” of 
many atoms on their way to the lowest energy state and thus the most stable 
state. The Na atom has the reverse intention. It has a single electron on the 
outermost shell and is eager to get rid of it. If now Cl and Na combine, both can 
equally fulfil their wishes, creating a very stable compound. 
A very special property of such a bonding between an alkali metal – such as 
sodium – and a halogen – such as Chlorine – is the strong shift of the probability 
density of the binding electron in the direction of Cl. It's almost arranged into 
the outer shell of the Cl. This is referred to as a strong electronegativity of Cl. 
This local shift of the negatively charged electron in the direction of the Cl atom 
produces an electric dipole moment in the compound; the negative side of the 
dipole on Cl, the positive side on Na. 
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Now everything would be okay if we didn’t decide to introduce this compound 
to a solvent in its vicinity, which itself has a strong polar bond. Water is one 
such polar solvent, because the oxygen atom (O) is very electronegative and 
thus can attract up to two electrons while both hydrogen atoms (H) would 
gladly give up their only electron. In this case, too, there is an electric dipole 
with the positive side on the two H atoms and the negative side on the oxygen 
atom. 
There is now a simple physical law which states that two electric dipoles attract 
each other electrostatically. In the presence of a sufficient number of water 
molecules, the attraction between the NaCl bond and the water molecules 
causes the water molecules to force their way into the NaCl bond until it is 
pushed apart. This dissolves the salt. Due to the fact that the one “foreign” 
electron is almost always present on the Cl, it is highly probable that it will be 
found on the Cl when the compound is broken apart, and the Cl atom simply 
takes it along as it moves away from the Na. 
However, the electron shell of Cl then consists of its own electrons plus this one 
foreign electron. This results in a negative excess charge. The atom then becomes 
a singly charged anion – the chloride, Cl–. 
The reverse happens to the Na atom. Its shell lacks an electron, leaving a positive 
total charge. The atom becomes a singly charged cation, the Na+. 
This situation is depicted in the bottom section in Fig. 2-4. In this figure, another 
peculiarity of the formation of ions in water is shown. You can see that some 
water molecules have grouped around the ions. This is due to the fact that again, 
a physical law states that a point charge (e.g. an ion) and a dipole (e.g. the water 
molecule) attract each other strongly, even stronger than the attraction between 
two dipoles. This force of attraction causes all ions in water to form a hydration 
shell as shown in the figure. If you look closely, you will see that the water 
molecules align themselves differently for the cations and anions and that the 
thickness of the hydration shell can be different. The alignment is simply due to 
the fact that positive and negative attract each other, i.e., rotate in relation to 
each other. And as for the second observation, the electric field strength 
generates the attraction force, and this decreases quadratically with increasing 
distance from the centre of the point charge. A large ion (such as the Cl–) thus 
has a low attraction force on the water dipoles at its periphery than the smaller 
Na+. 
As uninteresting as the phenomenon of the hydration shell formation of ions 
may seem to you at this point, it is responsible for many things, such as different 
selectivities of ions for ion exchangers and their specific conductivity as well. 
Solubility and adsorptivity of organic molecules (Chapter 4.4.1) and the change 
in volume of ion exchangers depend on their ionic form (Chapter 3.3.2) which 
results into different degrees of hydration. 
The fact that these things are revisited in some later chapters, you may see that 
this phenomenon is very important after all. 
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The first example for the generation of ions is from table salt, which is separated 
into the cation Na+ and the anion Cl–. This process, which takes place when the 
dissolution takes place in water, is called dissociation. It can be said to a good 
approximation that in the case of NaCl, there is complete dissociation. The 
dissociation equilibrium is largely concentrated on one side: 

NaCl  Na+ + Cl–. 
Now we want to discuss a group of substances to which this particular 
definition does not apply: Acids. 
Instead of table salt, we now change the picture from above by dissolving a well-
known acid in water – hydrochloric acid – or rather hydrogen chloride – a gas. 
Just as with table salt, the HCl compound also has a chemical bond that is very 
strongly shifted in the direction of the Cl atom. The compound is therefore very 
polar and has a high dipole moment. When we bring this compound into 
contact with our polar solvent water, the molecules involved will attract each 
other electrostatically, the water forces itself between the HCl bond and 
separates it; HCl is dissociated by water.  

 
Fig. 2-5 Processes for dissolving hydrogen chloride gas in water 

You might say that this is exactly the same as salt, which is true so far. The only 
difference is that the dissociation process for acids is not as complete as for salts. 
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Both forms, the dissociated and the associated form, are present in equilibrium 
– the dissociation equilibrium. Understanding which of the two forms of acid – the 
dissociated or the associated – is present in the solution to be considered is of 
fundamental importance to our topic. Those who understand these concepts 
have already understood about 80 % of ion exchange technology! Let’s now go into 
this topic a little deeper. 
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2.3 Behaviour of carbonic acid and of acids in general 
As we deal with this topic, we will encounter an extremely important concept. 
I would highly recommend learning this concept, as it may very well help you 
with many questions concerning ion exchange. 
First, I would like to ask you a question: What do you think constitutes a strong 
acid? We are probably already familiar with the terms “strongly acidic” or 
“weakly acidic” for cation exchangers. But what do they mean? How do we 
define the strength of an acid? 
One of the many answers often mentioned is “by a high degree of dissociation”. 
This sounds logical, but I would like to show you, using the example of a well-
known weak acid – carbonic acid – that the degree of dissociation is neither a 
constant nor does it indicate the strength of the acid. 
Carbonic acid has the additivity formula H2CO3. In principle, it can donate 2 H 
atoms, 

H2CO3    H+ + HCO3 
–   2 H+ + CO3

2– 
which means that besides the associated form on the left, the dissociated forms 
after the first-stage, and the second-stage dissociation in the middle and on the 
right can also exist. 
When do these different forms occur? The answer to this question can be 
obtained from the dissociation diagram (Hägg’s diagram) of carbonic acid. We can 
read off this diagram, how the acid reacts to a pH value applied externally and 
adjusts its degree of dissociation. 
On the x-axis of the graph, we see a pH scale. Imagine this: you have a dial on 
your water sample that allows you to adjust the pH value of your sample in 
whichever way you wanted. This externally applied pH value is represented on 
the x-axis.  
The y-axis is scaled in %, and you can see that the sums of all three coloured 
curves always add to 100 %. Absolute concentration is clearly not what matters 
here. We only assume that the concentration is low, and therefore the carbonic 
acid does not determine the pH value by itself and is not the only component in 
the water. This assumption is typically satisfied for raw water. 
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Fig. 2-6 Dissociation diagram of carbonic acid 

