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In treating many types of wastewater, ion exchange is required. This article examines 
the principles of ion exchange and gives an overview of different types of resins.

By Dr Stefan Neumann and Phil Fatula

Whenever an ion is removed out 
of an aqueous solution and is 

replaced by another ionic species, 
this is what we generally refer to as 
“ion exchange”. There are synthetic 
materials available that have been 
specially designed to enable ion 
exchange operations at high per-
formance levels. Among many other 
applications, these so called “ion ex-
changers” can be used in processes 
of environmental protection such 
as purification, decontamination, 
recycling or even for the design of 
new environment-friendly production 
processes.

Synthetic and industr ially pro-
duced ion exchange resins consist 
of smal l, porous beads that are 
insoluble in water and organic 
so lvents. The most widely used 
base-mater ia ls are polystyrene 
and polyacrylate. The diameter 
of the beads is in a range of 0.3 to 
1.3 mm. The beads contain around 
50% of water, which is dispersed in 
the gel-structured compartments 
of the material.

Since water is dispersed homog-
enously through the bead, water 

Principles of Ion Exchange in 
Wastewater Treatment

Figure 1: Ion exchange resin beads contain many fine pores that fill with water. 

soluble materials can move freely, 
in and out. 

To each of the monomer units 
of the polymer, so called “func-
tional groups” are attached. These 
functional groups can interact with 
water soluble species, especially 
with ions. Ions are either positively 
(cations) or negatively (anions) 
charged.

Since the functional groups are 
also charged, the interaction be-

Figure 2: a fixed and a mobile ion are changing places in a so-called ion exchange 
reaction. This simple reaction scheme is the base for more than 500 applications 
involved in the purification of water and other fluid media.  

tween ions and functional groups 
is exhibited via electrostatic forc-
es. Positively charged functional 
groups (e.g. a quarternary amine) 
interact with anions and negatively 
charged functional group (e.g. a 
sulfonic-, phosphonic- or carboxy-
l ic acid group) wil l interact with 
cations. 

The binding force between the 
functional group and the attached 
ion is relatively loose. The exchange 
can be reversed by another ion 
passing across the functional group. 
Then another exchange reaction 
can take place and so on and so 
forth. One exchange reaction can 
follow another.

The Principle of Selectivity
There is a huge variety of existing 
ions. Let us especially have a look 
at the different types of cations. 
We distinguish different types of 
alkali-cations (sodium, potassium), 
of ear th- and rare-ear th-alkal i -
cat ions (magnes ium, ca lc ium, 
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st ront ium, bar ium, lanthanium, 
ir idium), heavy metal ions (lead, 
cobalt, nickel, mercury), light metal 
cations (aluminium, beryllium, tita-
nium), semi-metal-cations (germa-
nium, gallium, indium), noble metal 
cations (gold, silver, platinum, pal-
ladium). 	

By investigating the adsorption 
of different kinds of cations on ion 
exchange materials, it is found that 
different ions do interact differently 
with the functional groups of ion 
exchangers. Some are st rongly 
bound, some are less s t rong ly 
bound. 

This results in the fact, that a 
weakly bound ion can preferably 
be displaced by a stronger bind-
ing ion. This effect is cal led the 
principle of “selectivity”. A more 
selective ion binds more strongly 
than a less selective ion. 

The effect of selectivity can be 
used to remove distinct ions from 
water and to replace them with 

Figure 3: Mechanism of binding of a copper-cation to the functional group of an 
imino-di-aceticacid-resin (IDA-resin). 
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others. Appl icat ions are found 
not only in industry, but also in 
household, where the use of ion 
exchangers for water softening 
is well known. In water softening 
applications the hardness causing 
calcium-cations are bound and ex-
change the weaker binding sodium 
or hydrogen cations. 

Especially for wastewater appli-
cations so called “chelating resins” 
have been developed, which have 
a high selectivity for toxic heavy 
metal ions. These materials selec-
tively adsorb the toxic components 
from the waste stream and leave 
the less toxic components, such 
as earth alkali and alkali metals 
untouched.  

The high aff inity of chelating 
resins towards heavy metal ions is 
accomplished via the formation of 
a so-called “complex – bonding”. 
In this special type of bonding the 
functional group and the ion do 
not only interact via electrostatic 
forces. Additionally there is a so-
cal led “coordinat ive bonding” 
which supports and strengthens the 

interaction, making it tighter than a 
usual binding. In Figure 3 there is an 
example of this type. The exchange 
of sodium ions by a copper ion is 
shown. The copper is bound via 
two electrostatic types of bonds 
and by the interaction of the sole 
electron pair of the nitrogen atom 
of the functional group. 

The selectivity of ion exchange 
resins is expressed via the so-called 
selectivity series. Figure 4 shows the 
selectivity series for an IDA resin. 
As can be seen, the heavy metal 
ions bind more strongly than the al-
kali earth ions and these bind more 
strongly than alkali metals.