Now we can look at the three curves with different colours. The associated form 
in red, the dissociated forms, as the hydrogen carbonate anion after the first-
stage dissociation, in pink and, as the carbonate anion after the second-stage 
dissociation in blue. I would also like to point out that I have chosen to use the 
H2CO3 notation for the formula of the associated carbonic acid for didactic 
purposes. You can easily see that it can donate two H atoms. In reality, carbonic 
acid decays (by splitting off a water molecule) rather quickly and completely 
into carbonic anhydride, which is dissolved but undissociated CO2 in the 
gaseous state. 
So, how do you use this diagram? Let’s look at a few examples. 
Example 1: pH 4 
You turn your dial to pH 4. We now see in Fig. 2-6, which of the three curves 
have changed from 0 at pH 4. The blue curve for carbonate is 0, the pink is down 
to 0, and accordingly, the red curve for CO2 is at 100 %. We see that carbonic 
acid at pH 4 is completely in the form of CO2. By the way, this is also the 
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situation in the degasser of a DI plant (when positioned immediately after the 
cationic stage). 
Example 2: pH 7 
We read at pH 7 that the blue curve is at 0 again. The pink curve for hydrogen 
carbonate is around 80 % at pH 7, and accordingly, the red CO2 curve is at 20 %. 
Therefore, carbonic acid exists as 80 % hydrogen carbonate anion from the first-
stage dissociation and 20 % associated CO2 at pH 7. 

Example 3: pH 10.3 
We increase the pH value to 10.3, a value that is typically reached in a lime 
decarbonisation process. This time, the red CO2 curve is at 0, and the hydrogen 
carbonate and carbonate are both at 50 %. If lime water – Ca(OH)2 – is used to 
raise the pH, CO3

– – then combines with Ca++ to form the insoluble CaCO3, which 
can be filtered off and removed from the water. 

Note on the efficacy of decarbonisation in example 3: 
Looking at example 3, you may well arrive at the conclusion that at pH 10.3, only half of 
the carbonic acid, i.e., the carbonate, can be precipitated and removed. This makes sense at 
first, but what is left in the water after the precipitation of 50 % as CaCO3? Only the 
remaining 50 % as hydrogen carbonate. This no longer corresponds to the 50:50 % 
equilibrium required at pH 10.3. Therefore, a post-dissociation reaction will take place to 
split this 50 % hydrogen carbonate into 25 % hydrogen carbonate and 25 % carbonate. 
The carbonate half is precipitated again, and the remaining 25 % hydrogen carbonate is 
again no longer in equilibrium. As long as the pH stays constant at 10.3, the continuous 
post-dissociation reactions will remove a significantly larger proportion of the carbonate 
than the expected 50 %. Typically, residual values of the carbonate of about 0.5 - 0.6 mmol 
carbonate/l can be reached. In addition to constant pH, another prerequisite for this to 
work well is sufficient time. This is rarely a problem in the very large decarbonisation 
tanks typically used. In continuous decarbonisation processes, however, problems can 
arise due to insufficient time, which can often lead to higher residual concentrations of 
hydrogen carbonate. 

I would like to reiterate the fact that the dissociation diagram shows how an 
acid reacts to an external pH value without being involved in the creation of this 
pH value. You may be more familiar with the opposing view that when an acid 
is concentrated, this acid becomes the dominant component and we then say: 
“The acid has a pH value of xy”. But this is precisely not the case according to 
our assumption in the dissociation diagram above. Our acid in the water sample 
should not determine the pH value, as this is determined by you “using the dial”! 
The acid therefore only has the possibility to react to the pH value applied 
externally. 
Now I come back to our original question: What characterises a strong acid, and 
what characterises a weak acid? We have seen that even the weak carbonic acid 
can be highly dissociated if the pH value is high enough. The degree of 
dissociation is therefore not a constant that could be used to define the strength 
of an acid. But we can see that the pH value obviously plays an important role. 
It causes the degree of dissociation of the acid to change. The decisive factor will 
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therefore be the pH value at which the curves change. 
Importantly, every acid has such a dissociation diagram, but with two 
distinctions. 
On the one hand, the number of curves in the diagram is determined by the 
number of dissociable H atoms. Carbonic acid has two of them, and therefore 
n+1 = 3 curves. One for the associated form + 2 for the dissociated. HCl would 
only have 2 curves, and H3PO4 would have 4. 
On the other hand, the position of these curve sets on the pH scale is different 
for each acid; and here lies the heart of the matter. Suppose you compare two 
different acids that are both dibasic, i.e., can donate 2 H atoms. The curve sets 
of both acids would look identical, but the question arises as to where the curve 
sets are positioned on the pH scale. So, we have to take our question a step 
further by asking which fixed points define the positions of the curves in the pH 
range. 
Taking another look at Fig. 2-6, we find two pH values highlighted in colour. 
The transition pH of the indicator methyl orange is shown in orange at pH 4.3, 
and the transition pH of the indicator phenolphthalein is shown in purple at pH 
8.2. You can see that these positions both mark zero on the curves. This would 
be one possibility to define the positioning of the curve sets. In chemistry, 
however, zero values of the concentration are something uncommon to almost 
impossible. There is always an equilibrium, which rarely results in 0 on one side. 
Therefore, the zero value for a robust definition is not sufficient. When 
measuring p- and m-values experimentally by titrating carbonic acid, however, 
the accuracy is absolutely sufficient, and these indicators are therefore used for 
this purpose (see Chapter 8.1). 
But let’s look at the figure again. We find two more somewhat strange entries 
on the pH scale: pKa0à1 and pKa1à2. In this context, the letter “p” indicates 
logarithmic concentration scales, just like the pH value. The letter “K” indicates 
that this is a constant (historically derived from the German spelling), and the 
index “a” indicates that this constant applies to acids. The last index indicates 
transitions between two dissociation forms. 
If you extend the arrows at the pKa values upwards, you will see that these 
constants indicate exactly those pH values at which the concentration of two 
adjacent dissociation forms is exactly 50:50 %. These constants are defined in the 
same way. And this is a very precise definition that can also be accurately 
measured. It is even theoretically calculable, as we shall see later. 
Each acid thus has a set of one or more pKa values, depending on how many 
dissociation forms it has. These pKa values can be found in countless tables on 
the Internet. All you need to do is type pKa into the search field of your internet 
browser. 
I would like to repeat again that this approach only applies to acids that are 
diluted and are not the pH-determining component in the solution. If, on the 
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other hand, you are more interested in the behaviour of acids and buffer systems 
during concentration, please refer to Chapter 5.1. 
I would recommend that you put a bookmark for Fig. 2-6 on page 23, as I will 
often refer back to this figure throughout the rest of the book. 
Let’s do a preliminary review: 
Each acid has one or more constants, which define the position of the curves on 
the pH axis of the dissociation diagram based on their 50:50 % values. We have 
therefore come very close to having an answer to the question on acid strength. 
But we still need to get a little more used to these numerical values. Table 2-4 
therefore gives an overview of many pKa values of common inorganic acids. 
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3 Function of the common ion exchanger classes 
In this chapter, you will learn about the functional groups of the ion exchanger 
classes used in the DI industry. The functional groups are ions that are firmly 
anchored in the synthetic matrix of the beads. That’s why they’re called fixed 
ions. There are also exchangers with non-ions as a functional group. The term 
“fixed ion” is therefore not universally valid. When describing the mechanism 
of action, I pay particular attention to the behaviour of the functional groups 
depending on the external pH value, since it is of crucial importance for both 
loading and regeneration. 
In the last section of this chapter, I will go into the different mechanical 
properties of exchangers. You will see, however, that these are also decisively 
characterised by the properties of the functional groups. 

3.1 Cation exchanger 
Cation exchangers always have a functional group in the form of an acid anion 
fixed in the polymer matrix. In order to maintain ionic neutrality, any cation can 
enter the exchanger and remain in the vicinity of the group. 
Cation exchange means that a more selective cation has a higher probability of 
staying near the functional group than a less selective cation. 
In demineralisation, cation exchangers are essentially regenerated into the H+ 
form by using strong acids. The H+ ion has almost the lowest selectivity of all 
cations with respect to the cation exchanger. It is displaced from the functional 
groups during loading by all cations contained in the raw water (essentially Na+, 
K+, Ca++ and Mg++). At the end of loading, an equilibrium of the loading mixture 
with the four cations mentioned is established. However, the final zone of the 
bed (fine purification zone) still largely contains H+, since typically only up to 
the breakthrough of ≈ 1 - 2 % of the feed concentration is loaded. The next cycle 
then begins again with regeneration using highly-concentrated acid converting 
the groups back into the H+ form. 

3.1.1 Strongly acidic cation exchangers (SAC) 
Let’s begin with the easiest to understand exchangers, the strongly acidic cation 
exchangers. 
Strongly acidic cation exchangers have a sulphonic acid anion as their functional 
group, which is bound in the aromatic rings of the polystyrene matrix.  
On average, one group per ring is chemically favoured for production, which 
means that the functionalisation density (= capacity related to the mass of the 
dry polymer) of all strongly acidic exchangers is very similar. There are 
exceptions due to other functionalisation processes (e.g. solvent-free, 
sulphonated versions for the drinking water and food industries). 
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Fig. 3-1 Structure and functional groups of strongly acidic cation exchangers 

After regeneration, the majority of the groups is in the H+ form shown on the 
left in Fig. 3-1; and after 3, beside others, in the Na+ form shown on the right. 
Both forms are usually also available for delivery. 
The pKa value of this sulphonic acid group is approx. 1. According to the 
classification of acid strengths described in Chapter 2.3, this cannot really be 
considered strong. However, you will soon see that this value is perfect both in 
terms of the loading and the regeneration. 
Let’s now assume that the resin bed is in an exhausted form and is to be 
regenerated. The task here is to displace the other cations that are significantly 
stronger by means of a cation that is actually weakly selective, such as H+. This 
can only be achieved by a very high concentration of H+, i.e., a sufficiently 
highly concentrated acid. Nevertheless, a concentration of > 4 % HCl is quite 
sufficient to achieve this “violent regeneration effect”. Normally used 
concentrations of 5 - 6 % already work quite well on this first regeneration 
mechanism. 
But now we will see a second effect, which is fairly new but completely logical 
after what we have learned so far. This effect is very convenient for us: The pH 
range during regeneration is just below 0 (see Chapter 2.1, P. 12) and thus more 
than one pH unit below the pKa value of the functional group. This functional 
group tends to associate with the H+ and form the free acid at the moment of 
regeneration, when the pH in the resin bed falls well below 1. This tendency is 
so strong at such a low pH value that the selectivity of the H+ ion to the 
functional group increases sharply when the pKa value of the functional group 
is undershot, as if a selectivity switch was flipped. This makes it much easier for 
the H+ ion to displace Ca++, Mg++ or Na+ by this association reaction. 
So, perhaps a somewhat unusual summary of this second regeneration 
mechanism is as follows: “Regeneration of a cation exchanger requires the 
undershooting of the pKa value of the functional group by at least one unit”. This 
second mechanism accounts for more than half of the regeneration efficiency. 
You will hardly appreciate this numerical value at the first moment, but I will 
explain it later during the discussion of the strongly basic group. 

(loaded)

SO3– SO3–

H+ Na+
(regenerated)
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We have stated that the regenerating acid should be at least one pH unit below 
the pKa value of the group. Now imagine a hypothetical “superstrong” cation 
exchanger with a pKa value of the functional group of around 0. This would 
probably have very good loading properties (e.g. low Na leakage), but an acid 
with pH ≈ –1 would be necessary for regeneration. In the case of HCl, that would 
be about 36 %! This would be neither practical nor economical. So, this is the 
first time that the pKa value of the strongly acidic group of approx. 1, which 
was initially regarded as rather high, could be quite useful. Therefore, for the 
sake of an effective regeneration, it should be approx. 1 or higher. 
However, this association of the functional group now also has a disadvantage. 
As long as the exchanger is still in this low pH level, it would not be able to take 
up any cations at the beginning of loading, since the currently still very high 
“selectivity” for H+ maintains the associated form. The “selectivity switch” must 
first be reset. This is actually done by rinsing with DI water to displace the acid 
from the resin bed. The pH value rises quite quickly to 2 and then slowly 
increases. As pH exceeds the pKa value of 1 during rinsing, the functional group 
begins to dissociate again, and the H+ is released. The group becomes anionic 
and thus active again, and the next loading can begin. 
As you can see, an acidic functional group must always be in the dissociated form 
in order to enable loading. 
This therefore generally means that the strongly acidic exchanger can only be 
loaded in solutions with pH values > 1 (this applies to the types used in DI). 
Fortunately, this is not a problem for the demineralisation process either. I 
would like to mention in advance what you will learn in Chapter 4.1.1, which is 
the fact that the pH value in the strongly acidic cation exchanger is 2 - 3 and thus 
> 1 unit above the pKa value. Thus, in terms of loading, the pKa value of the group 
must be ≤ 1. Together with the need for cost-efficiency at pKa values of ≥ 1, the 
optimal pKa value for the group is therefore exactly 1, as mentioned at the beginning 
of this section.  