The Principle of Equilibrium 
and Mass Action
Selective ions displace less selec-
tive ions as mentioned previously. 
The exchange continues as long 
as there are enough selective ions 
available for the resin to exchange 
and/or until the functional groups 
are saturated with the selective 
ions. 

In some cases this means that 

all of the functional groups have 
lost the less selective ion and have 
taken up a selective ion. It can also 
mean that the exchanger reaches 
a certain level of loading with a 
certain ratio of functional groups 
that remain un-exchanged and 
still carry the less selective ions. This 
effect is called the effect of equi-
librium or in other words the effect 
of mass action. 

This effect comes from the fact 
that the less selective binding ions 
still affect the degree of exchange. 
Due to the weaker interaction force 
however, its effect is not as great. 
Even though the attraction forces 
are weak, the effective force in-
creases with the concentration of 
the less selective ions. For example, 
if the attraction force is 100 times 
weaker but the concentration is 
100 times higher; the less selective 
ions can equal the higher selective 
species in the final reaction. This is 
called the impact of mass action. 
As a result, to understand the ex-
change rate in a certain exchange 
situation, both the binding force 
and the concentration levels must 
be considered. 

Thus dealing with ion exchange 
applications in wastewater treat-
ment requires a full knowledge of 
water composition to judge com-
peting effects. Once known, a bet-
ter understanding of the efficiency 
of the process can be realised. If 
the ratio of concentrations of less 
selective to highly selective ions 
is low, high operating capacities 
resins can be expected. If the ratio 
of concentrations is high, lower op-
erating capacities will be realised. 
Therefore the efficiency of a waste-
water treatment process always 
depends on the water composition 
which is individual – as already 
mentioned. 

Cu++ > Hg++ > Pb++ > Ni++ > Zn++ > Cd++ > Co++ > Fe++ > Mn++ 
>> Ca++ > Mg++  > Sr++ > Ba++ >> Alkalis

Figure 4: Selectivity series of an imino-di-acetic acid (IDA)-resin. Only a selection of ions (mainly divalent ones) is given. Heavy 
metal ions are preferably bound.

Figure 4.1: Binding of ions to functional groups involves continuous competition. 
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Regeneration of Ion Exchangers
The principle of displacement of se-
lectively binding ions by less selec-
tive binding ion is the basis for each 
regeneration procedure. Most ion 
exchangers can be regenerated by 
acids (excess of H+-ions), salt-brines 
(excess of sodium or chloride ions) 
or by alkali (excess of OH- - ions). 
During regeneration the adsorbed 
ions are removed and replaced by 
the ions named above. 

The spent regenerant solution 
contains the former ly adsorbed 
pollutants in a concentrated form. 
In some cases the solutions must be 
treated for disposal. In other cases 
the solutions can be re-used in 
the production process where the 
wastewater was generated. 

For effective regeneration, the 
stronger an ion binds on the ion 
exchanger, the more regenerant 
solution must typically be applied. 
Thus a resin with high selectivity 
may have advantages regarding 
the efficiency of removal from the 
wastewater, but the regeneration 
efficiency must also be taken into 
account to judge the over all value 
of the process. 

Adsorber Resins
Next to ion exchange resins stands 
a close group of products, the 
so cal led adsorber resins. From 
the outside they look similar: little 
beads of a porous material. The 
str ik ing difference is the lack of 
functional groups. 

Even though adsorber resins are 
not functionalised, they have the 
potential to remove ingredients 
from water. Typically organic mate-
rials with low solubility in water can 
be adsorbed. These so called hy-
drophobic substances tend to get 
close to lipophilic surfaces. Adsorb-
er resins provide a huge surface of 
these lipophilic surfaces inside their 
pores, resulting in a high capacity 
for hydrophobic molecules.  

Adsorber resins adsorb through 
mechanisms similar to activated 
carbon. They can be regarded as 
a kind of “fully synthetic” activated 
carbon. 

The appropr iate way to re -
generate these materials strongly 

depends on their physical proper-
ties. Those are characterised by 
their vapour pressure (volatility) or 
solubility in organic solvents, bases, 
or acids. 

Volatile substances can be re-
moved by steam-stripping, where-
as non-volatile substances can be 
removed by liquid stripping media, 
in which they are soluble.  

In contrast to activated car-
bon, the adsorber resins can be 
regenerated more than 1000 cycles 
without thermal reactivation. These 
materials do not bleed minerals 
and possess a much higher me-
chanical stability than activated 
carbon. They do not form dust or 
fines by abrasion that plug the filter 
bed and pollute the regenerant or 
the treated water with suspended 
solids.  

Equipment Considerations
Ion exchangers are typically ap-
plied in pressure vessels. They are 
equipped with appropriate internal 
plumbing that has two purposes: 
first it prevents the ion exchange 

resin from being washed out of the 
vessel and secondly it provides the 
appropriate distr ibution of l iquid 
f low through the ion exchange 
bed. 

In the simplest case, the inter-
nal system is a screen, mounted 
above a porous backing plate. 
More commonly, slit nozzles (strain-
ers), mounted in star- or so called 
fishbone piping, or fixed in equal 
distances directly onto the base- or 
cover plate are found.  