3.1.2 Weakly acidic cation exchangers (WAC) 
The functional group of the weakly acidic cation exchanger is the carboxylic acid, 
whose pKa value is approximately 4. This then makes it a moderately strong to 
weak acid. 
Also weakly acidic groups are regenerated into the H+ form with acid before 
loading. 
Fig. 3-2 shows the regenerated H+ form on the bottom left, and the Na+ form on 
the right as one of the possible exhausted forms. The Ca2+ form is shown on the 
top. We can see that the divalent Ca2+ cation also occupies two functional groups. 
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4 Demineralisation process with ion exchangers 
4.1 Stages of complete demineralisation 
In the standard case, an ion exchange-based demineralisation consists of a 
cationic side and an anionic side. Whether the two sides consist of one or two 
stages is a process engineering and commercial decision. The various circuit 
models that can be planned depending on the raw water analysis and size of the 
plant are described below in Chapter 4.2. The commercial criteria are described 
in Chapter 7. 
In the following, the functioning mechanisms of up to five stages of the DI line 
are described, so you can understand why the decisions (depending on the raw 
water) sometimes have to be made in terms of process engineering, and 
sometimes commercial aspects. 
For mixed beds, however, we will discuss them in a dedicated section in 
Chapter 4.3.4. 

4.1.1 Decationisation 
In many plants, the cationic side consists of only one strongly acidic cation 
exchanger (SAC). Our raw water from Chapter 2.4.1 serves as the feed. I more 
or less decided on a whim to use the first type with a hardness of > HCO3

– as it 
occurs somewhat more frequently. 

 
Fig. 4-1 Function of decationisation by an SAC 

We let this raw water run over the cation exchanger regenerated in the H-form. 
It takes up cations accordingly and releases protons. It looks almost the same on 
the results side. 
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However, a deviation from what was expected is seen in the upper part of the 
results analysis. Why has the hydrogen carbonate been removed even though it 
is an anion? You can see that there are protons in the lower left quadrant 
(cationic side below the dotted line) that brings down the pH. The pH value in 
the SAC almost always lies between 2 - 3 (in the absence of recirculation). This 
is well below the pKa value of 6.4 for carbonic acid (see our important Fig. 2-6). 
The HCO3

– still present in raw water will have to completely associate into CO2 
at this low pH value. The large grey block in the results analysis is then the sum 
of the HCO3

– and CO2 from the infeed side, and it is no longer distinguishable 
whether a carbonic acid molecule was previously present as CO2 or HCO3

–. 
There is no change in the lower right quadrant, the mineral acid sum (FMA sum), 
as a cation exchanger cannot influence this. This FMA total is always matched 
by the H+, so it can be concluded directly that the pH value after SAC can be 
calculated directly from the FMA sum. This is indeed the case, and we will 
discuss the measurement in more detail in Chapter 8.3.3. 

4.1.2 Decarbonisation 

4.1.2.1 Decarbonisation within the DI line 
Let’s now assume that the cationic side of the DI line consists of two steps. Then 
the weak-acid stage always comes first. The raw water selected is as in the 
previous section. 

 
Fig. 4-2 Function of decarbonisation by a WAC 

A weakly acidic cation exchanger (WAC) also takes up raw water cations and 
releases protons. In principle, we should expect the same result analysis as for 
the SAC. Now compare the right sides inFig. 4-1 and in Fig. 4-2. You will notice 

analysis after softening 
(pH ≈ 7…9)

raw water analysis

WAC 
in  

H-Form

SiO2

NO3
–

Cl–

HCO3
–

Ca++ 

Mg++

SO4
2–

CO2

Na+ 

K+

DOC

Ca++ 

Mg++

Na+ 

K+

SiO2

NO3
–

Cl–

SO4
2–

CO2

DOC





Chapter 5, Further chemical principles 

– 127 – 

5.3 Chemistry of silicic acid and its uptake in DI plants 
Silicic acid is one of the “arch enemies” of turbine operators because it can cause 
deposits on turbine blades that reduce efficiency. Therefore, one of the most 
important tasks of boiler feed water generation is to reduce silicic acid to the 
lowest possible levels. 
Typically, SiO2 contents below 10 µg/l (or ppb) are not considered critical. 
Sometimes, however, the DI water produced contains 100 or more ppb, which 
is why many operators pay special attention to this parameter on the one hand, 
and on the other hand often “rant” on about the DI plant or the resins. In any 
case, you should bear in mind that typical SiO2 contents of 10 - 20 mg/l (ppm) 
are present in the raw water, so the ion exchange plant must reduce the silicic 
acid contents to approx. 1/1000 of their input value, but also be able to do it. 
Removal rates of 99.9 % are a quite remarkable result, which can hardly be 
achieved by any other purification or treatment method! 
However, since the residual value requirements for silicic acid are very strict, I 
would like to dedicate an entire chapter to it in the following. It contains 
information on how the residual values can worsen or be improved. There are 
possibilities for influencing the process as early as the planning stage, but there 
is still a lot to be considered, especially during plant operation. 

5.3.1 Special properties of silicic acid 
According to conventional wisdom, silicic acid in the form of the anion silicate 
(H3SiO4

–) would be bound on the strongly basic anion exchanger (SBA). The so-
called “colloidal silica” is also well known, which has always been easy to 
distinguish from silicate due to its poor photometric measurability. The reality 
is a little more complicated than that. But one thing at a time. 

5.3.1.1 Forms 
The different forms of silicic acid are shown in Fig. 5-4. The commonly used 
term “SiO2” denotes the smallest silicic acid unit, which is also the acid 
anhydride of the metasilicic acid H2SiO3. This anhydride is formed 
(theoretically) by splitting off water from the metasilicic acid. The latter in turn 
is the (also theoretical) anhydride of orthosilicic acid H4SiO4. 
We have already encountered the formation of an acid anhydride in Chapter 2.3 
with carbonic acid (H2CO3), which is converted to carbonic anhydride CO2 by 
splitting off water. The equilibrium of this reaction is on the anhydride form, so 
in water, almost always only CO2 exists. 
With silicic acid, the opposite is true. Only the orthosilicic acid molecule is stable 
in aqueous solution. Its anhydride metasilicic acid does not form freely. Only 
the reversal reactions take place, if at all, so the forms SiO2 and H2SiO3 do not 
exist in water. This is due to the fact that Si=O double bonds are not stable in 
water, and both anhydride forms have such double bonds. The form with 4 
single bonds is more stable. 
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On the other hand, there is a reaction that takes place under water splitting. It 
is the condensation reaction, a special form of polymerisation. Molecules with 
terminal OH groups are often capable of this reaction leading to the formation 
of polycondensates. Each two OHs form an H2O and a connecting O. These 
compounds also have four single bonds in terms of the silicon and are therefore 
quite stable. 

 
Fig. 5-4 Forms of silicic acid 

But the figure also shows another very important fact: The condensation 
reaction only takes place in the presence of protons, i.e., in the rather acidic pH 
range. The lower the pH value, the faster and larger the polycondensates grow. 
However, when hydroxide ions are offered in the alkaline pH, these 
polycondensates dissolve again. The condensation process is therefore 
reversible, and a re-dissolution of the deposits using, e.g., warm sodium 
hydroxide solution is often possible. 
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We can therefore summarise the forms of silicic acid as follows: 

 
Table 5-1 Forms of silicic acid in different polymer sizes 

The often-cited division of silicic acid into two separate parts – dissolved and 
colloidal – is therefore not adequate, since there is a broad particle size 
distribution whose bulk varies with the pH value. The four rows of the table are 
therefore not separable types. Only the separation into monomer/oligomer and 
the group of polymers makes sense. 
The bulk of the particle size depends not only on the pH value, but also on the 
concentration of the silicic acid, or more precisely, on the total dissolved solids. 
Very high salt contents cause water scarcity which promotes condensation to 
the polymer. At high electrolyte concentrations (considerably higher than in 
drinking water), the bulk therefore shifts to the larger particle sizes. 
The condensed and colloidal forms are nanoparticles with sizes of < 1 µm 
(= < 1000 nm). They are therefore very difficult to filter mechanically. 

kind Si-number size state

silicate 1 (H3SiO4
–) < 1 nm ion

ortho-silicic acid 1 (H4SiO4) << 1 nm monomer

condensed form ≈ 2…10 1…3 nm oligomer

colloids ≈ 10e3…10e9 ≈ 10 nm…1 µm polymer
gel, crystal, quartz visible polymer
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6 Design and planning of ion exchange plants 
6.1 Some terms are a bit confusing 
Co-current, counter-current, downflow, upflow, fixed bed, packed bed, 
fluidised bed...Who can keep up with all this? 
Unfortunately, “technician jargons” are often used incorrectly or at least 
ambiguously, so one can easily get confused. So, let’s clarify this at the 
beginning. 
First, term pairs are assigned to the flow directions. A single step within a process 
can run either in upflow or downflow. The liquid then runs upwards or downwards 
through the bed. There are no other possible explanations or conditions. 
The next step characterises the condition of the resin bed. Every common ion 
exchange process requires a fixed bed. This means that the layering of the resin 
bed must not be changed or disturbed within one phase of the process. This is 
necessary so that the loading front can advance evenly through the bed during 
this step. The opposite is the fluidised bed, which is only desirable in very special 
cases. In most cases, it should be absolutely avoided, because the layering of the 
resin bed is destroyed, and the desired column effect is not achieved. 
The packed bed (often called Schwebebett also in English) is a form of the fixed bed. 
The term was introduced in the 70s by the former Bayer AG to describe the fixed 
bed loaded in the upflow. However, it became really confusing when the 
abbreviation “WS” was used for this procedure. Everyone considered this to be 
equivalent to the term fluidised bed (Wirbelschicht in German), which it should 
not be at all. However, the packed bed and WS designations have become stuck, 
and we can only clarify carefully what it is about in order to limit the confusion. 
That brings us to the last pair of terms. It is about the description of procedures 
as sequences of phases. Each individual phase can take place in upflow or 
downflow. Typically, a certain loading direction is now combined with a 
particular regeneration direction to characterise a process. There are basically 
two possibilities: Loading and regeneration take place in the same direction (co-
current process), or loading and regeneration take place in opposite directions 
(counter-current process). 

 
Fig. 6-1 Possible flow directions depending on the process 
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The four possible combinations are shown in Fig. 6-1. The counter-current 
processes 3 and 4 are of course common for DI plants. The co-current process 
(1) is common for waste water or condensate polishing plants. It can still be 
found in very old DI plants. The second variant is not used in the water industry. 
It is only suitable for process fluids with a very high density (higher than the 
density of ion exchangers). 
The basic procedural decisions are summarised briefly as an introduction to the 
following sections: 

a) Process: 

• Counter-current always when possible 
• Co-current if frequent backwashing is necessary 

if conditioning and/or resin mixing is necessary 
If the procedure = co-current: 
 flow direction is almost always in downflow 

If the procedure = counter-current: 

b) Loading direction: 

• Upflow always, if flow dynamics ≈ 5…100 % applies => WS 
• Downflow only, if F = 0 must be frequent and for a long time => Up.Co.Re 

c) Regenerating direction: 

• Downflow always if possible => WS 

• Upflow only, if downflow loading is essential => Up.Co.Re 
The term Up.Co.Re is an abbreviation for Upflow-Counter-current-
Regeneration, which was defined from the DOW company in the 70s. 
Further decision-making criteria between the two counter-current methods can 
be found in Chapters 6.4.2 and 6.4.3. 





Chapter 6, Design and planning of ion exchange plants 

– 184 – 

6.9 Calculation of various standard demineralisation processes 
The aim of the plant design is to 
• determine the appropriate resin stages, 
• determine the appropriate resin volumes, 
• calculate the required quantities of regenerant, 
• calculate the pressure losses and possible flows as well as to 
• determine the column geometry. 
Generally, raw water analysis is the first step. In the event of major changes to 
this design analysis, the optimum plant configuration will always change as 
well. 
The second important point I would like to make at the start is that there is 
almost always a certain degree of flexibility and not just one “correct” design. 
Sometimes there are constraints that you have to abide by. For example, an 
operator would like to have a minimum throughput between two regenerations 
at a given nominal flow rate. Depending on the water analysis, this can 
sometimes be quite absurd: As a plant constructor, try to convince a power plant 
operator that a smaller plant with a lower throughput between the 
regenerations is technically or economically better for him...strictly speaking, 
the throughput for a well-designed plant always results from calculation and 
cannot be freely selected. 
There is also an important argument about what produces the same raw water 
analysis for different plants, and these are comparisons between investment and 
chemical costs, which each operator can evaluate differently. Due to the great 
significance of this topic, a separate main chapter (7) is included. 
In my opinion, the most common problem is that plants are designed too large. 
Every engineer puts a 10 % safety margin on top, and in the end, you have a 
plant that is 50 % too big! Then at least there were five engineers involved...but 
whether they were any good is the question. 
In Chapter 6.9.8, I will show you how to find a sensible optimum with a 
sufficiently large maximum flow rate and a sufficiently small minimum flow 
rate, which deals with the maximisation of flow dynamics. 
One more comment at the end of the introduction: From here on out, skipping 
the calculations and formulas will of course no longer be possible, even if I have 
largely done without them in this book. However, you will find that nothing 
goes too overboard and no advanced mathematics is necessary.  