The s l it width in these strain-
ers is 0,2 to 0,3 mm, which is fine 
enough to effectively restrain the 
ion exchange or adsorber resin 
beads. At the same time pressure 
drop is low. 

Usual ly the pressure vessel is 
f i l led to only half of its volume. 
The empty space above the ion 
exchanger bed is cal led “free-
board”. The freeboard has several 
functions: First of all it allows the ion 
exchanger bed to “breathe”. This is 
necessary because the exchangers 
often shrink or swell during opera-
tions of exhaustion, regeneration 

Figure 5: Typical ion exchange column
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and conditioning. The specific vol-
ume of the resin can change by up 
to 70% of its original volume. 

Secondly the freeboard is used 
for backwashing the ion exchanger 
bed. Thereby the backwashing wa-
ter is flowing through the resin bed in 
upflow mode and fluidises the bed. 
Depending on the linear velocity the 
bed expands by a certain ratio and 
the beads leave their fixed positions 
and roam around. Backwashing 
loosens the bed, breaks up clumps, 
and destroys larger channels that 
have been established. At the same 
time entrapped suspended par-
ticles or broken beads are removed. 
When backwashing is finished the 
bed lays down in a homogenised 
package that permits uniform flow 
in following operating steps. 

If an empty pressure vessel is 
to be f i l led with ion exchange 

beads these can easily be filled in 
by hydraulic transportation. In the 
same way a pressure vessel can be 
emptied by washing out the beads. 
In the planning of an ion exchange 
plant for this procedure dedicated 
pipelines have to be considered.  

It is very useful to provide sight 
glasses in the walls of the pressure 
vessels to permit observing the con-
dition of the filter bed during op-
eration. Especially the larger filters 
should be equipped with windows. 
The windows should be arranged in 
a manner that the bottom window 
tracks the bulk of the filter bed, the 
medium window tracks the surface, 
and the top window tracks the 
freeboard.

The most practicable way to 
connect the pressure vessel to the 
piping is to only have one connec-
tion at the top and one connection 

at the bottom with different con-
nections realised by T-connectors. 

Figure 5 shows an ion exchange 
column with its basic constituents.

In technical instal lat ions ion 
exchange co lumns a re ra re ly 
stand-alone units. Usually they are 
installed as twins in series (Lead/
Lag - concept) or triplets (Merry go 
round-concept). Having more than 
one filter unit permits continuous 
operation with one f i lter on- l ine 
and the other one in the regenera-
tion cycle. It is sometimes useful to 
have two filters in series whereby 
the lag-one serves as a polisher or 
a police filter for the first one.  

Fields of Applications for Ion 
Exchangers
The application of ion exchangers 
is particularly advantageous if the 
pollutant has to be removed from 

Box 1 



Asian Water MARCH 2009 19 

TECHNO FOCUS

Dr. Stefan Neumann is Man-
ager, Technical Marketing, 
Water and Chemicals Purifi-
cation at the Ion Exchange 
Resins business unit in LANXESS 
Deutschland GmbH. For his 
contact details, please email 
the editor of Asian Water at 
vikass@singnet.com.sg.

wastewater binds with especially 
high selectivity. Then the f i lters’ 
capacity is mainly used up to ad-
sorb the pollutant only and is not 
consumed by other, non-critical 
components. 

Simultaneously a second ad-
vantage is realised, particularly if 
the pollutant is already in a low 
concentration. The results are long 
cycle times and high concentra-
t ion facto r s  in compar ing the 
concentration of the pollutant in 
the spent regenerant and in the 
original wastewater. Concentration 
factors higher than 10 already are 
advantageous but in some practi-
cal cases concentration factors of 
1000 and higher can be achieved. 
As a rule of thumb the concentra-
tion of a pollutant in wastewater 
should not extend 300 ppm to allow 
efficient operation.

A third advantage is realised 
when wastewater s t reams a re 

relatively large and alternate treat-
ment methods simply exceed the 
size of the regular equipment. As 
an example, site space does not 
permit the installation of evapora-
tion ponds or precipitation tanks. 
In this case an ion exchange filter 
unit can be used to change a large 
wastewater stream into a smal l 
concentrated spent regenerant 
stream that is more convenient to 
be treated further in smaller con-
ventional processes. 

In Box 1 the advantages and dis-
advantages of competing waste-
water treatment methods are dis-
cussed in a case study. Similar trains 
of thought are passing through the 
head of a wastewater engineer 
while he is planning a wastewater 
treatment concept. 

In th is case the advantages 
clearly lay on the side of the ion 
exchange technology when it is 
combined with post-treatment of 

the spent regenerant by precipita-
tion or electro winning. The same 
advantages can also be found in 
other cases, particularly, when the 
spent regenerant solution is reused 
in the related production process. 
This case is often found in appli-
cations at metal f inishing, in the 
winning and refining of metals, in 
the production of organic materi-
als as well as in the production of 
batteries. AW

Box 2 