6.9.1 Regenerant amount, regenerant excess and regenerant offer; 
definitions of terms 

In this chapter title, there are three exemplary terms which all have very precise 
meanings. As an introduction to the chapter on calculations, I have compiled 
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the definitions necessary for the following: 

 
Table 6-1 Definitions of parameters for calculations 

• Resin volume is the compacted volume of a resin layer. Usually the salt 
form is referenced for strong types and the regenerated form for weak 
types. 

• Flow is the volume flow through the resin stage or plant during loading. 
The term “throughput” is often used here for the loading volume flow, 
but it is easy to confuse this. Sometimes “performance” is also used, 
which is somewhat ambiguous to say the least. Due to the fact that two-
lines are constructed most of the time, this flow is continuously available. 
The series-switching circuit also produces this continuously. 

 It should be borne in mind that this flow fills the DI water tank from 
which the regeneration and rinse water is also taken. The flow through 
the plant is then referred to as the gross flow. And accordingly, the net 
flow is the averaged value after deduction of this average internal water 
consumption of the plant which is available for consumption. Usually, a 
good compound counter-current plant has an internal water 
consumption of 3 - 5 %. 

• The produced DI water volume between two regenerations is the 
throughput. This is just like the gross throughput per cycle, since DI 
water is also needed for regeneration. After deducting this internal water 
consumption from gross production, the net throughput is obtained. 

Item Abb. Unit Description Alternative

Resin volume RV L resin Resin volume in a stage m3 resin

Flow F m3/h Flow through the plant / line –

Throughput M m3 Volume of DI-water produced by a line between 
regenerations –

Specific Throughput D BV Normalised throughput (throughput divided by resin volume) l liquid / 
L resin

Specific Flow rate SB BV/h Normalised flow (flow divided by resin volume) l liquid / 
L resin/h

Linear velocity Vlin m/h Empty pipe velocity through a column –

Regenerant offer RO g 100 %ig/L resin Regenerant offer per L of resin mol/L resin

          " –amount RA kg 100 % Regenerant offer for one resin stage in total mol

          " –excess RE % of OC Regenerant offer (in mol/L resin) divided by the OC –

          " –loss RL % of OC Regenerant excess above 100 % mol

Total capacity TC eq/L resin Amount of functional groups per L of resin –

Operating capacity OC eq/L resin TC and RE dependent capacity that can be used in the 
column process until breakthrough –
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• Specific throughput is a normalised parameter. It has the unit bed 
volume (BV). This unit BV is obtained by dividing the volume of liquid 
passing through the resin stage by the volume of resin, i.e., BV = 
lliquid/Lresin. The different notation of litres, lowercase for the liquid and 
uppercase for the resin volume, is kept throughout this book, so you can 
get used to it for differentiation purposes.  
Normalised parameters have the decisive advantage that they are the 
same for all plant sizes. So, you can get a good feeling for these 
parameters over time, even if you are dealing with different plant sizes. 
If you are a plant designer, you will appreciate this. 

• The specific flow rate is also one of the normalised variables. It is 
obtained by dividing the flow by the resin volume. The unit is BV/h or 
lliquid/h / Lresin. 

• Linear velocity is also a normalised parameter, even if the BV part does 
not occur at all in your m/h unit. It is defined as empty pipe velocity, as 
if there were no resin in the column. 

• Regenerant offer (RO) is also normalised, as it represents the regenerant 
offered per L resin in g100%/Lresin. For example, 55 g HCl 100 % / Lresin 
are common for SAC types. Actually, the conversion to Mol H+/Lresin 
would be better for understanding. But it is not so common. 

• The amount of regenerant used for an entire resin stage is referred to as 
the regenerant amount (RA). So, it has the unit of kg 100 %. The choice of 
the acid or caustic quantity calculated as 100 % eliminates the influence 
of the concentration actually reached in the dilution. Whether the HCl is 
5 % or 6 % does not matter as long as a certain mass of 32 % HCl has been 
consumed. For example, if 100 kg of the 32 % HCl were consumed, this 
corresponds to 32 kg HCl 100 %. Accordingly, 100 kg NaOH 45 % is 
exactly 45 kg NaOH 100 %. Volumes must be converted according to their 
density. 

• Now it starts to get exciting, with the definition of the regenerant excess 
(RE), since this is a very important parameter. With each regeneration, 
more H+ or OH– is regenerated in the stage than used as OC for the next 
loading. This ratio RE = RO/OC must therefore always be ≥ 100 %. RO 
must be in Mol H+/Lresin for this calculation. At this point, I will just say 
that all design calculations can ultimately depend on the RE parameter. 

• Since the regenerant excess is > 100 % of the OC, the excess acid or caustic 
must be discarded to the neutralisation tank. Therefore, the portion of the 
excess exceeding 100 % is referred to as the regenerant loss (RL). The 
processes that minimise this percentage value are ultimately the most 
economical.  
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• Total capacity (TC) is an important parameter for understanding the 
following. It indicates how many functional groups are available in a litre 
of resin. For new resins, the manufacturer’s catalogue specifications 
apply here. In the case of fillings in use, however, the total capacity can 
be greatly reduced by the loss of functional groups. 

• The operating capacity (OC) is a parameter that can be seen as a product 
of three parameters: 
OC = TC x kinetic factor x regeneration level. 
The TC is to be regarded as the default for new resins. The kinetic factor 
indicates the proportion of the resin bed that is in exhausted form when 
the stage is broken through. The value for this is in the range of 80 - 85 %. 
Conversely, this means that approx. 15 % of the resin volume can never 
be used due to the limited gradient of the breakthrough profile. 
The regeneration level is the proportion of the resin bed that is present in 
the regenerated form after regeneration. You must not assume that a resin 
bed is always completely brought into the regenerated form. This would 
require an uneconomically high supply of regenerant for the SAC and 
especially SBA types. Typical regeneration levels at the start of loading 
are 70 - 90 %. For the weak stages, it is naturally even higher. But it is 
lower in the case of strong stages without compound regeneration. 

Some of these definitions may be used differently and, as I have introduced 
them here, are not to be seen as the last word on the subject. At this point, I have 
simply established a system of terms which are used consistently in this book 
and are most commonly used in practice.  
After these preliminary definitions, let’s now go one step further. The relevant 
parameter for the plant design is the OC up to the breakthrough of, e.g., 10 
µS/cm or a SiO2-level of 50…100 ppb after SBA. These parameters are 
essentially not the responsibility of the resin manufacturer, but of the plant 
constructor and operator. It depends first and foremost on the configuration of 
the regenerant offer (RO). Therefore, resin manufacturers often specify, in their 
technical papers, curves for the OC normally achievable for a given resin type 
as a function of RO. 
The following figure applies to some SAC types and is “illustrated” slightly 
beyond the usual reference range. The green curve, the green x-axis and the left 
green y-axis are usually specified by the resin manufacturer: 
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Fig. 6-38 Ranges of the regenerant offer and excess in counter-current regeneration (example SAC) 

I have supplemented this graph in some places to explain the concepts. The 
most important additions are the blue curve, which shows the regenerant excess 
RE, the blue axes for this curve and the extension of both curves to the left 
(green-red dashed line). 
The blue curve shows the regenerant excess (RE) that results from dividing the 
regenerant offer (RO, in the molar unit of the upper blue axis) by the achievable 
OC on the left y-axis. The result is shown on the right y-axis. 
The following stand out: 
• The OC increases as RO increases. Of course, that’s to be expected. 
• The slope of the green OC curve decreases towards the right side more 

and more, thus the increase of RO has less and less effect, the further right 
the operating point is. 

• The RE continues to rise to the right far above 100 %, indicating an 
increasingly expensive operation. In principle, the aim should therefore 
be to set the operating point as far to the left of the curve as possible. 

• Below an RO of approx. 40 g HCl 100 % (corresponding to approx. 1.1 
mol H+/L resin), the green OC curve changes into a straight line. This is 
the linear range. In this range, the blue RE curve approaches 100 % 
asymptotically. 
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6.11 Measurement and control technology 

6.11.1 Flow control 
A degasser sump pump will always be necessary for plants with stripper 
degassers working under atmospheric pressure. The plant thus consists of two 
pressure- and flow-decoupled sides. These must be adjusted to each other in the 
flow by means of a control system. Typically, this is done via a master control 
for the flow through one side (CAT or AN side is irrelevant here; the side can 
also be operated in the free-running mode without control intervention) and an 
adjustable control on the second side with the degasser sump level as the 
reference variable. 
Now imagine that the degasser sump is somewhat small. Then a level control 
with intervention on the flow of the second side will often react much too slowly, 
and then suddenly, the degasser sump is empty (or full), and the system 
switches off. I find it incredible that only a few plants synchronously ramp up 
the setpoints on both sides of the plant. This can be done, for example, via 
feedforward control. The F02 actual value X is added to the control value of the 
CAT pump with a suitable factor, whereby both sides are ramped up almost 
synchronously. The small but unavoidable difference of both flow rates is then 
compensated for in the long term by a sump level control which is set much 
slower. A plant controlled this way will have a stable sump level. 

 
Fig. 6-51 Symmetrical flow control via feedforward control 

I have assumed that pump operation is carried out via variable-frequency 
inverters, as this technology is common nowadays. In principle, dampening 
using control valves with pumps under full load should be avoided due to poor 
efficiency. In particular, today’s variable-frequency inverters often cost less than 
control valves, depending on their size. 
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6.11.2 Continuously mixed recirculation 
In very cheap plants, the flow of the DI line is switched back and forth between 
0 and FMax via a two-point switching control on the DI tank. However, this often 
leads to a situation where, after a few hours of recirculation, a conductivity 
hump is produced when the line is restarted, which can lead to a shut-down of 
the line in the worst case. This can be avoided if recirculation is carried out as 
analogue mixing. This allows the flow rate through the line to be dampened 
down to the holding output of the resin beds. Further dampening leads to 
further reduction of the net production flow, but at the same time, a 
recirculation flow is mixed in, which does not fall below the holding output 
when added to the net flow.  

 
Fig. 6-52 Continuous recirculation mixing 

The two valves in the outlet are controlled in split-range mode, so any mix of 
net production and recirculation flow is possible. The sum of the flows is then 
readjusted via the variable-frequency drive of the AN pump in order to not fall 
below the holding flow. 
If a membrane degasser is used instead of the stripper, the control technology 
is very simple, since no adaptation of both sides is necessary. Only the split-
range arrangement at the outlet and the flow limiter control are required. If the 
raw water available is ≥ approx. 2 bars, only one pump is necessary. In small to 
medium-sized plants, the membrane degasser technology can thus be built 
more cheaply than with strippers, stripper sump level control and a second pair 
of pumps. 
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Fig. 6-53 Continuous recirculation mixing with membrane degasser 

6.11.3 Conductivity measurements 
Unfortunately, many simple plants are still being built with time-controlled 
rinsing steps. However, since the rinsing time of a resin stage can vary between 
3 and 20 BV depending on the ageing state, a time control is almost never set 
properly. It’s better to incorporate a conductivity measurement into the 
regenerate effluent in this respect. This applies to CAT and AN separately, as 
their rinsing times can be very different. 
Such a conductivity measurement can then be used to switch over to circular 
rinse after the conductivity at both rinse outlets has fallen below approx. 2 – 3 
times the conductivity value of the raw water (see Chapter 7.4.4). This measure 
will save a great deal of DI water over the course of the resin’s life and noticeably 
unburden the neutralisation tank. 

6.11.4 Sampling points 
Sampling points are connected with thin pipes as close as possible to the upper 
and lower column exits, not only in the following pipe line. The sampling lines 
are kept as small as possible. I have already experienced sampling pipes in d25 
with corresponding ball valves that were connected somewhere in the piping 
and then gave all kinds of samples, but no direct samples of the column outlet. 
There were no central basins for storing beakers anyway. It was not possible to 
obtain accurate measurements in these plants. 
The flow control valves on the sample basin should not be large ball valves, but 
small screw valves with a hose nozzle, which can be easily extended with a thin 
hose. Thus, beakers in the basin can then be used with a smooth and bubble-
free water flow for measurement. A plant without a basin under the sample taps 
is ultimately not suitable for analyses. 
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8.4.5 Overview of ageing consequences 
The following table shows how strongly the durability of the five common resin 
classes differs: 

 
Fig. 8-23 Different service lives of different resin classes 

In the table, you will find a brief summary of the main processes that we have 
already discussed in detail in the previous sections. The decisive factor is the 
column on the right, which indicates the approximate service life. 
An important conclusion from this table is that it is not always necessary to 
change an entire line when a single stage has reached the end of its service life 
or is causing problems. 
This is where the best possible operating costs can be found by adjusting the 
replacement intervals of the individual stages. 

8.4.6 Problems with age determination, e.g., top-up strategy or operating 
at partial capacity 

The age of the filling must be specified in order to determine service life 
expectancy curves. This is often not representative for two reasons. On the one 
hand, so-called top-up replenishment strategies are used, in which partial refills 
are carried out from time to time. The following photograph shows what such 
a filling looks like after some time based on staining: 

resin type ageing behaviour TKvol. TKwt. ≈ life time

WAC decrosslinking
decreases 

slightly
constant 30…50 a

SAC decrosslinking
decreases 

slightly
constant 10…15 a

WBA loss of funct. groups decreases ! decreases 8…12 a

SBA, Typ I loss of funct. groups, 
part. dequarternation decreases !! decreases 6…10 a

SBA, Typ II dequarternation

sba: decr. !!! 
wba: incr. 
tot: ≈ const.

tot.: nearly 
constant 4…8 a
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Fig. 8-24 Identification of several resin generations after multiple partial refills 

The newest beads (1) are dark blue. The medium-sized, organic, anionic blue 
dye used for dyeing penetrates well into all pores. The somewhat older beads 
are still light blue in colour (2, already paler; 3 clearly pale) and the worst beads 
(4 & 5) only beige to brown-yellow. The latter do not take up any dye at all and 
only barely participate in the ion exchange (fouling damage). In this photo, a 
total of 5 generations of resin are detectable (example beads numbered 1 - 5). 
Ultimately, the top-up strategy means that the plant is operated at a constant 
partial capacity and never really meets the design requirements again. In 
particular, fillings with partial efficiency are constantly regenerated as if they 
were new, which is of course a massive waste of regenerant. 
Such refill strategies are usually the cause when anion exchanger fillings are 
indicated to be > 10 years old. In statistical evaluations, I will sort out such 
samples or look at them very critically. 
The second reason for statistical errors is operating at partial capacity. For 
example, in a peak capacity power plant, the DI plant is often only in operation 
for a fraction of its service life. Such resins actually achieve service lives of > 20 
years even in the SBA stage without a top-up strategy. I also remove such 
samples from the statistics, since I would like to evaluate standard cases if 
possible. 
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series-switching circuit  146 
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deposit  165 
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solids  149 
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sulphuric acid  238 

dissociation diagram  238 
surface area  56, 98 
surface water  107 
swelling  49 
switch-off criterion  145, 147 
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throughput  185 
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underrun  212 
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Up.Co.Re process  159 
upflow  141 
valence  34 
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volume change  57, 59, 295, 303 
WAC  65, 220 
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10.3 Additional sources 
Dorfner, Konrad; Ionenaustauscher – Eigenschaften und Anwendungen (Ion 
exchangers – properties and applications), Berlin; 1964; Walter de Gruyter 
One of the fundamental works on ion exchange. A little short at places; only about 200 pages. But 
one of the standard works for many years. Of course, many technical developments from the 70s 
are missing. 
Helfferich, Fred; Ionenaustauscher (Ion exchangers). Bd. 1. Grundlagen; 1959 
(Vol. 1 Basics) 
Unfortunately, not available in antiquarian bookshops at the moment. I only know excerpts that 
make a pretty well-founded impression. If anyone has a copy, I’d appreciate an offer. 
Hancke, Klaus; Wasseraufbereitung (Water treatment): Chemie und chemische 
Verfahrenstechnik (Chemistry and chemical process engineering); Springer; 
2003 
A modern work, which contains about 70 pages on the subject of ion exchange. But it pretty much 
stays with pure description and does not go into depth. 
 
Otherwise, the works are limited to company publications of the resin 
manufacturers and plant constructors, which essentially list product data. But 
often, there are also valuable application notes to be found. 
 
For those interested, there are of course also journals and periodicals that provide 
information on the scientific progress. Stay tuned. 
Some articles on this topic have been published in the VGB journal. These 
include the following: 
Mauer, D.; Lebensdauer und Alterungsverhalten von Ionenaustauschern – 
Analysen in VE- und Kondensatreinigungsanlagen (Service life and ageing 
behaviour of ion exchangers – analyses in DI plants and condensate polisher 
plants); VGB PowerTech 3/2010 
Mauer, D.; Eine neue Messmethode zur Untersuchung der Stabilität von 
Ionenaustauschern (A new measurement method for investigating the stability 
of ion exchangers); VGB PowerTech 8/2011 
Mauer, D.; Vorgehensweisen gegen Chemikalienkostenanstieg in 
Vollentsalzungsanlagen bei Harzalterung (Procedures against increase in 
chemical costs in DI plants as a result of resin ageing); VGB PowerTech 5/2012 
Mauer, D.; Membranentgasung anstelle Rieseler – Die Zukunft für die VE-
Anlage? (Membrane degassing instead of stripper – The future for the DI 
plant?); VGB PowerTech 4/2013 
Mauer, D.: „Autonomes Fahren“ der VE-Anlage – Künstliche Intelligenz (KI) 
in der VE-Produktion, VGB PowerTech 3/2019 
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There are also a few interesting lectures (some of them can also be found under 
publications): 
Mauer, D.; Modellierung des Regeneriermitteleinsatzes nach dem Langmuir-
Formulaus zur Auslegung von VE-Anlagen; Zittauer kraftwerkschemisches 
Kolloquium (Modelling of the use of regenerants according to the Langmuir 
formula for the design of DI plants; Zittauer power plant chemical 
colloquium); Ostritz, 21.+22.09.2009 
Mauer, D.; Bindungs- und Regenerationsverhalten von Kieselsäure auf 
Anionenaustauschern (Binding and regeneration behaviour of silicic acid on 
anion exchangers); VGB-Workshop, Lübeck, 30.+31.08.2012 

Mauer, D.; Gesamtkostenvergleich von UO- und IA-Anlagen in der 
Vollentsalzung; VGB Conference 10.2013 

Mauer, D.; Lambertz, S.: Online-Messung der Beladung der einzelnen 
Ionenaustauscherstufen in der VE-Straße; Lecture on advanced measurement 
theory in the DI-line, VGB Conference 10.2015 

Mauer, D.: Möglichkeiten und Unmöglichkeiten der Kapazitätsbeeinflussung 
in der VE-Anlage! Lecture on ageing of resins, VGB Conference 3.2016 

Mauer, D.: Sparen – Koste es was es wolle; Lecture on cost contributions of IEX 
and RO, TÜV-Süd Conference 6.2016 

Mauer, D.: Take a look into the crystal ball – More than fortune telling! Lecture 
on resin stability, VGB Conference 10.2017 

 


